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Abstract

A virgin population of porbeagle in the NW Atlantic was fished intensively at catch levels of about 4500t
per year in the early 1960s before the fishery collapsed 6 years later.  The fishery appeared sustainable
during the 1970s and 1980s when annual landings averaged 350t, and the population slowly recovered..
Catches of 1000-2000t throughout the 1990s appear to have once again reduced population abundance,
resulting in very low catch rates and disturbingly low numbers of mature females.  In 1998, an intensive
research program on porbeagle was initiated with the support and funding of the shark fishing industry, and
in collaboration with the Apex Predator Program of NMFS.  Research to date has led to the development of
a confirmed growth model, established the presence of a single stock in the NW Atlantic, suggested size-
and sex-specific migration patterns, determined fecundity and maturity ogives by length and age, revealed
highly specific temperature and depth associations, determined diet, and resulted in credible estimates for
natural mortality rate (=0.10) which increase after sexual maturity (to 0.2 in females).  The TAC of 850t
introduced in 1999, based on scientific information available to that point, resulted in preliminary estimates of
F0.1 yield, mortality and stock abundance.  Nevertheless, it was acknowledged at the time that the F0.1 yield was
probably not sustainable.  The current assessment confirms the unsustainability of fishing at F0.1 for porbeagle,
and indicates that a fishing mortality above 0.08 will cause the population to decline.  A fishing mortality of
0.04-0.05 is required if the population is to be allowed to recover.  Independent estimates of recent fishing
mortality based on Petersen analysis of tag recaptures, Paloheimo Zs, and an age- and sex-structured population
model all suggest that F is now about 0.20.  A standardized catch rate analysis indicated that the relative
abundance of young porbeagle in 2000 was 30% of its 1991 level, while the standardized catch rate of mature
porbeagle declined to 10% of its 1992 level.  Current population size appears to be at 10-20% of virgin levels.
The 850t TAC of the past two years is close to the MSY of a healthy population.  However, the current
population is seriously depleted and will require a greatly reduced fishing mortality if recovery is to occur.

Résumé

Au début des années 60, une population vierge de requin-taupe commun de l'Atlantique nord-ouest a été
exploitée intensivement à des niveaux de prises d'environ 4 500 t par année jusqu'à ce que la pêche
s'effondre 6 ans plus tard. Dans les années 70 et 80, la pêche semblait viable, les débarquements annuels se
chiffrant en moyenne à 350 t, ce qui a permis à la population de se rétablir lentement. Des prises se situant
entre 1 000 et 2 000 t tout au long des années 90 semblent à nouveau avoir réduit l'abondance de cette
population, résultant en de très faibles taux de capture et un faible nombre inquiétant de femelles adultes.
En 1998, un programme de recherche intensive sur le requin-taupe commun a été mis en œuvre avec
l'appui et le financement de l'industrie de la pêche du requin et en collaboration avec le Apex Predator
Program du NMFS. Les recherches réalisées jusqu'à maintenant ont permis d'élaborer un modèle confirmé
de la croissance de l'espèce, ainsi que d'établir le régime alimentaire et des ogives de la fécondité et de la
maturité selon la longueur et l'âge. En plus de révéler l'existence d'un seul stock dans l'Atlantique nord-
ouest et des régimes de migration différents selon la taille et le sexe, elles ont permis d'établir la présence
de l'espèce à des températures et des profondeurs très précises. Elles ont en outre donné des estimations
plausibles du taux de mortalité naturelle (= 0,10), qui augmente après la maturité sexuelle (à 0,2 chez les
femelles). Le TAC de 850 t introduit en 1999, basé sur les données scientifiques disponibles à ce moment-
là, a donné des estimations préliminaires du rendement à F0,1, de la mortalité et de l'abondance. On a
toutefois reconnu, lorsque ce TAC a été fixé, que le rendement à F0,1 n'était probablement pas durable. La
présente évaluation confirme la non viabilité de la pêche du requin-taupe commun à F0,1 et établit qu'une
mortalité par pêche supérieure à 0,08 mènera au déclin de la population. La mortalité par pêche doit se
situer entre 0,04 et 0,05 si l'on veut que la population se rétablisse. Des estimations indépendantes des
récents taux de mortalité par pêche basées sur une analyse Petersen des étiquettes récupérées, la méthode
de Paloheimo et un modèle de population structuré par âge et par sexe suggèrent que F se situe à environ
0,20 en ce moment. Une analyse normalisée des taux de capture indique que l'abondance relative de jeunes
requins-taupes communs en 2000 se chiffrait à 30 % du niveau en 1991, tandis que le taux de capture
normalisé d'adultes a chuté à 10 % du niveau en 1992. La taille actuelle de la population semble se situer
entre 10 et 20 % des niveaux de la population vierge. Le TAC de 850 t fixé pour les deux dernières années
se rapproche du RMS d'une population en bonne santé. La population actuelle étant toutefois très
appauvrie, son rétablissement nécessitera une forte réduction du taux de mortalité par pêche.
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Introduction

The porbeagle shark (Lamna nasus) is a large cold-temperate pelagic shark species of the
family Lamnidae that occurs in the North Atlantic, South Atlantic and South Pacific
oceans.  The species range extends from Newfoundland to New Jersey and possibly to
South Carolina in the west Atlantic, and from Iceland and the western Barents Sea to
Morocco and the Mediterranean in the east Atlantic. It is the only large shark species for
which a commercial fishery exists in Canadian coastal waters.

Prior to 1994, DFO did not have an active program of research on sharks. Increasing
interest by industry to exploit sharks - particularly porbeagle, blue and mako - stimulated
the Marine Fish Division at the Bedford Institute of Oceanography (BIO) to initiate a
modest research and assessment effort on sharks. The first status reports on each of these
species was produced in 1995 (O’Boyle et al.1996).  A subsequent RAP meeting in 1998
focused on porbeagle, and provided fuller documentation of the fishery and catch rate
trends (O’Boyle et al. 1998).  Because of the limited scientific information that was
available at the time, abundance, mortality and yield calculations could not be made.
Therefore, a provisional TAC of 1000t was set in place for the period 1997-1999, based
largely on historic catches and the observation that recent catch rates had declined.

In 1998, an intensive research program on all aspects of porbeagle biology and
population dynamics was initiated at the Bedford Institute of Oceanography.  The
research was carried out with the support and funding of the porbeagle shark fishing
industry, who provided ship-board access to scientific staff, as well as length
measurements of more than 75% of all sharks landed.  In addition, a full scientific
collaboration with the Apex Predators Program of the National Marine Fisheries Service
(NMFS) in the U.S. provided a two-way access to both unpublished data and expertise,
thereby enhancing the research capabilities at both sites.  The combination of the BIO
program, the industry support, and the NMFS collaboration considerably increased our
understanding of porbeagle biology and population dynamics (Campana et al. 2001;
Jensen et al. 2001; Natanson et al. 2001), and led to the first analytical stock assessment
of porbeagle (Campana et al. 1999).  Based on that assessment, the Shark Management
Plan for 2000-2001 set a TAC of 850t, with the intention of reviewing stock status again
in the spring of 2001 once the research program had collected more information.

Intensive cooperative research since the time of the last assessment has continued to
improve our understanding of porbeagle stock dynamics, making possible a more refined
and accurate review of stock status.  Included in this report are new results pertaining to
porbeagle life history, migration patterns, growth rate, longevity, reproduction,
temperature preferences, diet, stock abundance and mortality rates.  The assessment
concludes with estimates of recent fishing mortality rate and long-term sustainable yield,
as well as biological options for the next Shark Management Plan.  Some of the steps
required to ensure the sustainability of the fishery are also identified.
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Population Biology

Stock Structure

Evidence presented at the last porbeagle stock assessment indicates that there is only one
stock of porbeagle in the northwest Atlantic, and that there is no appreciable mixing of
porbeagle from the northeast Atlantic with those in the northwest Atlantic (Campana et
al. 1999).  Month to month shifts in the location of the fishery suggest that porbeagle
carry out extensive annual migrations up and down the east coast of Canada, with no
indication of the presence of separate stocks.  Porbeagle first appear in the Gulf of Maine,
Georges Bank and southern Scotian Shelf in Jan-Feb, move northeast along the Scotian
Shelf through the spring, and then appear off the south coast of NF and in the Gulf of St.
Lawrence in the summer and fall (areas are shown in Fig. 1).  Catches in the late fall
suggest a return movement to the southwest.  This pattern is reproduceable from year to
year.  The results of tagging studies carried out by Norway, Canada and the US also
document extensive annual migrations (Campana et al. 1999).  None of the tagged
porbeagle were recaptured on the east side of the Atlantic, and none of the porbeagle
tagged in the eastern Atlantic were recaptured off the North American coast.

Morphometry

Various measures of porbeagle size have been used in the past:  Aasen (1963) used dorsal
length and a non-standard measure of total length, the Scotia-Fundy IOP uses total
length, the NF IOP uses fork length, dockside monitors have sometimes used dressed
carcass weight, and the fishing industry uses inter-dorsal length.  Altogether, more than
142,000 porbeagle measurements were collated from a variety of sources for this
assessment (Table 9).  To convert all of these measurements into a common currency, it
was necessary to develop a series of inter-conversion factors. These conversion factors
were developed through matched measurements made by scientific staff as part of the
porbeagle research program, and as presented in Campana et al. (1999).

At the time of the last assessment, an accurate conversion factor relating Aasen’s
nonstandard measure of total length to curved fork length (the standard measure) was not
available.  This has since been developed and was used to convert Aasen’s total length to
curved fork length.  The equation is:

FL = 3.64 + 0.95*AasenTL r2=0.99
where FL and AasenTL are in cm.

Age, Growth and Longevity

Age determinations are an important component of a stock assessment, since ages form
the basis for both growth and mortality rates.  Campana et al. (1999) presented a
preliminary growth model for porbeagle based on counts of growth bands visible in
vertebral cross-sections.  A total of 576 porbeagle have now been aged and validated to
an age of at least 11 years (Natanson et al. 2001).  The revised growth model is not
substantially different than what was first presented, but shows more detail and the first
evidence of sexually dimorphic growth in this species (Fig. 2).  In both sexes, growth rate
appears to decrease slightly at the onset of sexual maturity.  Since females mature at an
older age than do males, females grow to a larger size.  Fig. 2 presents the von
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Bertalanffy growth parameters by sex, as well as that of the combined sexes.  Predicted
lengths and weights at each age are also shown, although observed sizes at age 0 and 1
were used to to minimize distortions due to seasonality and partial recruitment of the
young fish to the fishery.

It is possible that the ages of very old porbeagle (>15 yr) are underestimated by vertebral
band counts.  If true, the growth rate of old porbeagle is somewhat slower than that
suggested by the von Bertalanffy growth parameters.  The fact that the Linf of the females
is considerably larger than the largest porbeagles normally observed suggests that growth
overestimation of the oldest fish (and only the oldest fish) is a possibility.  For this
reason, the combined growth curve has been used in most analyses.

The maximum age observed in our collection of 576 porbeagles was 25 yr.  This is
unlikely to be a valid indicator of longevity, given the fishing history.  Taylor (1958)
defined the life span of a teleost species as the time required to attain 95% of the Linf,
which in the case of porbeagle would be 40 years. Assuming a constant instantaneous
rate of mortality (M) = 0.1, the following equation applies:

Ln (Proportion of fish that survive) = -Mtmax

and produces a longevity estimate of 46 years at the 1% abundance level.  Each of the
above equations assumes that M is constant throughout the lifetime, whereas in fact, it
probably increases in sexually mature or senescent fish.  Any such increase would result
in a lower estimate of longevity.  Based on preliminary results suggesting an increase in
female natural mortality rate (to 0.20) at the age of sexual maturity, longevity would be
estimated at 29 yr.

Porbeagle Reproduction

Porbeagles are ovoviviparous and oophagous, with an average litter size of around 4 pups
(Francis and Stevens 1999). Mean embryo size at birth is 65-75 cm (Aasen 1963; Francis
and Stevens 1999).  Based on examination of 393 males and 382 females (Jensen et al.
2001), we have found that males mature between 160 - 190 cm in fork length (L50 ~ 174
cm; A50 ~ Age 8) while females mature between 205 - 230 cm (L50 ~ 217 cm; A50 ~ Age
13) (Fig. 3).  Mean litter size in the NW Atlantic is 3.9 pups.

Until recently, the mating grounds of porbeagle were unknown, although there have been
suggestions that mating occurred on the Grand Banks (O’Boyle et al. 1998) or more
broadly off southern NF (Campana et al. 1999).  Our most recent research indicates that
mating occurs in the late summer or early fall on the Grand Banks, off southern NF and at
the entrance to the Gulf of St. Lawrence (Fig. 4).  Most large females collected in these
areas in the fall were pregnant.  Late stage embryos have only been observed on the
Scotian Shelf and in the Gulf of Maine, but it is not clear if that distribution is an artifact
of nonexistent sampling off southern NF in the winter or a more southerly birthing
location.  Birth apparently occurs in late winter or spring after an 8-9 month gestation
period (Aasen 1963; Francis and Stevens 1999; Jensen et al. 2001).  There is no evidence
of an extended latency period after birth, since virtually all sexually mature females are
pregnant in the fall (Fig. 4).  Therefore, the reproductive cycle is 1 yr.
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Porbeagle Feeding and Diet

The stomachs of 1022 porbeagles were examined immediately after capture between Feb
1999 and Jan 2001.  Half of all stomachs contained significant amounts of prey other than
bait.  Stomach fullness varied around a mean value of 7-10% throughout the year, but
other than a suggestion of lower values in Feb and Mar, showed no obvious trend across
months (Fig. 5).  Stomach capacity increased exponentially with fork length, from about
0.5 litres in young of the year to 8 or more litres in large sharks (Fig. 5).

The diet of porbeagles of all sizes, and at all times of the year, was almost exclusively
fish and cephalopods (Fig. 6).  Pelagic fish made up most of the diet in spring, while
groundfish were the largest component of the diet in the fall.  This shift in diet was
almost certainly a reflection of depth, since spring and fall porbeagle distributions were
mainly in deep and shallow water, respectively.  The relative contribution of groundfish
increased with shark size, while the contribution of cephalopods decreased (Fig. 6).
Other elasmobranchs were occasionally eaten by large porbeagles, but marine mammals
and birds were never found in the stomachs.  A more complete analysis of porbeagle diet
is currently underway (Joyce et al., unpublished).

Temperature and Depth Associations

Porbeagle appear to occupy well defined temperatures throughout the year.  On the basis
of more than 400 XBT temperature profiles made at fishing stations by industry, we were
able to determine the water temperature at mid-gear depth for many of the sets made
between 1994-1999.  Mid-gear depth was estimated to be 100 m in the spring and 34 m in
the fall, based on temperature loggers attached to the gear in 1999 and 2000.  Water
depth was determined based on geographic location of the set.  The water temperature at
depth of the locations not being fished was determined by extraction of MEDS data for
the corresponding month and year.

Water depth was not correlated with porbeagle catch in the spring; depth varied between
200-2800 m (Fig. 7a).  In contrast, fall catches were made in much shallower waters,
most often at depths of less than 150 m (Fig. 7b).

Porbeagle were caught at a mean temperature of 7.4 0C, with 50% being caught between
5-10 0C.  The range of surface temperatures was similar.  There was no significant
seasonal pattern in temperature (Fig. 7c), suggesting that the porbeagle adjusted their
location to occupy the preferred temperature range.

For much of the spring, porbeagle were caught most frequently in waters immediately
adjacent to the frontal edge separating cool Shelf waters from warmer offshore waters
(Fig. 8).  Porbeagle were not associated with fronts in the fall fishery, although the
temperature occupied was similar to that observed in the spring (5-10 0C).  A more
complete analysis of temperature and depth associations is currently underway.

Management History

Efforts to develop a fisheries management plan for pelagic sharks in Atlantic Canada
began in 1992.  Pelagic sharks were not covered by fisheries regulations and amendments
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were required to the Fisheries Act. These amendments did not come into force until 1994.
A ban on "finning" sharks (the removal of the dorsal fin and at-sea disposal of the finless
carcass) was announced in June 1994 and a Management Plan for porbeagle, shortfin
mako and blue sharks was announced in July 1994. However, there were problems
implementing the Plan due to interpretation of the clause that determined eligibility for a
license, and thus no licenses were issued in 1994.  Further dedicated industry
consultation (outside of ALPAC) was conducted in March 1995 and recreational interests
were included at that time.  Industry consensus was reached on the need to strengthen the
control of the commercial fishery but no consensus was reached on how to regulate the
recreational fishery.  A revised but interim Management Plan was announced in July
1995.

The 1995 Fisheries Management Plan for pelagic sharks in Atlantic Canada established
non-restrictive catch guidelines for porbeagle (1500t), shortfin mako (250t) and blue
(250t) sharks in the directed shark fishery, limited the number of licenses by defining
eligibility criteria, specified that licenses would be exploratory (one year duration),
prohibited "finning", restricted fishing gears, established seasons, restricted fishing area,
limited by-catch of other species in the directed shark fishery, restricted the recreational
fishery to hook and release only, and specified scientific data requirements.  The non-
restrictive catch guidelines approximated the reported landings of these species in
Atlantic Canada in 1992 and were not based upon estimates of stock abundance.  License
eligibility criteria required active participation in the directed fishery in four of the five
previous years, as documented by sales records.  In addition, a limited number of licenses
could be issued in areas of Atlantic Canada where there had been no previous fishing
effort directed at these species.  Fins could only be sold in proportion to a maximum of
five percent of dressed carcass weight aboard a vessel and could not remain aboard the
vessel after the associated carcasses were removed.  Fishing gears to be used in the
directed fishery were limited to longline, handline or rod and reel gear for commercial
licenses and to rod and reel only for recreational licenses. The Plan included provision for
restricting fishing seasons although there were no restrictions imposed in 1995. Vessels
less than 65’ in length were restricted to home areas by the Sector Management Policy of
the Department of Fisheries and Oceans, and specific time/area closures were
implemented for all vessels to limit by-catches of bluefin tuna and small swordfish,
where these were known to be a problem. Recreational licenses were limited to hook and
release.  The Management Plan made provision for the collection of catch and effort data
through completion and submission of logbooks, and for collection of sampling data
(species, sex, length, weight) for each shark landed, through a dockside monitoring
program (DMP).

The Management Plan was rolled over into 1996, with minor modifications, to provide
time for the development of the more comprehensive plan.  The latter was finally
released as the Canadian Atlantic Pelagic Shark Management Plan 1997-99 (Anon 1997;
O’Boyle et al. 1998).  This plan was designed to govern the exploitation of all large
pelagic shark species through the maintenance of a biologically sustainable resource and
a self-reliant fishery.  Conservation was not to be compromised and a precautionary
approach was to guide decision making.  All licenses issued under the plan were to be
considered exploratory while scientific information was collected and the sustainability
of the resource was evaluated.  Based on a preliminary stock assessment (O’Boyle et al.
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1998), the TAC was set at 1000t per year.  However, the scientific information available
at the time was too limited to determine if the TAC was sustainable.

The Canadian Atlantic Pelagic Shark Management Plan 2000-2001 (Anon 2000) was the
first to be based on an analytical assessment for porbeagles (Campana et al. 1999),
although it was not known if the advised 850t quota was sustainable over the long term.
Therefore, the porbeagle TAC was set at a total of 1700t over the 2-year period, with no
one year to exceed 1000t, while additional research in support of an improved stock
assessment was carried out.  In addition, the fall fishery on the southern NF mating
grounds was restricted to 100t, in order to help protect the spawning stock.  The
precautionary TACs for mako and blue shark remained unchanged from previous
management plans.

The Fishery
Landings

The fishery for porbeagle sharks in the Northwest Atlantic (NAFO areas 3 - 6) started in
1961 when Norwegian vessels began exploratory fishing on what was then a virgin
population (Fig. 9). These vessels had previously fished for porbeagle in the Northeast
Atlantic. They were joined by vessels from the Faroe Islands during the next few years.
Reported landings in the northwest Atlantic rose from about 1,900t in 1961 to over 9,000t in
1964 and then fell to less than 1,000t in 1970 as a result of a collapse of the fishery (Table 1).
Although the fishery was unrestricted, reported landings were less than 500t until 1989.
Reported landings rose to about 2,000t in 1992, due to increased effort by Faroese vessels
and also due to the entry of Canadian interests into this fishery. Faroese participation was
phased out of the directed fishery by 1994, at which time total landings by three Canadian
offshore pelagic longline vessels and a number of inshore vessels was about 1600t. Since
that time, the fishery has been almost exclusively Canadian, with landings declining
gradually to 1066t in 1998.  Landings from 1998 onwards have been restricted by quota
control.  Landings in the first half of 1999 and 2000 exceeded 700t each year, and the
industry voluntarily restricted fishing over the summer in order to reserve quota for the fall.
Since 1996, approximately 2/3 of the directed catch has been made by the 2 remaining
offshore vessels, although the proportion taken by the inshore vessels increased to above
40% in 1999 and 2000 (Fig. 10). Both the inshore and offshore fleets are based in Nova
Scotia, although the offshore vessels occasionally land their catch in Newfoundland (Table
3).

Porbeagle sharks are taken almost exclusively by a Canadian directed longline fishery.
By-catch in the Canadian swordfish longline fishery, the Japanese tuna longline fishery,
and various inshore fisheries is minimal, seldom exceeding 40t in recent years (Table 2).
While the reported catches of mako and unspecified shark prior to 1996 are likely to have
been mainly porbeagle, the effect on the overall catch trend is minimal.  The International
Observer Program (IOP) has maintained 100% coverage of foreign catches in the
Canadian zone since 1987, thus ensuring the accuracy of the foreign catches since that
time.  There is almost no recreational fishery for porbeagle sharks.

In contrast with many other pelagic and groundfish fisheries, the directed fishery for
porbeagle is highly species-specific.  Table 4a summarizes an analysis of IOP-observed,
porbeagle-directed sets between 1990-2000, demonstrating that 92% of the catch was
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porbeagle.  Most of the 8% bycatch was blue shark, and <1% was large pelagic species
other than sharks.  Both Canadian and Faroese vessels experienced similarly low levels
of bycatch in the porbeagle fishery (Table 4b).  Anecdotal comments by scientific
technicians onboard shark fishing vessels since 1999 confirm the very low level of
bycatch.  Of 112 sets observed by the technician, blue shark was the only species
common to most sets, while spiny dogfish and lancetfish were observed in about 25% of
sets.  No other species were observed more than a half dozen times.

The last assessment document identified inconsistencies in the conversion factor applied by
DFO to convert landed dressed weight to live equivalent (round) weight (Campana et al.
1999).  While incidental catches have been treated differently, most directed catch has been
coded correctly by Statistics Branch as ‘gutted, head and tail off’, using the conversion factor
that has long been in use (=1.47 lbs dressed-kg round, or equivalently, 1.50 kg dressed-kg
round).  Such has not been the case for some of the NF landings, where conversion factors
have varied by a factor of two for catches landed in identical condition.  This source of error
was eliminated by applying a standardized conversion factor of 1.50 (kg-kg) to all landing
statistics and catches used in catch rate calculations.

Location and Size Composition of the Catch, with Inferences on Migration

The overall pattern of catch location and size composition since 1999 is shown in Fig. 11.
Both the inshore and offshore fleets fished the Scotian Shelf in the spring of 1999 and
2000, although the offshore fleet tended to fish near the edge of the continental slope
while the inshore fleet fished well onto the shelf.  The size composition of the catch of
both fleets was very similar.  In May, the offshore fleet moved into the waters off of
southern NF.  Fishing by both fleets was minimal during the summer months.  In the fall,
the small amount of catch taken by the inshore fleet was mainly from the Scotian Shelf,
while the much larger offshore catches were made in the Gulf of St. Lawrence, off
southern NF, and on the Grand Banks (Fig. 11).  Large sharks were more common in the
fall catch off of southern NF.  A detailed breakdown of landings by fleet, month and area
for the years 1991-2000 is presented in Tables 5-7.

A more detailed comparison of the size composition of the 2000 catch by the inshore and
offshore fleets is presented in Fig. 12.  The range of lengths taken by both fleets in any
given area and month tended to be similar.  In contrast to previous years however
(Campana et al. 1999), the offshore fleet caught a larger proportion of large sharks in the
spring than did the inshore fleet.  Catches in the NF-Gulf area have traditionally been
dominated by larger sharks, and although the same overall pattern was evident in 2000,
the relative contribution of large sharks to the fall catch was less (Fig. 12).

Closer examination of the month to month shifts in length frequency in Fig. 12 suggests a
seasonal migration of the larger sharks (>180 cm FL) along the Scotian Shelf towards NF
in the spring.  This pattern is evident in both the inshore and offshore length frequencies,
whereby the relative abundance of the mode for larger sharks on the Shelf decreases
substantially between March and May, appearing off NF in May.  The change in the
mode was most apparent in the offshore fishery along the edge of the Shelf, suggesting
that the migration route might occur along the Shelf edge.  To test this suggestion, we
examined the sex ratios in the 1998-2000 catch, broken down by month and area.  All
years showed similar patterns.  The sex ratio of immature sharks did not vary appreciably
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from month to month, either on the Shelf or in NF-Gulf (Fig. 13).  However, the sex ratio
of sharks of mature size on the Shelf clearly showed a significant increase in the
proportion of females between Feb and May, reaching about 50% off NF in May.
Examination of the month to month length frequencies by sex indicated that the
proportion of mature males decreased more quickly than that of mature females, although
the abundance of mature animals of both sexes declined.  Such a pattern strongly
suggests a springward migration of mature sharks, particularly males, along the Shelf
towards the NF mating grounds.  If true, this would suggest that the Scotian Shelf serves
as the residence for mainly immature sharks, characterized by more limited migratory
movements.  Analysis of tagging data confirms that small sharks are less likely to move
long distances than are larger sharks (Fig. 14).

Resource Status

Trends in Length Composition

A biological indicator of increased exploitation rate is a long-term decline in fork length
in the catch. A plot of median fork length against year of collection showed a long-term
decline in length composition on the NF-Gulf mating ground in early fall (Fig. 15).   The
median lengths for the years prior to 1980 are most representative of the length
composition of a lightly fished population.  In contrast, 1999 and 2000 were
characterized by very low median sizes, indicating the loss of many sharks of mature
size.

Commercial Catch Rates

Calculations of catch rate were based on directed longline catches, which account for
virtually all historical catches.  Most of the directed effort has traditionally come from the
offshore fleet, both foreign and Canadian (Table 8).  However, effort from the inshore
fleet became substantial in 1996 when exploratory licences first became available, and
the same year that one of the 3 offshore vessels was removed from the fishery.  Effort
trends and the balance between inshore and offshore have been relatively stable since
then (Table 8; Fig. 10).

Catch rate measures were disaggregated into those for immature and those for mature
sharks; both were calculated in terms of ln-transformed numbers per hook.  A fork length
equal to 200 cm is approximately midway between the lengths corresponding to 50%
maturity in males and females, and is therefore a proxy for sexually mature porbeagles.
To calculate catch rate at length, length composition was determined for each of 3
subareas (south Shelf, east Shelf and NF-Gulf) in each of 3 seasons (Jan-Mar, Apr-June,
July-Dec) for each year based on available measurements (Table 9).  Set by set catch
rates in terms of weight were converted to numbers based on the mean weight of the
length composition of the subarea-season-year cell, then apportioned according to the
length frequency.  Numbers above 200 cm FL were pooled within a set to form the index
for mature sharks, while the remainder were pooled to form the index for immature
sharks.

A traditional measure of catch rate, kg per hook, is the one most visible to the fisher.
Catch rates (kg per hook) by the offshore fleet on the Scotian Shelf have declined steadily
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since 1991, reaching their lowest level in 2000 (Fig. 16).  Inshore catch rates paralleled
those of the offshore initially, but have increased slightly since 1998.  The divergent
catch rates by the inshore and offshore on the Shelf are probably due to the different size
compositions in the catch brought about by fishing in different locations (Fig. 11),
highlighting the importance of a size-structured catch rate.  Catch rates by the offshore in
NF-Gulf have been variable, but have declined markedly since 1996 (Fig. 16).

The catch rate of sexually mature sharks (numbers per hook) by both the offshore and the
inshore fleets has declined markedly since 1996 on both the Shelf and NF-Gulf (Fig. 17).
The offshore catch rate for immature sharks has also declined, but less so than was the
case for the mature sharks.  In contrast, the inshore catch rate of immature sharks has
increased since 1996.  Closer comparison of the inshore and offshore catch rates of
immature sharks on the Shelf indicates that both trends are roughly stable and similar
between 1996-1999; divergence in the trends is limited to the year 2000 and appears to be
due to differences in area fished (Fig. 17).

The overall trend in catch rate was analyzed using a linear model with subarea, month,
CFV and year as factors.  All factors were significant in the model predicting the catch
rate of mature porbeagles (Table 10).  Several interaction terms were also significant, but
their inclusion did not change the overall trend in catch rate, which is shown in Fig. 18.
The standardized catch rate of mature porbeagles increased significantly between 1989
and 1992, but declined sharply afterwards as effort increased and the abundance of the
large sharks declined.  The 2000 point is the second lowest in the time series, and is 10%
of the 1992 value.  The standardized catch rate model for immature porbeagles was also
highly significant (Table 11), and also showed a significant decline since the early 1990s
(Fig. 18).  The 2000 point is about 30% of the 1991 point.  However, the catch rate has
remained roughly stable since 1996 (ignoring the 1997 value, which is anomalously low
in the mature CPUE series), consistent with the fleet-specific catch rates shown in Fig.
17.  Overall, these catch rates suggest a monotonic and disturbing decline in the
abundance of mature sharks, with a low but stable rate for immature sharks.

Natural and Total Mortality from Catch Curves

The length composition by sex of the porbeagle population was reconstructed using
samples stratified by year, subarea and season, as described under Commercial Catch
Rates, scaled to the ratio of the catch to the sampled catch in that aggregation cell.
Lengths were aggregated into 5-cm categories, corresponding to measurement precision
in the early years.  Catch at length in each cell was converted to catch at age (excluding
age 0) using maximum likelihood estimators (the probability distribution functions)
characteristic of the fitted sex-specific growth models (Fig. 2).  Normal variability and a
constant SD of length at age (SD~12) were assumed based on the aged sharks.  This
approach would be expected to yield estimates of proportion at age which are
considerably more accurate than the cohort slicing which was used in the last assessment,
particularly for ages<15 yr.  However, uncertainty in the validity of the ageing and
growth curve for old females led us to develop a second catch at age matrix based on the
sex-combined growth curve, which leads to slower growth after the age of sexual
maturity for the females.  We present both scenarios for contrast in the catch curves, but
otherwise use the combined growth curve in all analyses as a more realistic description of
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growth for old females.  The annual catch at age matrix aggregated across all subareas
and sexes is presented in Table 12.

Trends in ln-transformed catch at age (catch curves) are shown in Fig. 19.  The upper 4
panels show the catch curves of the 1961 (virgin) population, while the remainder show
the catch curves for each of the last 3 years.  Total instantaneous mortality rates (Z) based
on the slope of the descending limb of the catch curve indicate that recent mortality rates
have usually been higher than those of 1961 (Fig. 19).  However, the exact mortality rate
in recent years may be underestimated by the reduced abundance of young sharks in
recent years.  This effect is shown by a much-reduced ascending limb to the catch curve,
indicating an increasingly young age at recruitment to the fishery, and probably explains
the apparently low total mortality rate of mature females in the recent NF-Gulf fishery.

The estimates of Z from the catch curves for the lightly-fished 1961 population are also
estimates of natural mortality (M).  Campana et al. (1999) estimated M as 0.1 based on
preliminary catch curves.  Based on the refined catch curves presented here, M for
maturing males on the Shelf indeed appears to be around 0.1 (Fig. 19).  However, it
appeared to be slightly higher (0.15) for fully mature males on the NF mating grounds.
M could not be estimated for immature females in 1961.  However, M for mature females
on the mating grounds was estimated as 0.20 on the basis of the combined growth curve.
For reasons presented earlier, female M based on the sex-specific growth curve is
considered suspect and would result (implausibly) in a mature M of 0.44.

There is no reason to expect sex-specific differences in M prior to sexual maturity.
Therefore, M was estimated for the combined length frequencies on the Shelf between
1998-2000 for ages before maturity (3-8).  The mean Z was 0.21.  On the basis of
exploitation rate estimated from tag returns (see Petersen Analysis, where recent F~0.09),
recent M for immature porbeagles would be 0.12.

It will be necessary to confirm the ages of very old porbeagle (>20 yr) before we can
estimate M with any more precision.  At this point however, an M of 0.1 for immature
porbeagles of both sexes is consistent with both the samples from the virgin population
and recent catch curves.  M for mature males was also well estimated at 0.15.  M for
mature females definitely appears to be higher than that of males, and based on the
combined growth curve, would be around 0.20.  An increased natural mortality in mature
animals, particularly females, is consistent with both the observed age composition and
life history theory (Roff 1984), since mortality would be expected to increase in females
carrying large embryos over an extended gestation period.  Nevertheless, it appears that
this is the first demonstration of this effect in sharks, probably because of the scarcity of
reliable age determinations.

Recent Mortality Rates based on Paloheimo Z’s

Total mortality rate in the most recent years was estimated through use of Paloheimo Z’s.
The catch at age for the two major fishing grounds was first standardized to a common
fishing effort, then the total instantaneous mortality rate (Z) along cohorts between
adjacent years was calculated (Table 13).  Five of the six mortality estimates ranged
between 0.27-0.37, with a mean of 0.32.  The Z estimates for mature sharks on the NF
mating grounds was not signficantly different than that for immature sharks on the Shelf.
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The Z estimate of –0.04 for young sharks on the Shelf between 1998-99 was not
considered reliable; April 1998 was the first month in which detailed length
measurements were collected as part of the science-industry collaboration, and thus the
month with the highest proportion of small sharks (March) was not represented in the
catch at age.  The absence of small sharks would be expected to distort the catch at age
and artifactually produce a low estimate of Z.

With a mean Z = 0.32 for ages 3-9 on the Shelf (Table 13), and given an immature M =
0.10, recent fishing mortality on immature Shelf porbeagles would be 0.22.  This estimate
would be slightly inflated if older but immature females were less available on the Shelf
in the spring.  In the NF-Gulf area in fall, mean Z for ages 9-13 was estimated as 0.33.
Assuming an M = 0.15 intermediate to that of immature and mature sharks, F would be
estimated at 0.18.

Petersen Calculations of Recent Exploitation Rate

Recent exploitation rate of the fished population in the 1990s was estimated through Petersen
analysis of tag recaptures.  Details of the tagging programs were described in Campana et al.
(1999).  However, unlike the analysis presented in the last assessment, the current analysis
was restricted to porbeagle tagged at age 0 or 1 (<125 cm), since this accounted for most of
the Canadian and US tagging (Fig. 20).  The total number of releases at size was not
available for the Norwegian tagging program, and thus could not be included in the analysis.
The reporting rate for Canadian tags dropped sharply in 1999, and even further in 2000,
requiring adjustment of the reporting rate used in the Petersen calculations (Fig. 21).
However, if a 100% reporting rate is assumed for all years, calculated exploitation rate
decreases by only 10% of the mean.

The unadjusted exploitation rate based on the Petersen calculations ranged between 4-12%,
with a mean of 8%.  No trend was apparent across recent years, and the independent tagging
studies of the U.S. and Canada provided similar estimates of exploitation rate since 1994.
When adjusted for age-specific selectivity (Table 14), exploitation rate was estimated to lie
between 5-20%, with a mean of about 11% (Fig. 21).

Yield per Recruit

Yield per recruit was calculated on the basis of the fitted growth model (Fig. 2), an
empirical length-weight relationship (Campana et al. 1999), the estimates of immature
and mature female natural mortality determined from the catch curve analysis (Fig. 19),
and an area-specific selectivity curve based on the shape of recent catch curves and the
fitted population model presented later.  The estimated F0.1 and yield values were not
unduly affected by the selection of natural mortality schedules (Table 14).  However, the
choice of selectivity vectors was quite influential.  Yield in the NF-Gulf fishery was
estimated to be higher, but at a lower F0.1 , than that on the Shelf.  Based on a combined
selectivity vector (effort-weighted 2:1 Shelf:NF), F0.1 was estimated at 0.18.  Because the age
of first capture occurs well before the age of sexual maturity, spawning stock numbers would
be expected to be susceptible to even modest fishing mortalities (<0.1), as is shown in the
figure panel of Table 14.  The sharp decline in spawning stock numbers evident in Table 14
is reminiscent of the decline in the observed catch rate of sexually mature porbeagle (Fig.
18).
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Campana et al. (1999) suggested that an F0.1 yield would not be sustainable unless the F on
the mature population was considerably less than F0.1.  As documented in the Life Table
Analysis section, it is now clear that F0.1 is not sustainable for porbeagle sharks.

Age- and Sex-Structured Population Model

A forward-projecting, age- and sex-structured population dynamics model was developed for
NW Atlantic porbeagle in order to estimate current population status relative to that of earlier
years.  The model was fit to available catch at length and CPUE data between 1961-2000,
using the growth model, natural mortality rates, maturity ogives, fecundity and area-season
stratification described earlier.  The steepness of the Beverton-Holt spawner-recruit model
was defined a priori as 0.37 on the basis of the well-defined reproductive parameters of
porbeagle.  Model output included time trends in biomass, female spawner numbers and
area-specific selectivity curves.  AD Model Builder was used to prepare the model and fit the
likelihood functions.  Full model details are available in Harley (unpublished report).

The base model assumed a combined growth curve, a higher M in the first year of life, an
increased M at the onset of sexual maturity, and a fixed selectivity.  Both total biomass and
spawning stock numbers were modelled as declining sharply after the onset of the 1961
fishery, recovering slightly through the 1970s and 1980s, then declining once more to a
record low level (Figs. 22-23).  Current biomass was estimated as being 11% of virgin
biomass and fully recruited F in 2000 was estimated as 0.26 (Table 15).  The time series of
fishing mortality indicates that F has been very high since the mid 1990s (Fig. 24).

Four alternative model runs are presented in Table 15; all are similar to or more pessimistic
than the base run.  The most viable of the alternative runs (run 5) was one in which both
selectivity and recruitment deviates were estimated, and there was no increase in M at
maturation.  The time trend in biomass was very similar to that of the base run (Figs. 25-26),
with similar terminal F (=0.26) but a slightly higher terminal biomass (17% of virgin
biomass).

The reference points from the model were similar in all runs.  MSY was 1000-1000t at an
FMSY of 0.04-0.05 (Table 15).

Life Table Analysis

Life table analysis uses age-structured estimates of survival rate, sexual maturation and
fecundity to project population growth under various scenarios.  It is well suited for use in
sharks given their well-defined reproductive cycle and high rates of survival (Cortés 1998).

Table 16 presents the life table analysis for porbeagle.  The values of M, maturity ogive and
fecundity were as presented earlier.  Fishing mortality was added to M to investigate various
fishing strategies, subject to area-specific selectivities.  A fishery in which all ages were fully
selected was also investigated.  The results indicated that the intrinsic rate of population
growth (r) in an unfished population varied between 0.05-0.07 depending on the natural
mortality assumptions which were made.  Such values are very low compared to most fishes
(Myers et al. 1999), and indicate that the porbeagle population is intrinsically unproductive
and slow to recover from stock depletion.  Fishing mortalities on the order of 0.18 resulted in
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population decline under all scenarios.  A fishing scenario with F=0.08 resulted in population
decline when the selectivity of the mature fish was high (eg- in NF-Gulf) and produced only
marginal growth when mature selectivity was low (eg- on the Shelf).  F=0.08 corresponded
to zero population growth using the combined PR vector, and thus serves as the reference
point for Freplacement.  Fmsy is half of Freplacement, and thus equals 0.04.  This value is very similar
to that estimated from the population model.

Sources of Uncertainty

There are several sources of uncertainty in this assessment.  Mature sharks are seldom seen
in the winter and spring, and their overwintering and birthing grounds remain unknown.
This uncertainty could influence yield projections through effects on availability.  The age
determination of old sharks (>15 yr) remains unvalidated, and has implications for the
mortality rate calculations of mature females.

Some of the underlying assumptions of the population model are uncertain, particularly that
of selectivity, which introduces uncertainty into the estimates of recent population status.  If
mature sharks are more fully recruited than estimated, the model output is optimistic.
Another source of uncertainty includes some of the assumptions of the Peterson tag analysis,
specifically those dealing with tag-induced mortality and tag loss and reporting rates.

Although all of the measures of recent fishing mortality shown here are considered valid,
that derived from Paloheimo Zs is considered most reliable, followed by that of the Petersen
analysis and then the population model.

Outlook

Porbeagle sharks produce few offspring and mature at a late age compared to the age of first
capture. This combination of life history characteristics makes porbeagle highly susceptible
to over-exploitation. Average catches of about 4500t per year in the early 1960s resulted in a
fishery which collapsed after only 6 years, and which did not recover for another 25 years.
However, the fishery appeared sustainable during the 1970s and 1980s when landings
averaged 350t annually, and the population slowly recovered. Catches of 1000-2000t
throughout much of the 1990s appear to have once again reduced  population abundance,
resulting in lower catch rates and disturbingly low numbers of mature females.

The TAC of 850t introduced in 1999, based on preliminary scientific information and with
excellent cooperation from industry, resulted in preliminary estimates of F0.1 yield, mortality
and stock abundance.  Nevertheless, it was acknowledged at the time that the F0.1 yield was
probably not sustainable.  The current assessment confirms the unsustainability of fishing at
F0.1 for porbeagle, and indicates that a fishing mortality above 0.08 will cause the population
to decline.  A fishing mortality of 0.04-0.05 corresponds to MSY, and is required if the
population is to be allowed to recover.  Several independent estimates of recent fishing
mortality all suggest that recent catches averaging 1000t per year have resulted in an F of
about 0.20 (Fig. 27).  An annual catch of 200-250t would correspond to fishing at MSY and
would allow population recovery.  Annual catches of 400t would not allow any population
growth, nor room for error in the estimates.  Current population size appears to be at 10-20%
of virgin levels.
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The current porbeagle population is seriously depleted and will require a greatly reduced
fishing mortality if recovery is to occur.  Due to the low productivity of the species, recovery
will not be rapid.  However, annual catch levels of about 1000t will be  sustainable over the
long term once the population has recovered.
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