











Table 5. Productivity. Rankings against the seven productivity attributes Table 6. Susceptibility under management scenario 1 (current management).

and the nal productivity ranking for 16 species taken in the Rankings against the seven susceptibility attributes and the nal susceptibility
Northeast Atlantic Mixed Trawl Fishery. ranking for 16 species taken in the Northeast Atlantic Mixed Trawl Fishery.
Productivity attribute Final Susceptibility attribute Final
ina : o

Species Maximum | Maximum Natural Fecundity | Breeding | Female | Trophic Productivity Species Areal | Vertical Seasonal | Behaviour | Morphology | Survival | Management Susceptlblllty

size age mortality strategy age at level ranking overlap | overlap | migrations strategy ranking
maturity Black scabbard sh 1 3 1 1 1 3 1 157

Greater forkbeard 3 3 2 3 3 3 2 271 Aphanopus carbo

Phycis blennoides Roundnose grenadier 1 1 2 1 2 3 1 1.57

Black scabbard sh 2 3 3 3 3 2 1 2.43 Coryphaenoides rupestris

Aphanopus carbo Greater forkbeard 1 2 2 1 2 3 1 1.71

Blackmouth Catshark 3 3 3 1 2 3 2 2.43 Phycis blennoides

Galeus melanostomus Blackmouth Catshark 1 3 1 1 2 3 1 171

Blue ling 2 2 2 3 3 3 1 2.29 Galeus melanostomus

Molva dypterygia Velvet belly 1 3 1 1 2 3 1 171

Great lanternshark 3 3 3 1 1 3 2 2.29 Etmopterus spinax

Etmopterus princeps Portuguese dog sh 1 1 3 1 2 3 1 1.71

Velvet belly 3 3 3 1 1 3 2 2.29 Centroscymnus coelolepis

Etmopterus spinax Birdbeak dog sh 1 2 3 1 2 3 1 1.86

Roundnose grenadier 3 1 2 2 3 2 2 2.14 Deania calcea

Coryphaenoides rupestris Kite n Shark 1 2 3 1 2 3 1 1.86

Baird's smoothhead 3 1 1 2 3 2 3 2.14 Dalatias licha

Alepocephalus bairdil Black dog sh 1 1 3 1 3 3 1 1.86

Black dog sh 3 2 3 1 1 3 2 2.14 Centroscyllium fabricii

Centroscyllium fabricil Great lanternshark 1 1 3 1 3 3 1 1.86

Rabbit sh 3 2 2 1 2 2 2 2.00 Etmopterus princeps

Chimaera monstrosa Longnose velvet dog sh 1 2 3 1 3 3 1 2.00

Longnose velvet dog sh 3 1 1 1 1 1 2 1.43 Centroselachus crepidate

Centroselachus crepidate Bluntnose sixgill shark 1 2 3 1 3 3 1 2.00

Portuguese dog sh 3 1 1 1 1 1 1 1.29 Hexanchus griseus

Centroscymnus coelolepig Baird’s smoothhead 1 2 2 1 2 3 3 2.00

Birdbeak dog sh 3 1 1 1 1 1 1 1.29 Alepocephalus bairdii

Deania calcea Rabbit sh 3 3 5 1 1 3 1 2.00

Leafscale gulper shark 2 1 1 1 1 1 1 1.14 Chimaera monstrosa

Centrophorus squamosus Leafscale gulper shark 1 3 3 1 2 3 1 2.00

Kite n Shark 2 1 1 1 1 1 1 1.14 Centrophorus squamosus

Dalatias licha Blue ling 2 3 3 3 1 3 1 2.29

Bluntnose sixgill shark 1 1 1 1 1 1 1 1.00 Molva dypterygia

Hexanchus griseus

unidenti ed anemone

scleractinian,Enallopsammiasp. unidenti ed spone with crinoids unidenti ed stalked sponge the ROV Hercules sampling
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Table 7. Susceptibility under management scenario 2 (1000 m ban). Rankings against
the seven susceptibility attributes and the final susceptibility ranking for 16

species taken in the Northeast Atlantic Mixed Trawl Fishery.
Red text represents rankings which are altered under this management scenario.

Susceptibility attribute Final

Species Areal | Vertical Seasonal | Behaviour | Morphology | Survival | Management Susceptlibility
overlap | overlap | migrations strategy ranking

Portuguese dogfish
Centroscymnus coelolepis

Black dogfish - - - - - - - -
Centroscyllium fabricii

Great lanternshark - - - - - - - B
Etmopterus princeps

Black scabbardfish 1 2 1 1 1 3 1 1.43
Aphanopus carbo

Velvet belly 1 1 1 1 2 3 1 1.43
Etmopterus spinax

Roundnose grenadier 1 1 2 1 2 3 1 1.57
Coryphaenoides rupestris

Blackmouth Catshark 1 3 1 1 2 3 1 1.71
Galeus melanostomus

Greater forkbeard 1 3 2 1 2 3 1 1.86
Phycis blennoides

Baird’s smoothhead 1 1 2 1 2 3 3 1.86
Alepocephalus bairdii

Birdbeak dogfish 1 2 3 1 2 3 1 1.86
Deania calcea

Kitefin Shark 1 2 3 1 2 3 1 1.86
Dalatias licha

Longnose velvet dogfish 1 2 3 1 3 3 1 2.00
Centroselachus crepidater

Bluntnose sixgill shark 1 2 3 1 3 3 1 2.00
Hexanchus griseus

Rabbitfish 3 3 2 1 1 3 1 2.00
Chimaera monstrosa

Leafscale gulper shark 1 3 3 1 2 3 1 2.00
Centrophorus squamosus

Blue ling 2 2 3 3 1 3 1 2.14

Molva dypterygia

octocoral, bamboo whip
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Table 8. Susceptibility under management scenario 3 (blue ling spawning ban).
Rankings against the seven susceptibility attributes and the final susceptibility

ranking for 16 species taken in the Northeast Atlantic Mixed Trawl Fishery.
Red text represents rankings which are altered under this management scenario.

Susceptibility attribute Final

Species Areal | Vertical Seasonal Behaviour | Morphology | Survival | Management Suscept_ibility
overlap | overlap | migrations strategy ranking

Black scabbardfish 1 3 1 1 1 3 1 1.57
Aphanopus carbo
Roundnose grenadier 1 1 2 1 2 3 1 1.57
Coryphaenoides rupestris
Greater forkbeard 1 2 2 1 2 3 1 1.71
Phycis blennoides
Blackmouth Catshark 1 3 1 1 2 3 1 1.71
Galeus melanostomus
Velvet belly 1 3 1 1 2 3 1 1.71
Etmopterus spinax
Portuguese dogfish 1 1 3 1 2 3 1 1.71
Centroscymnus coelolepis
Blue ling 2 3 1 1 1 3 1 1.71
Molva dypterygia
Birdbeak dogfish 1 2 3 1 2 3 1 1.86
Deania calcea
Kitefin Shark 1 2 3 1 2 3 1 1.86
Dalatias licha
Black dogfish 1 1 3 1 3 3 1 1.86
Centroscyllium fabricii
Great lanternshark 1 1 3 1 3 3 1 1.86
Etmopterus princeps
Longnose velvet dogfish 1 2 3 1 3 3 1 2.00
Centroselachus crepidater
Bluntnose sixgill shark 1 2 3 1 3 3 1 2.00
Hexanchus griseus
Baird’s smoothhead 1 2 2 1 2 3 3 2.00
Alepocephalus bairdii
Rabbitfish 3 3 2 1 1 3 1 2.00
Chimaera monstrosa
Leafscale gulper shark 1 3 3 1 2 3 1 2.00
Centrophorus squamosus

! by Ek g #
C. imbricata and brittle star Ophioplinthaca

octocoral, Candidella imbricata
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Table 9. Summary of key data requirements for a sustainable ecosystem-based fishery.
Each data requirement pertains to not only the target species, but also those

regularly caught as bycatch and/or discarded.

Data Requirement

Size structure of life stages High
Spatial and temporal distributions High
Reliable population estimates High
Location of known and potential VMEs High
Discards and catch estimates identified to species (full observer coverage) High
Position and duration of fishing sets High
Genetic analysis identifying populations High
Reproductive periodicity High
Positions and attributes of required habitat High
Age estimates (maximum, maturity, recruitment, etc) High
Timing of reproduction High
Spatial and temporal distributions in relation to age and maturity Medium
Trophic relationship and diet Medium
Intrinsic rate of increase Medium
Fecundity Medium
Percent survival to maturity Medium
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Figure 6. Productivity-susceptibility plot for
16 fish species taken in the Northeast Atlantic
Mixed Trawl Fishery under management
scenario 1 (current management). Species
codes are provided in Table 3.

Figure 7. Productivity-susceptibility plot for
13 fish species taken in the Northeast Atlantic
Mixed Trawl Fishery under management
scenario 2 (1000 m ban). Under this
management scenario, three species of sharks
are effectively removed from the fishery and
so they are no longer ‘susceptible’ to the
fishery. Species codes are provided in Table 3.

Figure 8. Productivity-susceptibility plot for
16 fish species taken in the Northeast Atlantic
Mixed Trawl Fishery under management
scenario 3 (blue ling spawning ban).

Species codes are provided in Table 3.
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Sustainable Deep-Sea Fisheries for Grenadiers

Participants: SUMMARY | | |
1) Grenadiers are important bycatch of virtually every current deep-sea fishery and

of many developing ones, and thus their sustainability is inherently linked with the
sustainability of target species.

2) Some directed fisheries for grenadiers may be currently developing.

3) Grenadier history of exploitation does not suggest sustainability at a
high harvest level.

4) Currently known grenadier life history attributes suggest great
susceptibility to fishing.

5) Many fisheries that include grenadiers are bottom fishing gear based, and thus
are potentially destructive to the habitat if the fishing grounds overlap with the
distribution of vulnerable marine ecosystems.

6) Given all these criteria, grenadier fisheries will be very hard to manage sustainably.

7) Nevertheless, with the adoption of adequate regulations, coupled with
successful management, monitoring and enforcement actions, sustainability
might be achieved.

8) Not all grenadier fisheries will be sustainable even with regulatory
measures in place.

INTRODUCTION

Grenadiers or rattails (family Macrouridae) are one of the most important components
of bycatch in deep-sea fisheries occurring along the upper and middle continental
slopes of the world. The group consists of roughly 400 species that are globally
distributed across a wide depth range (~200-7000m) (Iwamoto 2008), hence,

virtually all deep-sea fisheries around the world capture grenadiers. Data on a few
individual grenadier species are available from some Regional Fisheries Management
Organizations (RFMOs) (e.g., Gonzalez-Costas and Murua, 2008). In general, however,
when they are recorded, these species are usually aggregated as “grenadiers” in

the catch statistics of most nations. Within New Zealand's EEZ, approximately 60
grenadier species are present, some of which are captured as bycatch in large amounts
in the deepwater trawl fisheries, such as the hoki (Macruronus novaezelandiae)
fishery (Ballara et al. 2010). Many of the species are small and therefore not directly
marketable, but have been and may continue to be processed as fishmeal (Stevens

et al. in prep.) It is therefore very likely that the catch of grenadiers is underestimated
worldwide.

Many grenadier species are taken by fisheries, either as bycatch (most common) or as
a target. We have chosen to evaluate a group of relatively larger grenadier species, for
which there are well-established or developing fisheries and about which a reasonable
amount of information is known. There is also a diverse suite of relatively smaller
grenadiers, including Lepidorhyncus deniculatus, Trachyrhyncus murrayi, Nezumia spp.,
and Coelorinchus spp., that is taken as bycatch and used as fish meal or discarded,
but little is known of their biology or life history characteristics as bycatch statistics are
typically not taken. We will not cover those in this report except to mention them.

SPECIFIC GRENADIER SPECIES AND THEIR FISHERIES

Several larger species of grenadier (50-200cm max TL) have more reliable catch
statistics. Pacific Grenadier (Coryphaenoides acrolepis) and to a lesser extent Giant
Grenadier (Albatrossia pectoralis) are taken as bycatch in the deep-water groundfish
trawl fishery off the west coast of the United States which targeted sablefish,
rockfishes, and Dover Sole (Clausen 2008, 2009). This fisheries effort has been
significantly reduced by quota restrictions on these species. In the North Pacific, a
fishery for Greenland Halibut takes ~20,000 tonnes of giant grenadier and lesser
amounts of popeye grenadier (C. cinereus) each year (Clausen 2008, Orlov and
Tokranov 2008). A similar fishery in the northwest Atlantic along with a deep-water
shrimp trawl fishery takes Roundnose Grenadier (C. rupestris) and Roughhead
Grenadier (Macrourus berglax) as bycatch (NAFO, 2010b; Gonzalez-Costas and
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Murua, 2008). Although currently captured only as bycatch, Roughhead Grenadier is
becoming an important commercial species in this area. Although NAFO assessments
show that the biomass trend of Roughhead Grenadier has been increasing since
1995, and catches have been declining in recent years as a result of a decrease in the
fishing effort in the Greenland Halibut fishery (NAFO 2010b), it was listed as a species
of ‘Special Concern’ by COSEWIC (Committee on the Status of Endangered Wildlife
in Canada) partially because of large declines in abundance noted in the 1980s and
1990s (COSEWIC 2007). In the northeast Atlantic, these species are commonly taken
in mixed deep-water fisheries, both as bycatch and targeted catch species (ICES
2010). In the Southern Ocean, Ridge-scaled Grenadier (M. carinatus) are taken in the
bycatch of trawl and longline fisheries targeting Patagonian Toothfish, hake and squid
(Laptikhovsky et al. 2008).

An important question is whether these grenadiers are currently fished sustainably
even if the fisheries are not directed towards these species. Giant and Popeye
Grenadiers probably are targeted since they have very high estimates of biomass. For
example, 1,273,000-2,491,000 mt were estimated to exist in Russian waters in recent
years (Tuponogov et al. 2008) and 1,986,000-2,144,000 mt in Alaskan waters in 2008-
2009 (Clausen and Rodgveller 2009). They also have very low catch rates. According to
published data (Bocharov and Melnikov 2005), recent catches of grenadiers in Russian
waters totalled 12,800-16,700 mt annually. In Alaskan waters annual catch varied in
recent years from 11,400-18,900 mt (Clausen and Rodgveller 2009).

Pacific Grenadiers may not have always been sustainably harvested. But, largely
through restrictions on the mixed trawl fishery off the US West coast, fishing effort has
been dramatically reduced. Catches peaked in 1996 at just over 8,000 mt and declined
rapidly with catches in 2009 equal to ~750 mt including discards (Dick and McCall
2010). A few biomass estimates are available from the NMFS biannual slope survey.
They suggest that in the Vancouver and Columbia (INFPC) statistical areas (from the
Canadian border to southern Oregon), there were ~9,000 mt in 1996, and there were
25,865 mt of Pacific grenadier in 1999 along the US west coast (Lauth 1997; Lauth
2000). These estimates come from only the upper half of the depth range from the
species.

It is difficult to state if Roundnose Grenadier are considered to be sustainably fished as
no reliable estimates of stock size have been made, mainly because the data to assess
the stocks have not been continuously collected. In the northeast Atlantic (west of the
British Isles), Basson et al. (2001) estimated relative biomass of Roundnose Grenadier
to be around 15-23% of virgin biomass, while Lorance et al. (2008) estimated stocks
were at ~30% of virgin biomass. Their estimate of the virgin biomass was ~ 670,000
mt by the swept area method and 130,000 mt using the Schaefer production

model; however, both Lorance et al. (2008) and the ICES deepwater working group
acknowledge that these estimates are highly uncertain and that biomass estimates
should only be used as an indication of trends over time. Neat and Burns (2010) found
biomass estimates to be stable from 1998 to 2008 during which time TACs were
imposed for the species in ICES Division Vla. Roundnose Grenadier is one of several
target species in a mixed-species deep-water fishery and is also taken as bycatch in
other fisheries (Basson et al. 2001; Gordon et al. 2003). Catches have declined in
recent years as a result of decreased TACs for the grenadier and other deepwater
species, but there is fear that this species is misidentified and actual catches are higher
than that reported (ICES 2010). High discard levels (approximately 50% by number
and 30% by weight) are reported in some areas, although rates around 20% tend to
be typical in most fisheries (Pawlowski and Lorance 2009; ICES 2010). A small target
fishery existed in the Skagerrak (ICES Division llla) until 2007, but now Roundnose
Grenadier is taken only as bycatch in extremely small amounts in the deepwater shrimp
fishery (ICES 2010). TACs are in place for the remainder of the ICES management areas
and also in international waters (ICES 2010).
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In the northwest Atlantic, Roundnose Grenadier was listed as endangered by
COSEWIC as a result of declines of 98% in adult abundance over a 20-year period
(COSEWIC 2008). Roundnose Grenadier was targeted in the 1960s—1990s (Haedrich et
al. 2001) and moratoriums are currently in place in NAFO Subarea 0 and in Canadian
waters of Subareas 2 and 3 (DFO 2010; NAFO 2010b). Catches in international waters
outside of NAFO Subarea 0 are unregulated except through mesh sizes for other
fisheries (NAFO 2010b). Roundnose Grenadier is captured as bycatch, mainly in the
Greenland Halibut fishery, and bycatch estimates since 2000 range from 60-5,400 mt
year "' (NAFO 21A STATLANT database, www.nafo.int). Bayesian surplus production
models were used to determine the effect of bycatch removals on recovery of
roundnose grenadier and levels exceeding 1,250 mt were found to impede recovery
(DFO 2010).

It is questionable whether Roughhead Grenadier are sustainably fished. Biomass of
Roughhead Grenadier in the northwest Atlantic was estimated to be 75,000 t in
2009 and biomass has been increasing (NAFO 2010b), mainly as a result of decreased
fishing mortality (Gonzalez-Costas 2010). However, in 2007, COSEWIC listed the
species as threatened in the northwest Atlantic (COSEWIC 2007). One factor that
may impede the sustainability of Roughhead Grenadier is the misreporting of catches.
Off Greenland (NAFO Subarea 1), catch is often misreported as Roundnose Grenadier
(Lyberth 2009). In the northeast Atlantic, Roughhead Grenadier is taken as bycatch

in many of the fisheries (Gordon et al. 2003) and catch is typically low (100-200 mt
annually since 1994), but it is often misidentified as other grenadier species (ICES
2010). The ICES WGDEEP have considered the ‘other species’ group in both 2009 and
2010, but set no quotas for any of these species in the NEAFC Regulatory Area nor
were any included in Appendix | of Council Regulation (EC) No 2347/2002, with the
result that vessels are not required to hold a Deepwater Fishing Permit to land these
species. Catch of Roughhead Grenadier is therefore not necessarily regulated by EC
policies governing deep-water fishing effort.

It is also unknown whether the Ridge-scaled Grenadier is sustainably fished. Currently,
it is taken as bycatch in the New Zealand Orange Roughy fishery, but it is not known
if the species is landed (Stevens et al. in prep.). No biomass estimates exist for this
species from New Zealand waters. It is also found on the Patagonian Shelf and the
Falkland Islands (Laptikhovsky 2010). Total biomass in this area was estimated to be
40,000 t (Laptikhovsky 2006; Laptikhovsky et al. 2008) with an MSY of 3,000-7,000
mt (Falkland Islands Government 2007). A stock assessment in international waters of
the Southern Ocean put its biomass at 116,000 — 212,000 mt , but these estimates
must be treated with caution because they are based on data from only two research
surveys (STECF 2010). Ridge-scaled grenadier can make up 17% of the bycatch in

the longline fishery for Patagonian Toothfish, Dissostichus eleginoides (van Wijk et

al. 2003). Catch in the Southern Ocean was extremely low until the 2008 and 2009
fishing years, when it increased to 900 and 1,200 mt, respectively (CCAMLR 2010). It
is protected by CCAMLR with a general Macrourus TAC and bycatch regulation (see
below).

Macrourus whitsoni, another large grenadier, is a commercially important species in

the Ross Sea (Marriott et al. 2003) with catches ranging from 50-200 tons annually

(CCAMLR 2010) and bycatch rates averaging 10% annually in the toothfish longline
fishery (Hanchet et al. 2003). CCAMLR does manage Macrourus species (not species
specific) in some areas with a TAC and stipulations that if bycatch in any one haul is

equal to or greater than 2 t, the vessel must not fish within 5 n. mi. of that location

with that gear for 5 days (Bulman et al. 2007).

A few fisheries have targeted grenadiers specifically and these have proven very
unsustainable. For a brief time, 1986-1991, Ridge-scaled Grenadier and several others
were targeted in the southwest Atlantic by the soviet fleet with initially high catches
and then very rapid depletion to less than 25% of initial levels (Laptikhovsky et al.
2008). The other directed fisheries for grenadiers occurred in the Skagerrak and in the
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North Atlantic for Roundnose Grenadier (Gordon 2001; Haedrich et al. 2001). The
fishery in the Skagerrak is also now closed due to rapid exploitation of the species
(ICES 2010), retirement of the sole vessel catching grenadier, and to close a loophole
in the regulations. A directed fishery in the northwest Atlantic greatly reduced the
stocks to the point that the Roundnose Grenadier population in that area is considered
endangered (COSEWIC 2008).

It is highly likely that new directed grenadier fisheries will develop and that their
capture as bycatch will continue or even increase. Fishers exploiting greater depths or
new regions of the world will always catch these animals because of the large number
of species and their global distributions. There are few groups of deep-sea fishes which
attain large enough size and sufficient abundance to be of any commercial importance
(Merrett and Haedrich 1997). Only fishes in the family Macrouridae and a few species
in the order Ophidiiformes fit this category for the middle to lower slope habitats. As
an example, Giant Grenadier became recently targeted species by Russian longliners
fishing for cod, halibut and rockfishes in some periods. Much of this catch was
targeted for sale in China. The Ridge-scaled Grenadier is one of the larger grenadier
species found around New Zealand and has the potential to be the target of a small
fishery in this region.

LIFE HISTORIES AND VULNERABILITY OF GRENADIERS TO FISHERIES

The life history characteristics of grenadiers are not conducive to commercial
exploitation. A review of the available information of the six large species given above
indicates high longevity, slow growth, and late age at maturity (Table 10). Even smaller
species which are shorter-lived have relatively slow mass-specific growth (Drazen
2008) suggesting that they could be greatly depleted by moderate exploitation rates.
Studies have also shown that grenadiers are not very fecund, typically having at most
200,000 eggs per female (Table 10) and often much less ( Stein and Pearcy 1982;
Murua and Motos 2000; Allain 2001). They have very low metabolic rates (Drazen
and Seibel 2007) and an energy budget analysis of the Pacific grenadier suggests

that the females may require two or more years to develop adequate energy stores

to spawn. Histological examination and time series sampling of gonads suggests a
similar situation for M. carinatus in the southern ocean (Alekseyeva et al 1993). This
means that the fecundity estimates are actually two times higher than realized annual
reproductive output (Drazen 2008).

To further evaluate the vulnerability of grenadiers to existing fisheries we employed a
risk analysis procedure called a productivity-susceptibility analysis (PSA). This technique
originated in Australia in the early part of this century (Milton 2001; Stobutzki et al.
2001, 2002), and its use has now spread to the eastern North Pacific as described in
Patrick et al. (2010) and applied to assess the vulnerability of United States fish stocks
to overfishing. It has subsequently been used for California near shore finfish species
(Fields et al. 2010) and for U.S. west coast groundfishes (Cope et al. in press).

Following Patrick et al. (2010) and the Deep-water Mixed Trawl Fishery Group (see
previous section), we used a modified version of a productivity and susceptibility
analysis (PSA) to evaluate the vulnerability of the grenadier species of interest. We
based our evaluation of attributes on published data; where attributes were more
subjective, the opinions of an expert group were used. We used several productivity
and susceptibility attributes and scales for the grenadier stocks of interest. Similar to
Patrick et al. (2010), we allowed intermediate scores (e.g., 1.5, 2.5) when the attribute
values spanned two categories.

First, we estimated productivity and susceptibility using the attributes and scale
outlined in Patrick et al. (2010) (also in Field et al. 2010, and Cope et al. in press) to
compare how deep-sea grenadiers compared to several slope and shelf species from
the North Pacific (Figure 9). Plotting susceptibility and productivity rankings allows
one to characterize, in general, the vulnerability of each species. This is especially true
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when plotted against shallow-water, shelf, and slope species that may not have the
same life history traits as the deeper-dwelling species. We modified one susceptibility
attribute: morphology relating to capture was estimated on a fishing method basis
(separately for the longline and trawl fisheries) rather than as a whole. This was done
because the expert group agreed that susceptibility differed greatly between the two
types of fishing methods and that they should not be combined in one index. Several
of the attributes either did not apply to the grenadiers or no information existed to
evaluate and those were left blank. This treatment was deemed more acceptable than
using a median value (2) or treating the attribute as either least productive or most
susceptible (i.e., taking the most precautionary stand). The final productivity rankings
are an average and leaving the value missing resulted in a slightly more conservative
value than if using a median value. Productivity of grenadiers using the Patrick et al.
(2010) scale ranged from 1.75 for Popeye Grenadier to 1.13 for Giant Grenadier. As
expected, none of the species was highly productive. Susceptibility rankings were fairly
similar and ranged from 1.9 (Ridge-scaled Grenadier) to 2.38 (Roundnose Grenadier).
Cope et al. (in press) estimated productivity and susceptibility of Popeye Grenadier
from one part of their global range (NE Pacific) to be 1.39 and 2.32, respectively, while
values estimated for the global distribution were 1.75 and 2.08 (Table 11, Figure 9).
When plotted, it was obvious that the six grenadier species considered were at the
more vulnerable end of the plot of susceptibility and productivity scaling, even when
compared to other slope species of the eastern North Pacific coast (Figure 9, data
come from Patrick et al., in press).

Next, productivity of grenadiers (on a global scale) were compared to the deep-water
mixed trawl fishery in the northeast Atlantic, using the scaling of attributes established
in the previous section. Because grenadiers were not believed to spawn annually

(see above), fecundity estimates were halved before applying the deep-water mixed
trawl fishery scale for this attribute. Lastly, productivity was estimated by assigning
rankings based only on grenadier data (data from Table 10) and susceptibility was
estimated using the same attributes and scaling as Cope et al. (in press). The PSA
scores (Table 12) indicate that the six species of grenadiers we analyzed had quite
variable values of both productivity and susceptibility attributes. Productivity rankings,
using either scaling, indicated that the Giant, Pacific, and Ridge-scaled Grenadiers
were less productive than the Popeye, Roundnose, and Roughhead Grenadiers,
respectively. The Popeye Grenadier stood out as the most productive species which
may be due, to some extent, to its smaller size. When compared to Productivity of the
main deep-water mixed trawl fishery in the northeast Atlantic, grenadiers are much
more productive than many of the deep-sea sharks (see Table 5, previous section).
Popeye Grenadier shares the same productivity ranking as Greater Forkbeard, the most
productive species within that fishery. Globally, roundnose grenadier is slightly more
productive than grenadier within this single fishery, indicating other populations within
the global range of this species may vary slightly in their productivity. The Susceptibility
rankings, were very similar among species, ranging from 1.95 to 2.05, indicating that
all six grenadier species analyzed were relatively susceptible to fishing pressure.

When plotted, it was obvious that the six grenadier species considered were at the
more vulnerable end of the plot of susceptibility and productivity scaling, even when
compared to other slope species of the eastern North Pacific coast (Figure 9, data
come from Cope et al., in press). Within the six grenadier species and fisheries we
analyzed, all appeared to be equally susceptible but varied in their productivity,
ranging from the most productive species, the Popeye Grenadier, to the least, the
Giant Grenadier (Figure 10).

IMPLICATIONS RELATIVE TO ECOSYSTEM-BASED MANAGEMENT OF GRENADIER FISHERIES
To evaluate fishery sustainability in an ecosystem context, the impacts of the fishery on
both target and bycatch species as well as on the habitat must be evaluated. Most of
the fisheries which capture grenadiers are bottom gear fisheries that have a variety of
deleterious impacts (Bavestrello et al., 1997; Roberts et al., 2000; Krieger, 2001; Fossa

56 Can Ecosystem-Based Deep-Sea Fishing Be Sustained?

et al., 2002; Reed, 2002; Hall-Spencer et al., 2002; Davies et al, 2007) on benthic
habitats when the fishing grounds overlap with the distribution of vulnerable marine
ecosystems (VMEs) (FAOQ, 2009). In recent years, the issue of protecting VMEs in the
deep-sea fisheries of the high seas has been extensively debated in the United Nations
General Assembly and in the Regional Fisheries Management Organizations (Rogers
and Gianni, 2010). As an example, in fishing grounds of the northwest and northeast
Atlantic where grenadiers are captured, VME distributions in relation to deep-sea
fisheries have been mapped (Durdn Mufioz et al., 2009; Hall-Spencer, et al, 2009;
Murillo et al, 2010) and extensive areas have been closed to bottom fishing in order
to protect cold-water corals and sponges (EC, 2009; NAFO 2010c; NEAFC, 2010).
Moreover, some grenadiers are captured with longlines and such fisheries can cause
incidental seabird mortality (Brothers et al., 1999; Furnes, 2003). Seabird protection
measures (EC, 2004) have been implemented in many of these fisheries (i.e. the
Antarctic, New Zealand, Australia: Gilman et al., 2007).

Some of these fisheries also have variable, and often unknown, amounts of bycatch of
other species which are likely discarded. No discards captured from these depths are
likely to survive due to decompression from capture at great depths and the physical
trauma of trawl capture, especially those species with gas-filled swimbladders. Most
of the grenadiers evaluated in this report are now bycatch and not targeted by specific
fisheries, with the exception of the Roundnose Grenadier in the northeast Atlantic.
Still, that is a mixed-species fishery. Current management plans, fisheries data, and
any existing stock assessments for grenadiers are available from the appropriate
management agencies (i.e., NAFO, CCAMLR, ICES, US NMFS, the New Zealand
Ministry of Fisheries).

RECOMMENDED SUSTAINABLE MANAGEMENT ACTIONS FOR GRENADIER FISHERIES
The history of overexploitation of grenadiers, their unproductive life history
characteristics, the issue of bycatch, and the potential deleterious impacts of bottom
fishing gears on VMEs make fisheries that include grenadiers extremely difficult to
manage sustainably. However, we believe such fisheries could be sustainable given
certain regulations and management actions, as listed below.

1) Fishing effort and fishing mortality must remain very low (with F being much lower
than M).

2) Bycatch and discard amounts and composition must be monitored by observers and
reporting must be mandatory. Such actions are especially important, considering
that in these deep-sea fisheries virtually all of the catch dies during capture (Koslow
et al. 2000; Bailey et al. 2009). Knowledge of bycatch and discarding is essential for
understanding the nature of the fishery impacts on grenadiers, which are typically
bycatch. This will require the implementation of an observer program such as
has been successfully implemented by certain RFMOs (i.e. the observer program
mandatory for several of the NAFO Regulatory Areas). Such an approach is also
necessary to understand the full ecosystem effects of deep-sea bottom fishing,
which are usually deleterious for many reasons (Duran Mufioz et al., 2009; Murillo
etal., 2010).

3) The development of comprehensive systems of spatial planning is important to
the integrated governance of the deep sea (UNEP 2007). Marine spatial planning
should thus be considered an important element of a comprehensive strategy for
achieving sustainability of deep sea fisheries. Spatial and temporal management
tools such as Marine Protected Areas (MPAs) could be particularly useful in data-
poor situations such as encountered in the deep seas (FAO 2007). However, there
is very little known about the spawning grounds and seasons of grenadiers, and
also the distribution, abundance, and dispersal of their larval and juvenile offspring.
Therefore, it would be difficult to decide upon spawning and seasonal closures.
Still, if relatively large areas of the seafloor could be protected from bottom fishing,
this might benefit multiple species, including fishes and invertebrates, not just
grenadier populations. Protected areas should be distributed over the range of the
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grenadier species to cover potentially distinct stocks, of which only a few have been
identified (Katsarou and Naevdal 2001; White et al. 2009). It is important to protect
areas in which aggregated bycatch/discards are highest. The protected areas should
be situated as to maximize the number and area coverage of VMEs (i.e. corals),
thus reducing conflicts with fisheries. Such an approach will protect VMEs and
the entire species assemblage of which grenadiers are a part. Furthermore, these
protected areas will provide a benchmark to fished areas. Time series monitoring of
both closed and fished areas is required and may provide empirical measures of r
(intrinsic rate of population increase) as populations in closures rebound.

4) The spatial footprint of deep-sea bottom fishing (all gears) should be frozen and
a such measure has been implemented by NAFO and suggested by ICES, but has
not really been implemented in the Pacific or Southern Ocean. This action, in
conjunction with the development of MPAs, would prevent fishers from moving to
areas that are unstudied, that may contain newly fished species, that may contain
more important habitats for these fishes, or potentially contain VMEs. Such action
would halt the widely recognized problem that fisheries managers are unable
to keep pace with new developments in deep-sea fisheries in places heretofore
unfished (Haedrich et al. 2001).

5) Utilize a vessel monitoring system (VMS) to enforce marine spatial planning units
and to truly understand the spatial distribution of fishing activity. Such a VMS
is a potentially valuable source of information on spatial and temporal patterns
of fishing activity at multiple scales (Mills et al., 2007). A VMS system has been
successfully implemented by some nations and is mandatory for EU fishing vessels
> 15m length; however, the vessels are not required to report when they are
fishing, so indirect evidence such as vessel speed has to be used as a proxy (Benn
etal., 2010) .It is important that this system record position frequently (i.e. every
20-30 minutes) so that it can be used effectively to record the positions of fishing
activities. The resulting data would be essential for reviewing and improving the
design and management of marine spatial units.

ADDITIONAL TYPES OF INFORMATION REQUIRED FOR

SUSTAINABLE MANAGEMENT OF GRENADIER FISHERIES

While the amount of information regarding the biology and productivity of grenadiers
is growing, our knowledge lags far behind that of shallow water stocks. Indeed these
fishes should be considered data-poor species (Gonzalez-Costas 2010; ICES 2010). The
working group evaluated those data that would be required to successfully manage

a sustainable grenadier fishery based on the above requirements. The data types are
divided into three categories: Indispensable, Useful, and Not Critical.

INDISPENSABLE — these data are absolutely required for sustainable management of
the species

Biomass/stock size — Both fishery-dependent and fishery-independent estimates of
catches, effort and stock size are required. Fishery-dependent data could be reliable

if observer and VMS systems are employed. Regular fishery-independent surveys will
provide random stratified data for biomass estimation and are required to estimate
yearly TAC. Recent scientific advice from ICES and NAFO both state that much of

the data collected for grenadiers are incomplete and of no, to limited use for stock
assessments for these species (ICES 2010; NAFO 2010b). Hence, better reporting
measures are needed.

Fishing effort and its spatial distribution — Due to the current data-poor status of
these fisheries, marine spatial planning efforts could be much more effectively planned
and implemented with improved data on fishing effort and its spatial distribution for
both target and bycatch species. Current NEAFC regulations stipulate that fisheries
occurring in new areas in the NEAFC Regulatory Area must be accompanied by an
impact assessment and biological sampling program, but these data are not widely
available at the moment (ICES 2010). Within the NAFO regulatory area, data collection
requirements are in place for vessels fishing in new areas and areas closed to bottom

58

Can Ecosystem-Based Deep-Sea Fishing Be Sustained?

trawling are in effect (NAFO 2010a).

Age/size/sex structure — Fishery-independent surveys will allow for the determination
of these variables in order to understand life history, development of age-structured
population models, and measure changes in length frequency and size and age at
maturation (i.e., fisheries-induced evolution, Heino et al. 2002), which often arise
during heavy fishing exploitation. Otolith growth zones, which are the principal means
of ageing bony fishes, are more difficult to apply to deep-sea fishes because their
periodicity cannot be assumed. Thus, we would encourage all such data collection to
employ age validation techniques such as radiometric (Radium-226 to Lead-210 ratios)
and bomb radiocarbon markers in more deep-sea grenadier species (Andrews et al.
1999; Burton et al. 2000, Cailliet et al. 2001; Kerr et al. 2004 & 2005).

Spatial distribution of biomass and structure — The marine environment is very

patchy and knowledge of this patchiness must be understood for robust estimates of
population biomass and for aiding in stock delineation.

Time series monitoring — This is required to monitor the effect of fishing mortality
on the population as well as the potentially dynamic effects on stocks, both fished and
unfished, of climate cycles such as El Ninos and decadal climate oscillations (i.e. North
Atlantic Oscillation).

Mandatory reporting of catch, bycatch, and discards including composition —
This should be required in addition to the Vessel monitoring System stated above.
Reproductive output estimates and recruitment — Currently reproductive output
estimates are based solely on female fecundity, but models suggest that some of these
species may only spawn every few years (Drazen 2008). Additionally, the distribution
and abundance of larvae and juveniles of grenadiers are virtually unknown or very
poorly known. Empirical data is lacking and a better understanding of reproductive
output is needed. This requires data on fecundity, spawning timing, recruitment,
recruitment variability, and the distribution and abundance of larvae and juveniles.

USEFUL — these data are desirable for management but not absolutely required.

Habitat mapping — Multibeam bathymetric sampling of the habitat areas of fished
species would enable informed placement of MPAs and would likely identify at least
some VMEs such as coral mounds (Duran Munoz et al., 2009).

Movement patterns — A variety of methods including active tracking, or behavioral
studies, would enable an understanding of adult movements. This type of data
would allow for a greater understanding of stock structure and the presence of any
aggregation behavior among other things. No such data exist currently for any deep-
sea species, however, advances in technology are proceeding at a rapid pace and
tagging technologies are now available for operation to depths of at least 1,000 m
(Sigurdsson et al. 2006).

Stock delineation/genetics — Many bathyal fishes have wide geographic ranges
(Merrett and Haedrich 1997). However, we know that the North Atlantic is divided
into at least three distinct stocks for Roundnose Grenadier (White et al. 2009) and
Roughhead Grenadier (Katsarou and Naevdal 2001). Nothing is known of the stock
structure of other species.

Early life history — Grenadier larvae are extremely rare even after considerable
sampling efforts in many parts of the oceans and the often large biomass of the
species (Bergstad and Gordon 1994). It is thought that the larvae may not occur

in surface waters or may develop very quickly, descending to greater depths than
regularly sampled (Merrett and Barnes 1996). What is clear is that knowledge of the
early life history of these fishes is an impediment to our understanding of dispersal and
stock structure and also to the processes affecting recruitment. Efforts should be made
to identify grenadier larvae and understand their spatial and temporal occurrence in
the oceans.

Trophic ecology — The diets of grenadiers are diverse (Anderson 2005; Drazen et

al. 2001; Laptikhovsky 2005; Madurell and Cartes 2006) but often few data are
available because the gas in their swim bladders causes stomach eversion upon
capture. Biochemical approaches can be useful (Drazen et al. 2009; Drazen et al.
2008; Stowasser et al. 2009) and have shown that some species consume large
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Species

Max

Age 50%

longevity maturity
(yrs)

quantities of epipelagically-derived carrion. A better understanding of grenadier diets
and of their most important predators would allow the use of ecosystem models in
their management. This would also be the first information required to evaluate the
importance of removal of these animals to deep-sea food webs (Heithaus et al. 2008;
Pace et al. 1999).

CONCLUDING COMMENTS

As a result of our analysis of the literature on these species of grenadier, we feel that
the following life history features dictate how their fisheries most likely will act over
time. Grenadiers, in general, are: 1) K-selected species; 2) have boom & bust fisheries;
3) often exhibit strong population declines; 4) most likely will have long recovery
times; 5) have unpredictable reproductive output and recruitment patterns; and 6)
generally do not appear to have clear habitat utilization patterns. If there are to be any
sustainable fisheries for these fishes, these traits need to be understood better and
then considered in management plans.

Natural Fecundity Biomass Fishery Spawning Depths Current Current
mortality type season of max fishing management
(m) abundance effort (F) regime

Giant 56 23 0.052- 231,000 high T, LL, all year 400-1500 Low TAC (Russia),
0.079, BGL unregulated
0.12 (USA)
Pacific 73 20-30 0.057, 150,000 high- T all year 700-1500 Was high, Unregulated
0.16 med low now
Popeye 15 3-6 0.295, 17,000 med T all year 400-1400 Low TAC (Russia),
0.22 unregulated
(USA)
Roundnose 72 10-14 0.1-0.2 70,000 med T all year 400-1500 NWA low, | Regulated (BT
NEA high closed areas,
moratorium
(NWA), TAC
(NEA)
Roughhead 25 13-16 0.2 80,000 low T, LL all year 800-1500 Low NWA
prohibited (BT
closed areas),
TAC (NEA)
Ridge-scaled 37-42 11-13 7=0.15 57,000 med T, LL Unknown 200-1000 Low Unregulated
(N2), regulated
(CCAMLR)

Table 10. Summary of life history characteristics and current fishing information for large and abundant grenadiers.
Fecundity estimates were taken from the literature and may not reflect true estimates if grenadiers do
not spawn annually. Fishery type refers to trawl (T), longline (LL) or bottom gill net (BGL). Under Current
Management Regime, the letters in parentheses refer to the country or organization of jurisdiction. USA is the
United States of America, BT is bottom trawl, NWA is northwest Atlantic, NEA is northeast Atlantic, NZ is New
Zealand, and CCAMLR is the Commission for the Conservation of Antarctic Marine Living Resources.
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Productivity Attributes

r (intrinsic rate of population
increase)

Giant

Pacific

Popeye

Roundnose

Roughhead Ridge-scaled

Maximum age

Maximum size

von Bertalanffy growth coefficient

(K)

Estimated natural mortality

Measured fecundity

Breeding strategy

Recruitment pattern

Age at maturity

Mean trophic level

Ranking

1.25

1.75

1.25

Susceptibility Attributes

Management strategy

Area overlap

Geographic concentration

Vertical overlap

- NN W

_m s N

Spawning stock biomass level

- NN N W

Seasonal migrations

School/aggregations

w | = =

Morphology affecting capture —
longline

Morphology affecting capture —
bottom trawl

Survival after capture and release

Desirability / value of fishery

Fishery impact to EFH or habitat

Ranking

2.08

2.08

2.38

2.27

1.90

Vulnerability

2.16

2.10

1.65

2.23

1.96

1.97

vulnerability below (see Patrick et al. 2010 for further details about attributes and scaling used). Breeding

strategy and fecundity were unknown (see text for fecundity). All grenadier productivity estimates assessed
the productivity of grenadiers on a global scale (not fisheries specific). An NA meant that attribute was not

Table 11. Productivity and Susceptibility scores applied to six grenadier species, resulting in the final assessment of their

applicable to grenadiers using the scale of Patrick et al. (2010), while a — meant that not enough information

was known.
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Productivity Attributes — Giant Pacific Popeye Roundnose Roughhead Ridge-scaled

mixed-trawl scale

Maximum age

Maximum size

Estimated natural mortality

Measured fecundity

Age at maturity

Mean trophic level

Jwlwlwinvw w N
NN W W N W -

1
2
1
3
Breeding strategy 3
1
1
7

(o)}
N
—_
N

Ranking 1.

Productivity Attributes —
grenadier only scale

Maximum age 1 1

Maximum size 1 2

Estimated natural mortality 1.5 1.5

Measured fecundity

N

ul
wIiIN W - N

|

Breeding strategy

N W N

Mean trophic level 2.5 1.5

Glwww|w w|w

3
3
Age at maturity 1
1
6

Ne}
N
—
N

Ranking 1. 7 2.14 1.92

Susceptibility Attributes —
grenadier only scale

Area overlap 2 2 2 1 1

—_

Geographic concentration 1.5 1.5 1.5 1

Vertical overlap

Spawning stock biomass level

Seasonal migrations

School/aggregations

Survival after capture and release

Desirability / value of fishery

N = W NINN W
N = W NN N W

3 2
1 1
1 1
2 2
Morphology affecting capture 2 2
3 3
1 1
3 3

Fishery impact to EFH or habitat

Management strategy 3 3 3 2 2 3

Ranking 2.05 1.95 2.05 1.95 1.95 2.00

Vulnerability 1.71 1.54 1.08 1.33 1.28 1.47

Table 12. Productivity and Susceptibility scores applied to six grenadier species. All grenadier productivity estimates
assessed the productivity of grenadiers on a global scale (not fisheries specific). Productivity attributes were
assessed two ways: scaled to the deep-water mixed trawl fishery under the current management (see the
Deep-water Mixed Traw! Fishery Group Report for details) and to grenadiers-only, using data for the attributes
as specified in Table 1. Susceptibility was the same scale as that used by Cope et al. (in press). A — indicated
not enough was known about that particular attribute.
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Figure 9.

Results of the PSA analysis
using the attributes and
scaling of Cope et al. (in
press), see Table 2 for
attributes. All grenadier
species (globally) are
illustrated with black
symbols and red symbols
are shelf and slope species
of the North Pacific (off the
California coast).

Figure 10.

Results of the PSA analysis
using productivity scaled only
to grenadier species (global
scale, not fisheries specific,
see Table 1 for data and
Table 3 for attributes) and
susceptibility attributes and
scaling of Cope et al.

(in press). An ad hoc
Working Group Analysis

of the PSA Method
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Productivity — Susceptibility Analysis of Deep-Sea
Fish Species in a Global Context

Participants: In the previous analyses in this report, deep-sea fish species were investigated
using the productivity — susceptibility analysis (PSA) promoted for United States
nearshore and pelagic fisheries by Patrick et al. (2009, 2010). All deep-sea species
were considered only either within the context of a Northeast Atlantic mixed bottom
trawl fishery, or, in the case of the grenadiers, as a taxonomic unit of species caught
largely as bycatch. The attributes of productivity and selectivity used were re-scaled
from the values in Patrick et al. for the particular group of species being considered.
For example, in the Northeast Atlantic mixed trawl fishery, values for maximum size,
fecundity, age at maturity, etc., were scaled according to the maximum and minimum
values known for the 16 species of bony and cartilaginous species either targeted or
caught as bycatch in that fishery. On the other hand, the susceptibility attributes used
were scaled exactly as in Patrick et al. The grenadier group used, for the most part, the
attribute scales for both productivity and susceptibility as outlined in Patrick et al, with
the exception of fecundity, in which case values were halved because it was thought
that grenadiers do not spawn every year.

The result of these analyses was that most species in the Northeast Atlantic mixed
trawl fishery had susceptibilities below 2, i.e., were not considered to be very
susceptible to overfishing. On the other hand, several species in that group, notably
the deep-water sharks, had very low productivities and were considered to be highly
vulnerable to the effects of fishing. A similar result was produced for the grenadiers,
except that in several cases the susceptibility rankings were greater than 2. Most of the
grenadiers were also on the lower end of the productivity scale.

On the other hand, we also need to know how the productivity and susceptibility of
these deep-sea species compares with various shallow-water and pelagic fisheries, and
we decided to use as a basis the results from Patrick et al. (2010). Therefore, we re-
scaled the data for our deep-sea species for the productivity and susceptibility attribute
scales and weighting of variables as in Patrick et al., using the spreadsheet provided
on the NOAA web page, nft.nefsc.noaa.gov/PSA_pgm.htm. Final scores were

then plotted using a standard graphical plotting program (Fig. 11). Finally, means and
95% confidence intervals of productivity and susceptibility values for the nearshore
California groundfish species, Northeast US groundfish species, and species in the
Atlantic shark complex taken from Patrick et al. (2009), along with the values for the
Northeast Atlantic mixed trawl fishery and grenadiers caught by trawls, were plotted
(Fig. 12) so that the deep-sea fishery species could be compared with their shallow
water counterparts.

Using the scales and weighting of attributes from Patrick et al. (2010) produced a
slightly different picture of the deep-sea species. Only eight of the 21 species had
susceptibility values below 2, and all but two species had productivity scores below

2 (Fig. 11). These values suggest that there are several deep-sea species, especially
grenadiers and sharks, that are likely to be vulnerable to deep-sea fishing. Interestingly,
however, black scabbardfish, greater forkbeard, roundnose grenadier, and two species
of sharks had very low susceptibility scores, lower even than most of the shallow water
or pelagic species considered by Patrick et al. (2010). The two shark species, however,
had very low productivity ratings.

When comparing the species in these various groups, plotted with 95% confidence
intervals around the means of productivity and susceptibility, some other trends
become obvious (Fig. 12). Most noticeably, the productivity scores for the deep-sea
groups are quite low, with means of 1.5 or lower. At the same time, however, with
the singular exception of orange roughy, the susceptibility scores are also very low,
the means being lower than for any of the shallow water species groups. While the
confidence intervals for the grenadier group overlaps that of the shallow Atlantic
shark complex, suggesting there is no significant difference between the two groups,
the productivity and susceptibility attributes for the Northeast Atlantic mixed trawl
fishery species are significantly different from the values for any of the shallow water
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groups. Interestingly, while the mean productivity of the group is quite low, the
mean susceptibility is also quite low, in fact, is lower than for the two shallow water
groundfish species groups.

Does this result make sense, or do the susceptibility criteria not reflect the realities of
deep-sea fish species life histories and resultant vulnerabilities?

In this analysis, the susceptibility criteria from Patrick et al. (2010) that were used
included: 1, areal overlap; 2, vertical overlap; 3, seasonal migrations; 4, aggregations
or other behavioral responses; 5, morphology affecting capture; 6, survival after
capture; and 7, management strategy in place. Criteria not rated included: 1,
geographic concentration; 2, fishing rate relative to M; 3, biomass of spawners; 4,
desirability/value of the fishery; and 5, fishery impact to EFH or habitat in general for
non-targets. From this list one can see that one weakness has to do with the lack

of information for most deep-sea species. For example, it is not possible to know or
estimate the fishing mortality rate relative to natural mortality rate, and the biomass of
the spawning part of the population is unknown.

In addition, all susceptibility criteria rated were given equal weight. Increasing the
weights of some criteria raises the susceptibility of the lowest rated species a bit,
perhaps as high as 2.0, but the values still do not approach those of the NE United
States groundfish species group, for example.

Some of the susceptibility criteria might truly reflect the potential of a species to

be vulnerable to the effects of fishing. These would include aggregating or other
behavioral responses that would make capture easier by trawls, and survival rate after
capture, which for most deep-sea species will be low either due to expansion of the
gas bladder or physiological stress due to changing water temperature. Knowing the
proportion of spawning stock that is captured, and whether the fishery is occurring
during or before the mature fish have been able to spawn, would be useful criteria.
Also important would be information regarding the degree to which the take of non-
target species affects the food supply of the target species.

Other susceptibility criteria listed by Patrick et al. and used here put deep-sea species
at a disadvantage when compared with shallow water species. For example, areal and
vertical overlap with the fishery can be relatively low if the species is known to range
over a whole ocean basin. Such hyperdispersion might mean that not all members

of the population are not so easily caught, resulting in a low susceptibility score, but
it could also mean that the ability of individuals to find mates when mature will be
reduced. In this scheme, such low overlap both vertically and areally is considered to
be a positive condition when in fact it might be disadvantageous in the face of fishing
pressure. Another example is the criterion of management strategy. If targeted stocks
have catch limits and proactive accountability measures and non-target stocks are
closely monitored, the attribute is given a low susceptibility score. But this does not
account for how badly depleted the stock was at the time the management strategy
was finally put in place. Thus, a stock that is currently at 10% of virgin biomass, but is
now being managed, is given a lower susceptibility rating than one for which there has
been little fishing and for which there is currently no management plan.

This analysis has shown that while the PSA technique might be a useful conceptual
tool for looking at the relative vulnerabilities of fish species or species groups, the
method has some shortcomings that need to be considered before the tool is used for
deep-sea fisheries. The productivity side of the relationship seems to be well estimated,
with deep-sea and low fecundity shallow water species being properly placed along
the productivity axis, but the susceptibility criteria need to be re-evaluated.
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Figure 11. PSA results
for deep-sea fish species
considered in the mixed

trawl fishery, orange roughy,
and grenadier assemblage
sections of this report.

Figure 12. PSA results of
deep-sea fish species groups
plotted with three species
groups from Patrick et al.
(2010). Values plotted are
means +/- 95% confidence
limits for both productivity
and susceptibility scores.
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DEEP-WATER FISHING IN TROPICAL LATITUDES: THE BRAZILIAN EXPERIENCE

Jose Angel A. Perez

The Brazilian Economic Exclusive Zone (EEZ) encompasses
an area of 3.5 million Km2, mostly bathed by waters

of the southwestern Atlantic Ocean. Roughly 25%
(911,000 km?) of this area is occupied by the continental
shelf that is particularly broad at the northern (north

of 2-N), southeastern and southern sectors (south of
23-S). This extensive area is principally influenced by

the south Atlantic subtropical gyre and particularly

three eastward-flowing water masses that split into
northern and southern branches as they encounter

the Brazilian continental margin: the Tropical Water

(TW, 0 — 150 m depth), the South Atlantic Central

Water (SACW, 150 — 500 m depth) and the Antarctic
Intermediate Water (AIW, 500 — 1200 m depth). Below
1200 m the North Atlantic Deepwater Water (NADW)
flows southwards along the entire continental margin.
Biological productivity at the surface is generally low
except for the northern and southern extremes of the
EEZ where pelagic habitats are moderately enriched by
the influence of the Amazon River discharge (north), the
north-south oscillation of the Subtropical Convergence
and the summer localized upwelling events of the

SACW (south) (Rossi-Wongtschowski et al., 2006). The
higher productivity and the broad soft sediment-covered
continental shelf area contributed for the establishment
of a demersal fishing industry in these sectors of Brazilian
coast mostly sustained by penaeid shrimps and scienid
fish stocks. During nearly 40 years, despite the activity

of a continuously growing fishing fleet, annual catches
(both pelagic and demersal) remained generally low,
when compared with fishing areas in higher latitudes,
hardly surpassing 700,000 t. Moreover, by the end of the
1990's, nearly 70% of the known stocks had been fully or
overexploited (Haimovici et al., 2006a).

Such economic scenario motivated the occupation of the
slope areas both as a survival strategy of the trawl fleet
and as an outcome of a governmental deepwater fishing
development program. This program stimulated national
companies to charter foreign deep-water fishing vessels,
which were authorized to operate in the entire Brazilian
EEZ, off the 200 m isobath, and fully monitored by VMS
and observers (Perez et al., 2003). In 2000 — 2001, in
addition to a fraction of the national traw! fleet, foreign
gillnetters and trawlers started to operate in Brazilian
waters leading the occupation of the upper slope (250

— 500 m) and triggering the commercial exploitation

of monkfish (Lophius gastrophysus), argentine hake
(Merluccius hubbsi), Brazilian codling (Urophycis mistacea)
and argentine short-fin squid (lllex argentinus). In 2002,
a pot fishing fleet started to operate on the lower slope
(500 — 1000 m) aiming at concentrations of the deep-
water crabs (Chaceon notialis and Chaceon ramosae)
joined, two years later, by chartered trawlers aiming at
deep-water shrimps (family Aristeidae) chiefly the scarlet
shrimp (Aristaeopsis edwardsiana). Chartered fishing
activity gradually decreased between 2004 and 2007 as
many foreign vessels moved away from Brazilian waters.
During the 2000 — 2007 period, slope areas were shared

by national and foreign vessels, the former predominating
since 2004. By the end of 2007, 96% and 66% of all
fishing hauls conducted by the chartered fleet were
concentrated in the slope off southeastern and southern
Brazil (south of 19-S) and on the lower slope (500 —
1000m) respectively (Perez et al., 2009).

Total catches of the main demersal slope targets varied
from 5,756 t in 2000 to a maximum of 19,923 t in 2002,
decreasing to nearly 11,000 t in 2006. These annual
figures have represented 2 to 8% of the total demersal
catch landed annually in the same period. Brazilian
codling, monkfish and argentine hake were the three
most important resources, accumulating catches during
the 2000 — 2006 period of 33,877 t, 24,099 t and 14,563
t respectively. Catches of deep-water crabs, monkfish and
deep-water shrimps were fully exported to EU and Asian
markets rendering approximately 12.4, 8.8 and 8.3 million
dollars in the same period respectively (Perez et al., 2009).

Such an explosive fishing development demanded for fast
and precautionary management actions as early as 2001.
Preliminary assessments of these stocks were restricted to
estimates of total biomass available at the fishing grounds
using abundant geo-referenced catch rate records
produced either by observers on board of the chartered
fleet or scientific surveys conducted in 2002. In addition
MSY as a fraction of the total virginal biomass available
for fishing (MSY/Bo) was estimated for each stock using
life history parameters (Lo, K, M; Kirkwood et al., 2004)
and regarded as limit reference points. These estimates
formed the basis for the management plans proposed

for these fisheries whose adoption by Brazilian fisheries
authorities was generally slow and incomplete.

All targeted stocks have shown important abundant
reductions during the exploitation period. In the upper
slope mixed trawl fisheries, for example, biomass
reductions of the argentine hake, brazilian codling and
monkfish were close to 50% in the first 2-3 years. Until
2008 reported catches were generally higher than the
estimated sustainable levels even after the termination of
chartered fleet operations in 2003. No signs of recovery
were shown by annual abundance indices variation, a
pattern particularly critical for the monkfish, which seems
to live longer, grow more slowly and reproduce later
than the other targeted fish (Table 13). Moreover the
species was the sole target of a chartered gillnet fleet
which highly contributed to the reduction of the stock
abundance between 2001 and 2002 (Perez et al., 2005).

Analysis of non-intentional catches have been conducted
using samples collected by observers and used to
incorporate ecosystem-focused management measures
into the proposed management plans. That included, for
example, two no-take areas on the slope off southeastern
and southern Brazil designed to protect monkfish
populations and also the main bycatch components
(wreckfish, sharks, rays, birds and others) (Perez, 2007).
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DEEP-WATER FISHING IN TROPICAL LATITUDES: THE BRAZILIAN EXPERIENCE

Jose Angel A. Perez

The lower slope trawl fishery directed at deep-water
shrimps has been of particular concern in that matter,
since it can produce significant catches of truly deep-
water forms, such as rattails, alfonsinos, oreos, deep-
water corals and others.

In summary the short-lived Brazilian deep-water fishing
episode has produced some important lessons about
exploitation of demersal resources beyond continental
shelves:

]
| Male Female Male femalel | Size  Age  Size  Age | |

Opportunities for sustainable deepwater fishery in
regions where productivity is relatively low at the
surface (i.e. tropical latitudes) are even lower than in
high-productivity ones.

Fish stocks exploited in Brazilian slope areas were

not typical deepwater resources, from a life-history
perspective, but still decreased very rapidly to biological
unsafe conditions, probably due to their originally
small population abundance.

Incentives for development of such fisheries, such

as the chartering program, while important for data
acquisition, may exceed the fishing capacity required
for sustainability.

Only a very small (few fishing units) highly controlled
fisheries can be envisioned to be sustainable on slope
areas off Brazil.

Having VMS and Observers in 100% of fishing trips is
critical not only as a source of the targeted stock data,
but also as the only way to acquire information on the
demersal and benthic community structure affected by
the fishery.

Assessment initiatives must be conducted promptly
and use holistic (biomass) models to come up with
precautionary recommendations in the early stages of
the fishery.

Management must act very fast to implement those
measures. Brazilian management system was not fast
or effective enough.

Monkfish 2 55.1 94.6 0.30 0.12 >18 yrs 51.7 ~8yrs | 26.7 | ~4yrs | 0.25 | 0.61 0.06
Argentine Hake ® | 47.5 65.7 0.35 0.26 ~12 yrs 35.7 ~6 yrs 206 | ~1yrs | 0.30 | 0.68 0.10
Brazilian Codling 4| 50.7 69.9 0.20 0.15 ~14 yrs 43.9 ~2yrs | 265 | ~2yrs | 0.30 | 0.66 0.09

Table 13. Life history and fishing parameters estimated

for three fish targets of the mixed fishery conducted

on the slope areas of southeastern and southern Brazil.

Length measures are in cm.

1. Lopes, 2005

2. Perez et al, 2005
3. Vaz-dos-Santos & Rossi Wongstchowski, 2005
4. Haimovici et al, 2006b
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Habitat Impact of Deep-Sea Fisheries

Introduction and Methods

Deep-sea fisheries are primarily conducted with the use of bottom trawl gear, which

is both large and heavy. However, in some areas, bottom longlines are used. Both
bottom gear fisheries can cause habitat damage when the fishing grounds overlap
with the distribution of vulnerable marine ecosystems (Bavestrello et al., 1997; Roberts
et al., 2000; Krieger, 2001; Fossa et al., 2002; Reed, 2002; Hall-Spencer et al., 2002;
Davies et al, 2007). To place these fisheries in an ecosystem management framework,
the habitat impacts of the fishing method needs to be considered. Watling and Norse
(1998) and Norse and Watling (1999) developed criteria for assessing the habitat
impact of bottom contact fishing gear, taking note of the severity, frequency, and
return interval of the gear on bottom habitat.

Participants:

Severity (S) is a measure of the degree to which the bottom is modified either by
mixing of sediment or removal of erect, stationary, bottom dwelling species. Severity
can also be considered in terms of the force applied to the sea floor by the fishing
gear. Bottom trawls were determined to have high severity by Watling and Norse
(1998) because most trawls are kept on the bottom by heavy doors, or the footrope of
the trawl is armored with bobbins or disks; therefore a fish species caught by bottom
trawls is scored, S=3. Bottom hook and gill net fishing methods apply little force to the
bottom, but they often remove erect bottom fauna, so the severity rating of bottom
long-line or gill net fisheries is moderate (S=2). Fishing with one hook per line likely
results in only small numbers of bottom animals being removed; thus the severity of
individual fishing lines is low (5=1).

Frequency (F) is the percentage of habitat area disturbed per year. Trawl gear covers
large areas of the bottom, depending on the width of the trawl and duration of the
tow. The number of tows conducted will add to the total area covered on an annual
basis. If the fishery disturbs >5% of the habitat of a target species on an annual
basis, then frequency is rated as high (F=3); less than 5% is moderate (F=2), and less
than 1% is low (F=1). For deep water species these estimates are hard to derive. An
alternative is to consider the proportion of ICES squares actually fished for the target
species relative to all ICES squares at the appropriate depth in the area of interest of
the fishing nations. If more than 50% of the squares have been fished, F=3, 10-50%,
F=2, less than 10%, F=1.

Return interval (RI) is a measure of how often the area is disturbed. This measure

is important relative to the longevity of the bottom-dwelling species disturbed or
removed. If the return interval is less than the average life span of the species being
removed, then return interval is high (RI=3). If several generations of recruits are
allowed to re-establish themselves in the disturbed area before disturbance occurs
again, then return interval is low (RI=1).

A habitat impact score can be derived in at least two ways: 1) habitat score, recorded
as proportion of maximum possible, adding only those components that have been
scored; a score of 1 indicates the fishery received the maximum score of 3 in each
category; and 2) following Patrick et a/ (2010), a Euclidean distance habitat impact
value was calculated using the values for the three categories. In the latter case

the score is calculated as sqrt( (572-1) +( FA2-1) + (IA2-1)) (Figure 13), with the
maximum distance = 3.464. These scores were combined in a 3-dimensional Euclidean
calculation with productivity and susceptibility scores to produce an overall Ecosystem
Impact Value for each fishery species.
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Habitat Impact of Deep-Sea Fisheries

BLUE LING

Habitat impact score: 1.0 for ICES areas VI & Vb; 0.5 for ICES area Va;

Habitat impact distance: 2.828.

Severity: this species was caught mostly as bycatch in a mixed species bottom trawl
fishery until a longline fishery started in ICES subarea Va. Since trawls are used in many
ICES subareas, the severity for this species is rated as high (S=3), but could be rated as
moderate in ICES subarea Va. (5=2)

Frequency: Trawl fisheries are extensive in ICES areas VI and Vb, so frequency is
probably high (F=3), but should be quite low in the longline area, Va (F=1).

Return Interval: it is not known how many tows have been taken, or how often areas
are fished, so Rl is unknown (RI=?).

BLACK SCABBARDFISH

Habitat impact score: trawl area, 0.78; mixed trawl and longline area, 0.78; longline
area, 0.33. Habitat impact distance, trawl area: 2.828.

Severity: in areas where there is a trawl fishery, severity is high (S=3), but in longline
areas S=1, and perhaps 2.5 for areas where the fishery is both a trawl and longline
fishery. The longline fishery generally uses a method where the hooks do not impact
the bottom.

Frequency: this is difficult to estimate since we have cpue data but no clear
delineation of effort distribution. Even so, from ICES WGDEEP 2010, it can be seen
that effort aimed at this fishery is widespread over the preferred depth range of the
fish. Therefore, F = 3 for trawl and perhaps F=1 for the longline fisheries, and F=2.5
for the mixed trawl and longline areas.

Return Interval: on the assumption that areas of the bottom are repeatedly trawled,
and that most of the species in the area are shorter-lived infaunal dwellers (that is,
there is no information on bycatch indicating that large, erect species were present in
the trawl area) scores are assigned as Rl=1 for trawl areas, RI=2 for mixed trawl and
longline areas, and RI=1 for longline areas. The latter score is based on the fact that
longlining occurs repeatedly in a relatively small areas of the bottom, so even though
only a few erect species will be brought up each time, the species taken are long-lived
and won't be replaced in a meaningful time frame.

GREATER FORKBEARD

Habitat impact score: 0.78.

Habitat impact distance: 2.828.

Severity: this species is taken primarily as bycatch in the Northeast Atlantic mixed
trawl fishery, S=3.

Frequency: here it is assumed that trawl frequency will be the same as for black
scabbardfish, the primary species in the mixed trawl fishery., F=3.

Return Interval: same as for black scabbardfish, RI=1.

ROUNDNOSE GRENADIER

Habitat impact score: 0.78.

Habitat impact distance: 2.828.

Severity: In ICES areas where bottom trawls are used (Faroe-Hatton, Skagerrak, and
Celtic Sea), S=3. On the Mid-Atlantic Ridge (MAR), fish are currently caught primarily
with pelagic trawls the impact of which cannot be determined at this time
Frequency: In the bottom trawl area, most of the effort covers more than 50% of the
appropriate ICES squares, so F=3.

Return Interval: the fauna in the area where trawling is conducted for this species is
primarily composed of sediment dwellers. Most of those species will have life spans of
less than 5 years, and so recolonization of the areas disturbed by trawl gear is likely to
occur successfully before that area of the bottom is trawled again. RI=1.
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ORANGE ROUGHY

Habitat impact score: 1.0.

Habitat impact distance: 3.464.

Severity: this species is fished primarily with deep water bottom trawl gear designed
to slide along the surface of the seamount or ridge area where the fish aggregate,
resulting in near complete removal of all erect fauna, S=3.

Frequency: although somewhat harder to estimate, it should be noted that fishing

of seamounts is for the most part a sequential depletion fishery. Thus the area to be
fished is continually moving to unfished areas leaving previously fished areas behind. In
addition, when a seamount is fished for this species it is usually fished heavily until the
aggregation is removed. F=3.

Return Interval: since the seamount fishery is sequential, and moves from one
seamount to another (for the most part), it is not likely that a previously fished
seamount will be fished again. However, since most of the species removed from

the seamount are very long-lived (hundreds to thousands of years) and have low
recolonization potential, perhaps on the order of a century or more, then any repeat
fishing on that seamount within 100 years would signify a high return interval. RI=3.

GIANT AND POPEYE GRENADIER

Habitat impact score, bottom trawl areas: 0.78.

Habitat impact distance: 2.828.

Severity: caught by bottom trawl in NW Pacific (5=3) and with longlines in Alaska,
where there is erect fauna along the Aleutian Ridge and in the Gulf of Alaska, but
erect fauna is sparse in the Bering Sea (5=2). Only giant grenadiers are caught on
longlines.

Frequency: between 25 and 50% of the area is trawled, F=3, and very little area is
impacted by longlines (F=1)

Return Interval: in the trawled area any spot might be trawled again rarely, due to
especially to low level of effort (RI=1). Longline fishery is not likely to disturb the same
spot more than once over the generation time of the species (R=1).

PACIFIC GRENADIER

Habitat impact score: 0.55.

Habitat impact distance: 2.000.

Severity: the fishery where this species is taken uses primarily bottom trawls, S=3.
Frequency: only a small area out of all possible habitat area is fished for this species, F=1.
Return Interval: there is little evidence of repeat fishing even though the area fished
is small, RI=1

ROUGHHEAD GRENADIER

Habitat impact score: 1.0 for trawl fishery, 0.37 for longline fishery.
Habitat impact distance: 3.464 for trawl fishery, 0.500 for longline fishery.
Severity: Trawl gear, S=3, longlines S=1

Frequency: trawl F=3, longlines F=1.5

Return Interval: Rl =3, longlines Rl = 1

RIDGE-SCALED GRENADIER

Habitat impact score: 0.78.

Habitat impact distance: 2.449

Severity: this species is taken largely as bycatch in the bottom trawl fishery for orange
roughy, S=3.

Frequency: around NZ and Falkland Islands, most of the appropriate area is trawled,
due to patchiness of the fishing effort, F=2.

Return Interval: intensity of fishing is patchy over a wide area RI=2.
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Deep-sea fisheries
that depend on

the use of bottom
trawl gear do
considerable damage
to the bottom
habitats in which

the fishing occurs

Conclusions

Deep-sea fisheries that depend on the use of bottom trawl gear do considerable
damage to the bottom habitats in which the fishing occurs. In some fisheries the
damage is limited due to the small area that is being fished, but it is not known

how much bottom habitat can be disturbed on a regular basis before the bycatch
species begin to decline in abundance or face the possibility of local extinction.
Shepard et al (2010) have shown, for example, that bottom trawling can diminish the
overall productivity of the bottom community and Kaiser et al (2002), among others,
have documented long term changes in the bottom communities in the North Sea
region in areas where bottom trawling is frequent. It is now well-known that deep-
sea corals and sponges often live for centuries and most likely have very low recovery
potential. Smaller invertebrates have much shorter life-times, but if the frequency

of trawling is high, even those species may have difficulty recovering their former
abundance. In addition, little is known about the time required for the sediment to
restore the properties that make it possible for sediment-dwelling animals to re-
establish themselves.

To determine the potential ecosystem impact of fishing, the vulnerability measure of
Patrick et al. (2010) was extended by combining the habitat distance score with the
productivity and susceptibility scores into a Euclidean distance measure of ecosystem
impact. These three variables are plotted in Figure 14 and the values used are
summarized in Table 14. Two fisheries reviewed here, those for orange roughy and
roughhead grenadier, have the highest possible habitat impact values while six of
the remaining ten trawl fishery species have moderately high values. Fisheries using
longlines generally have ecosystem impact values below 2.

Fish Species Severity  Frequency  Return Habitat Habitat Productivity Susceptibility Ecosystem

Interval Impact Distance Impact

Score Score Value
Orange Roughy 3 3 3 1 3.464 2.14 3 3.967
Roughhead 1 3.464 1.5 2.27 3.855
Grenadier
Roundnose 3 3 1 0.78 2.828 1.25 2.38 3.458
Grenadier
Giant Grenadier 3 3 1 0.78 2.828 1.13 2.08 3.414
Popeye Grenadier 3 3 1 0.78 2.828 1.75 2.08 3.118
Blue ling 3 3 0 1 2.828 2.29 2.29 3.027
Ridge-scaled 3 2 2 0.78 2.449 1.25 1.9 2.978
Grenadier
Greater Forkbeard 3 3 1 0.78 2.828 2.71 2 2.842
Black scabbardfish 3 3 1 0.78 2.828 243 1.83 2.830
Pacific Grenadier 3 1 1 0.55 2.000 1.25 2.17 2.726
Black Scbbardfish 1 1 1 0.33 0.000 2.43 1.83 0.117
Longline
Giant Grenadier 2 1 1 0.44 1.000 1.13 2.08 2.159
Longline
Roughhead 1 1.5 1 0.37 0.500 1.5 2.27 1.764
Grenadier Longline
Popeye Grenadier 2 1 1 0.44 1.000 1.75 2.08 1.651
Longline
Table 14. Summary of habitat impact, productivity, and susceptibility values
used to determine Ecosystem Impact Value for each fishery species.
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Productivity

Habitat impact

Figure 13. The three factors
making up the Ecosystem
Impact Value are productivity,
susceptibility, and habitat
impact distance. These
factors are combined using

a 3-dimensional Euclidean
distance calculation.

Figure 14. Ecosystem Impact
of Fishing is determined

by plotting each species

in 3-dimensional space
according to the productivity
and susceptibility scores, and
the habitat impact distance
factor. Orange Roughy and
Roughhead Grenadier have
the highest overall Ecosystem
Impact Score, the teleosts

of the Northeast Atlantic
taken by long lines (purple)
are lowest, and the mixed
trawl fisheries and grenadier
complex are intermediate.
None of the scores for a trawl
fishery is particularly low.
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Summary and Conclusions

Background legal and fisheries framework

1. The UN General Assembly has recognized that deep-sea fisheries might not be
sustainable and that the damage to vulnerable marine ecosystems might be too
great. In 2009 the UN General Assembly endorsed a set of guidelines proposed
by FAO for management of deep-sea fisheries in high-seas areas. These guidelines
require conducting impacts assessments to minimize ecological damage as well as
to identify and to protect the vulnerable marine ecosystems .

2. Most fish stocks are routinely assessed with quantitative models, but for deep-sea
species the data are often too incomplete for the model to accurately or precisely
determine the level of the stock, the proportion of mortality due to the fishery,
and the sustainable yield. Thus, at present it may be more appropriate to look at
sustainability of deep-sea species by using qualitative or semi-quantitative models,
such as the productivity — susceptibility model, which attempts to match life history
features with management factors.

3. In some areas of the ocean, such as the North Atlantic, widespread species may
consist of several genetically distinct populations that in the long run may need to
be managed as independent stocks, due to their varied responses to environmental
variables and to fishing pressure. Contrary to popular belief, homogeneous,
panmictic populations are the exception, not the norm for deep-sea species.

4. Commercially exploited deep-sea fish may be evolutionarily related to continental
shelf species, or may be evolved from species with a long history in the deep
ocean. Species with shallow-water relatives will have population and metabolic
characteristics more like shallow water species and they will be different from those
whose ancestors have lived in the deep for millions of years.

Fishery Case Studies: Summaries of What is Known

5. Orange roughy is a relatively well studied and very long-lived (at least 100 years)
globally distributed fish that forms spawning and feeding aggregations on flat
grounds, but especially around seamounts, ridges, hills, and drop-offs, in water of
more than 500 m depth. Little is known about some aspects of the life history of
this species. Orange roughy are caught with large bottom trawls, and consequently
environmental damage is severe. The fishery has frequently demonstrated serial
depletion of fish aggregations. Most stocks of orange roughy are now believed to
be depleted, and several fisheries are closed.

6. Blue ling also forms spawning aggregations around seamounts and banks in the
North Atlantic and is susceptible to sequential depletion. Maximum age is about
17 years with maturity reached at about 6 years. In spite of the high fecundity,
exploitable biomass has been steadily dropping.

7. Black scabbardfish appears to have an unusual life history, spawning in the
southern part of its range with the juveniles developing in the northern area. The
fishery in the north is promulgated with trawls but in the south bottom longlines
are used. Catches in the north have been declining but have remained steady in the
southern part of its range.

8. Deep-water sharks and their relatives are under severe threat. Most species that
have been examined show very little population rebound potential, primarily due to
their low reproductive rate. However in general, population biology information for
most species is limited or non-existent.
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9. Grenadiers in the North Atlantic grow slowly and mature around 10-14 years.
Fecundity is moderately high, but stock biomass indices are declining precipitously.
Population recovery time estimates for these species are thought to be on the order
of several decades. Two species are now listed as threatened (CITES) in the western
North Atlantic.

10.Grenadiers in the North Pacific are biologically similar to those in the North Atlantic
with slow growth and moderate fecundity. They are taken by both Russian and
American fishing industries. Landings have remained steady in both US and Russian
EEZs and remain a small fraction of total biomass estimates. Along the western
slope of the US grenadiers are taken mostly as bycatch and are discarded.

Sustainability of deep-sea fisheries

DEFINING A DEEP-SEA FISH BASED ON LIFE HISTORY

AND PHYLOGENETIC CHARACTERISTICS

11.While the term deep-sea fishery applies to any species caught at depths below
the continental shelf, a deep-sea fish may have certain life history characteristics
depending on whether the species is derived from a shelf species or whether it
has a long evolutionary history in the deep ocean. The latter have been termed
“ancient” or “primary” deep-sea fishes and the former are labeled “secondary”.

12.In the North Atlantic, the top five commercially important fish species are
secondarily-derived deep-sea species. The next five most important species are all
primary and are all recent additions to the deep water fishery.

13.An examination of the biological characteristics of 41 species of shelf-dwelling
and deep-sea fish suggests they can be arranged into three groups: 1) a group
consisting of only ancestral deep-sea species; 2) a group containing some ancestral
species and some secondary species that are mostly slope dwelling species; and 3) a
mixed group of shelf and slope-to-shelf species.

14.Depth of occurrence explains most of the variability in life history attributes, such
as age at 50% maturity, growth rate, maximum fecundity, and the potential rate
of population increase. These features are most likely a response to environmental
gradients that occur with depth, such as increasing pressure, decreasing light level,
temperature, food availability, and animal biomass.

ORANGE ROUGHY

15.Most orange roughy fisheries have historically been boom and bust, with stocks
depleted in the North Atlantic, off southern Africa, and in the South Pacific. The
fishery is often characterised by sequential depletion of fish aggregations, with only
a few fisheries around New Zealand and Australia being prolonged, most likely due
to the relatively large stocks, and effective fishery management systems.

16.0range roughy stocks have been difficult to assess, and monitoring of stocks
is difficult. Knowledge of stock size and trajectory is a key requirement for
management, and therefore a sustainable orange roughy fishery must focus on
stocks where credible monitoring and assessment can occur.

17 .Fishing for orange roughy requires the use of large and heavy bottom trawls, that
have a severe impact on vulnerable deep-sea fauna. A sustainable orange roughy
fishery, therefore, must also be one that minimizes bottom contact.

18.A sustainable orange roughy fishery must have a credible monitoring, control, and
surveillance system. Many orange roughy fisheries have not operated with effective
monitoring, and have not been sustainable.
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Summary and Conclusions

19.70 be sustainable, an orange roughy fishery might focus on spawning aggregations
on flat ground where biomass levels can be monitored using acoustic methods,
with catch limits set from these biomass estimates using a demonstrably robust
harvest rule.

20.The experience of orange roughy is not unique. Other deep-sea commercial fishes,
such as oreos and black cardinalfish, have proven equally difficult to study. The
lesson from orange roughy is that deep-sea fisheries will be difficult and expensive
to monitor and assess, should be controlled carefully to prevent overcapacity and
ecosystem damage, and should follow a precautionary approach.

NORTHEAST ATLANTIC MIXED TRAWL FISHERY

21.The Northeast Atlantic mixed trawl fishery primarily targets blue ling, roundnose
grenadier and black scabbardfish with deep water sharks often taken as bycatch.
It is estimated that stocks of roundnose grenadier and black scabbardfish have
declined by 50%, blue ling by 75%, and deep water sharks by over 90%.

22.A productivity — susceptibility analysis of 16 key species (5 targeted teleosts,
10 sharks, and one chimaera) was done to assess vulnerability of the species
commonly caught as part of this fishery. The analysis followed the methodology
of Patrick et a/ (2010), but fewer variables were used and the variables were not
weighted. Three management scenarios were considered: 1) continue current
practices; 2) ban all trawling below 1000 m depth; and 3) ban trawling during the
blue ling spawning season.

23.Under the current management regime, the most vulnerable species was blue ling,
followed by a group of sharks and the chimaera. The least vulnerable species were
black scabbardfish and roundnose grenadier. Current take of large deep sharks is
unsustainable. These species are at <10% of initial biomass and probably cannot
recover at present bycatch rates. Blue ling is vulnerable to overfishing because of
its aggregating spawning behavior. Black scabbardfish and greater forkbeard are
intrinsically productive and the stock could be rebuilt by fishing stocks when they
are not concentrated.

24.Changing the management regime to limit trawling to depths shallower than
1000 m reduces the vulnerability of three deep shark species, reduces slightly
the vulnerability of most other species, but increases the vulnerability of greater
forkbeard due to probable increased effort on the upper slope habitat favored by
this species.

25.Changing the management regime to eliminate trawling during the blue ling
spawning aggregation season reduced the vulnerability of blue ling considerably,
but the susceptibility attributes of the other species remained unchanged.

26.1t may be potentially feasible to sustainably fish non-spawning stocks of the bony
fishes in this fishery, but it is currently impossible to avoid bycatch of the vulnerable
deep water sharks and relatives, whether using trawls or hooks.

GRENADIER FISHERIES

27.While there are a few targeted grenadier fisheries, most grenadier species are taken
as bycatch in other deep-sea fisheries. However, reliable catch statistics are available
only for a few of the larger grenadier species.

28.Grenadiers typically are long-lived, have slow growth, mature late, have moderately
low fecundities, and may not reproduce every year, all features that might put the
species at risk under commercial exploitation.
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29.A productivity — susceptibility analysis indicated that popeye, roundnose, and
roughhead grenadiers were more productive than giant, Pacific, and ridge-scaled
grenadiers. All species examined were determined to be approximately equally
susceptible to fishing pressure.

30.A sustainable fishery for grenadiers must have very low fishing mortality, which also
means that the degree to which grenadiers are caught and discarded as bycatch
needs careful monitoring.

DEEP-SEA FISH PRODUCTIVITY — SUSCEPTIBILITY ANALYSIS IN A GLOBAL CONTEXT
31.A post-workshop analysis of the deep-sea fish species in the previous sections was
conducted. The species were rated according the broad criteria used for shallow
water species in Patrick et al. (2010). The grenadiers and deep water sharks were

seen to have very low productivity ratings.

32.A few species, related to shallow water bony fishes, had moderate to high
productivities and also had very low susceptibility ratings.

33.Several species, including some of the deep water sharks, also had low
susceptibility ratings. An examination of the susceptibility criteria used by Patrick et
al. (2010) and by our working groups suggested that the some of the criteria used
might not be appropriate, whether for shallow water or deep species.

HABITAT IMPACTS OF DEEP-SEA FISHERIES

34.Deep-sea fisheries are conducted primarily with bottom trawl gear, with bottom
longlines used in some areas. Both bottom gear fisheries can cause habitat damage
when the fishing grounds overlap with the distribution of vulnerable marine
ecosystems (VMEs). To fish at depths reaching 1500 m or more, bottom trawls
need to be large and heavy, and when they impact the bottom, the damage to the
bottom habitat is extensive and severe. Damage to the bottom from longlines is
much more highly localized, but erect epifauna, such as corals and sponges, can
still be removed.

35.An analysis of habitat impacts of fishing was completed by rating the severity,
frequency, and return interval of the method used to take each fish species. Orange
roughy and roughhead grenadier fisheries had the highest possible habitat impact
rating, while the longline fisheries were generally rated the lowest.

36.Species with low vulnerability ratings (e.g., the species of the Northeast Atlantic
mixed trawl fishery) often had high ecosystem impact ratings because they were
fished using bottom trawls. It is suggested that the habitat damage will eventually
reduce the capability of the species to replenish itself in the bottom trawl areas,
and may be one reason why most of these fisheries are at such low biomass levels
compared to when trawling commenced.
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