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ABSTRACT

This thesis explores some fundamental questions about seamount ecology and fisheries.
Initially, I characterized the seamount distribution on the Azores Exclusive Economic Zone
using two bathymetry datasets. The algorithm developed was able to map and describe 63
large and 332 small seamount-like features in the EEZ of the Azores. The distribution
suggests that large proportion of seamounts occur in chains along the Mid Atlantié Ridge,
however, few isolated seamounts are also present in the Azores. In clarifying how seamounts
affect primary productivity, I show that primary'production enhancement is not sufficient to
support often-observed large éggregations of fish. My work supports an alternative
hypothesis, that a horizontal flux of prey is the key factor in sustaining rich communities
living on seamounts. Additionally, the importance of seamounfs to some large pelagic fish,
marine mammals and seabirds is also demonstrated. In the case of skipjack and bigeye tuna,
common dolphin and Cory's shearwater, these species were significantly more abundant in
the vicinity~of some seamount summits. I found that seamounts may act as feeding stations
for some of these visitors. The methodology developed, however, failed to demonstrate
seamounts’ association for bottlenose dolphins, spotted dolphin, sperm whale, terns, yellow-
legged gull, and loggerhead sea turtles. Fisheries exploitation is a major threat to seamount
ecosystems, but 1 am not presently able to quantify the amount of catches taken from
seamounts around the world. Instead, I demonstrate that global landings of démérsal marine
fishes have shifted to deeper water species over the last 50 years, an indirect indication that
seamounts have also increased in importance. Moreo{/er, I show that ‘deep-water’,
‘seamount’ and ‘seamount-aggregating’ fish stocks may be at serious risk of depletion, since
their life histories render them highly vulnerable to overfishing with little resilience to
overexploitation. Finally, ecosystem modelling analyses indicate that sustainable seamount
fisheries with tolerable ecosystem impacts can be found only by maximizing an ‘eéological’
objective function. This suggests that industrial fisheries are not viable on seamounts.

However, regulated small-scale artisanal fishing fleets could be sustained by seamount

‘ecosystems.
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CHAPTER 1

INTRODUCTION: SEAMOUNTS AS HOTSPOTS OF MARINE LIFE !

1.1 WHAT ARE SEAMOUNTS?

Seamounts are undersea mountains (usually of volcanic origin) rising from the seafloor and
peaking below sea level (Epp and Smoot, 1989). Underwater mountains of heights above
1000 m are considered to be seamounts, those between 500-1000 m as knollé, and those
below 500 m as hills (Rogers, 1994). Typically, seamounts are formed by volcanic activity
over hotspots in the earth’s crust (Epp and Smoot; 1989). Spreading of the sea floor away
from these hotspots via plate tectonic movements means that seamounts are often arranged in
long chains or clusters that radiate out from such spreading zones (Menard and Dietz, 1951;
Menard, 1964). Seamounts can have slopes of up to 60°, much greater than anywhere else in
the deep sea, and are often much younger than the surrounding sea floor. A seamount tall
enough to break the sea surface is called an oceanic island, e.g., the islands of Hawaii, the
Azores and Bermuda were all underwater seamounts at some point in the past.

Though most people may be unaware of it, underwater seamounts are ‘frairly common.
Estimates vary largely (Figure 1.1), but studies suggest that there may be from 1.9 to 130
thousand large seamounts, those of heights over 1000 m, in the Pacific Ocean (Viau and
Cailleux, 1971; Cailleux, 1975; Jordan et al., 1'983;.Smith and Jordan, 1988; Abers er al,,
1988; Wessel and Lyons, 1997), from 1 to 2.8 thousand the Atlantic Ocean (Viau and
Cailleux, 1971; Litvin and Rudenko, 1972; Smith and Cann, 1990) and from 500 to 900 large

seamounts in the Indian Ocean (Viau and Cailleux, 1971; Cai-lleux, 1975).

' A version of this chapter has been published. Morato, T. 2003. Seamounts — hotspots of marine life. ICES
Newsletter 40: 4-6. http://www.ices.dk/marineworld/seamounts.asp
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The world’s number of large seamounts is still unknown, but estimates vary from 3.8 to over
100 thousand (Viau and Cailleux, 1971 Cailleux, 1975; Craig and Sandwell, 1988; Marova,
2000; Wessel, 2001). Global seamount datasets containing information on world’s seamount
positions are rare, and most larger datasets often only contain data for single oceans (e.g.,
Fornari ef al., 1987; Smith and Jordan, 1988; Epp and Smoot, 1989; anith and Cann, 1990;
Wessel and Lyons, 1997).

Scientific knowledge on seamounts is still very poor and fundamental questions such as how
many are out there~ are still hard "'to answer. - In fact, only a small fraction of the world’s

seamounts have actually been mapped bathymetrically (Wessel and Lyons, 1997).

1.2 CURRENTS AND PRIMARY PRODUCTION AROUND SEAMOUNTS

Seamounts are said to be hotspots of marine life in the relatively empty open ocean (Rogers,
1994). They tend to enhance water currents (Genin ef al., 1986; Boehlert, 1988) and can have
their own localized tides, eddies and upwelliﬁgs (Lueck and Mudge, 1997) where cold
deepwater moves up from the deep along the steep sides of the seamount. These patterns may
enhance primary production (PP) over and around seamounts due either to uplifting of
isotherms into the euphotic zone and introducing biogenes into nutrient—poor water (Genin
and Boehlert, 1985; Dower ef al., 1992; Odate and Furuya, 1998; Mourifio et al., 2001), or to
stabilization of the water column above the seamount, maintaiﬁing phytoplankton cells in a
suitable light regime, promoting the growth of diatoms, and increasing growth rates and PP
(Comeau et al., 1995). For example, Mourifio et al. (2001) showed that local increase in
chlorophyll a, enhanced carbon incorporation rates and changes in phytoplankton species
composition were associated with a seamount. Although some investigations have failed to
demonstrate persistent high chlorophyll a patches over seamounts (Peldez and McGowan,
1986), Mourifio et al. (2001) demonstrated that production enhancement effects were
subjected to a large degree of spatial and temporal variability both at seasonal and shorter

time scales. The effects of seasonality on upwelling may be partially responsible for the large

variation in the results and conclusions of scamount studies.




Nevertheless, the hypothesis that seamounts enhance PP is not yet well tested (Table 1.1) and

a general procedure to test this hypothesis is still lacking.

1.3 SECONDARY PRODUCTION ON SEAMOUNTS: ZOOPLANKTON COMMUNITIES

The biomass of zooplankton is often high over seamounts, but, as for PP, evidence
concerning zooplankton features over seamounts is conflicting (Table 1.1). Huskin et al.
(2001) concluded that mesoscale structures (such as seamounts) influence zooplankton
distribution and abundance, although more detailed temporal and spatial studies were said to
be required to determine the real influence of them. Fedosova (1974) reported increases in
zooplankton abundances over seamounts of 2 to 8 fold, while Huskin ef al. (2001) reported a
1.6 fold increase. On the other hand, an absence of zooplankton above seamounts due to
grazing or other effects were detected in several studies (Genin er al., 1994; Haury ef al.,
2000), while other studies reported no differences in zooplankton biomass either on or off
seamounts (Voronina and Timonin, 1986; Dower and Mackas, 1996). Sime-Ngando ef al.
(1992) reported an increase of ciliate biomass (micro-zooplankton) over seamounts, probably
related to seamount-induced physical forcing, which likely generates microhabitats

favourable to the growth of opportunistic or physiologically-adapted populations.

Regarding pelagic crustaceans over and around seamounts, two main features have been
observed (Vereshchaka, 1994): 1) the rise of lines of equal size, abundances and biomass of
the pelagic animals, and 2) the decrease in abundance, biomass and sizes of pelagic animals
near the botfom water layer. One of the possible important causes of the decrease in
abundance and biomass of pelagic shrimps near the bottom is that fhey are consumed by
benthic and benthopelagic predators. Vereshchaka (1996) concluded that the abundance of
pelagic animals decreases while the concentration of benthopelagic predators increases near

the seafloor and the role of the former in planktonic communities falls in the near-bottom

layer.




Table 1.1 - Examples of literature supporting or opposing the main hypotheses about

seamount ecosystem functioning. Note this is not a complete list but some examples only.

Hypotheses Supporting Opposing Judgment
evidence evidence
‘Enclosed circulation cells around seamounts 17, 22, 32, 34, 52 35 Tested and
(Taylor columns) supported by data
Increased phytoplankton biomass and 7,19, 26, 40, 48 10, 54 Not fully tested

primary productivity
Increased zooplankton biomass (micro and

4, 5, 20, 35, 37, 47,

11, 14, 24,29, 42

Not fully tested

meso) 53,55,58
Increased fish larvae biomass 46 21, 56 Not fully tested
Increased micronekton biomass 13, 31 25,28, 57 Not fully tested
Increased demersal and pelagic fish biomass 6 ' Tested and

supported by data

Tuna aggregations 18, 41, 43, 45 Not fully tested
Swordfish aggregations 49 Not tested
Increased occurrence of sharks 16, 38 Not tested
Increased occurrence of cephalopods 52 Not fully tested
Increased occurrence of marine mammals 22 Not tested ’
Increased occurrence of seabirds 27,30 Not tested
Increased occurrence of sea-turtles 60 Not tested
Increased occurrence of corals and other 9,15 15 Not fully tested

epibenthic megatauna ' ,
High endemism : 12, 36, 39, 44, 61 50, 59 Not fully tested

Increased demersal and pelagic fish biomass
are supported by:

bottom trapping of migrating zooplankton 3,24,31,33,51

horizontal flux of * " non:migrating 8,9,33 L T

. zooplankton a

locally enhanced primary production

.. Not fully tested
© Not fully tested

1,2,6 Not tully tested

1) Uda and Ishino, 1958; 2) Hubbs, 1959; 3) Isaacs and Schwartzlose, 1965; 4) Simpson and Heydorn, 1965; 5)
Fedosova, 1974; 6) Uchida and Tagami, 1984; 7) Genin and Boehlert, 1985; 8) Tseitlin, 1985; 9) Genin et al.,
1986; 10) Pelaez and McGowan, 1986; 11) Voronina and Timonin, 1986; 12) Wilson and Kaufman, 1987; 13)
Bohelert, 1988; 14) Genin ef al., 1988; 15) Kaufman et al., 1989; 16) Klimley et al., 1988; 17) Brink, 1990; 18)
Fonteneau, 1991; 19) Dower et al., 1992; 20) Sime-Ngando et al., 1992; 21) Boehlert and Mundy, 1993; 22)
Reeves and Mitchell, 1993; 23) Freeland, 1994; 24) Genin et al., 1994; 25) Vereshchaka, 1994; 26) Comeau et
al., 1995; 27) Haney et al., 1995; 28) Vereshchaka, 1995; 29) Dower and Mackas, 1996; 30) Monteiro et al.,
1996; 31) Vereshchaka, 1996; 32) Goldner and Chapman, 1997; 33) Koslow, 1997; 34) Lueck and Mudge,
1997; 35) Mullimeaux and Mills, 1997; 36) Parin et al., 1997; 37) Saltzman and Wishner, 1997; 38) Hazin et
al., 1998; 39) Koslow and Gowlett-Holmes, 1998; 40) Odate and Furuya, 1998; 41) Holland ef a/., 1999; 42)
Haury et al., 2000; 43) Itano and Holland, 2000; 44) Richer de Forges et al., 2000; 45) Sibert et al., 2000; 46)
‘Dower and Perry, 2001; 47) Huskin et al., 2001; 48) Mourifio ef al., 2001; 49) Sedberry and Loefer, 2001; 50)
Fock et al., 2002a; 51) Fock et al., 2002b; 52) Diekmann and Piatkowski, 2004; 53) Fock er al., 2004; 54)
Genin, 2004; 55) Martin and Nellen, 2004; 56) Nellen and Ruseler, 2004; 57) Pusch et al., 2004; 58) Schnack-
Schiel and Henning, 2004; 59) Tracey et al., 2004; 60) Dellinger, 2005; 61) Vereshchaka, 2005.




Another example of high zooplankton abundance over seamounts was reported by Dower
and Perry (2001) who found a high abundance of larval rockfish over Cobb Seamount (SW
of Vancouver Island, Canada). They suggested that a persistent clockwise eddy, consistent
with a stratified Taylor cone, plays a critical role in retaining larval rockfish and may

contribute to the process of self-recruitment.

1.4 SEAMOUNT BENTHIC COMMUNITIES

On the seamount floor there are often rich communities dominated by suspension feeders,
e.g., gorgonians and other corals (Richer de Forges ef al., 2000; Ohkushi and Natori, 2001;
Koslow et al., 2001), that may be particularly susceptible and sensitive to disturbance by
trawling (Probert er al., 1997; Koslow ef al., 2001). Enhanced currents and steep slopes
expose the volcanic rocks and favour the growth of suspension feeders in these benthic
seamount communities (Genin et al., 1986; Grigg ef al., 1987; Wilson and Kaufmann, 1987;

Rogers, 1994), in contrast to the deposit feeders typical of most deep-sea benthos.

The abundance and biomass of benthic organisms on some seamounts was, however,
observed to be very low when compared to other hard bottom habitats at similar depths
(Grigg et al., 1987; Gillet and Dauvin, 2000). Though the diversity and exceptionally
localized distribution of species living in these communities are acknowledged (Richer de
Forges et al., 2000), their biology and life history remain poorly studied, except for some
indications that some of these species may be extremely long-lived, e.g., up to maximum

age's of over 100 years (Grigg, 1993).

1.5 SEAMOUNT FISHES

Seamounts have received much attention mainly because of the presence of substantial
aggregations of forage fishes in mid- and deep-water (Boehlert and Sasaki, 1988; Rogers,
1994; Koslow, 1996, 1997; Koslow et al., 2000), which became the prime target of a highly

technological fishery.




What are “seamount fishes”? This is a simple question, yet the answer remains elusive. The
designation of “seamount fishes” or seamount species has been widely employed (e.g.
Koslow, 1996; Probert et al., 1997; Probert, 1999; Koslow et al., 2000; Fock et al., 2002a;
Tracey et al., 2004), but the criteria used in identifying those taxa are rarely defined.
Pioneering work on seamounts focused on the intriguing question: what species inhabit
individual banks and seamounts? Since then, a large number of studies have described the
fish fauna inhabiting these features. The results -of early studies hgvé been summarised in a
number of reviews (e.g., Wilson and Kaufman, 1987; Rogers, 1994; Froese and Sampang,

2004).

The question is how can we appropriately classify those fishes that live in association with
seamounts from those more typical of other habitats, or that span both. Most species appear
to occupy a range of habitats. Many fish species occur on seamounts or congregate over their
summits to feed due to enhanced levels of planktonic production, hydrographic retention
mechanisms such as eddies, or being able to remain close to the bottom yet reach shallower
depths (Tseytlin, 1985; Genin et al., 1988; Koslow, 1997). This may be the case for some
commercially important species of deepwater fish, such as orange roughy, Hoplostethus
atlanticus, pelagic armorhead, Pseudopentaceros wheeleri, oreosmatids, e.g. Allocyttus niger
and Pseudocyttus maculatus, and alfonsinos, Beryx spp., as well as for some sharks (Klimley
et al., 1988; Hazin ef al., 1998), tunas (Holland et al., 1999; Itano and Holland, 2000; Sibert
et al., 2000) and otﬁer large pelagic predators (Ward et al., 2000; Sedberry and Loefer,

©2001).

A range of fish species sporadically aggregate around shallow seamounts mainly for
spawning; for instance, reef-associated fish like serranids (Mycteroperca rosacea, Paranthias
colonus) and jacks (Caranx sexfasciatus, Seriola lalandi) (Sala et al., 2003). Recently,
Tsukamoto et al. (2003) found that the spawning site of the Japanese eel (Anguilla japonica)
in the western North Pacific appears to be near three seamounts, 2000-3000 km away from

their freshwater habitats. Further examples are the deep-bodied species of the orders

Zeiformes (mainly the genera Antigonia, Capros, Zenopsis and Cyttopsis) and




Syngnathiformes (in particular the genus, Macroramphosus), which are. the dominant fishes
(<500 m depth)‘ of the Great Metédr ‘seamount, a 1arge, iéolated, flat-topped feature in the
central eastern Atlantic (Fock et al., 2002a). These fish are also the main prey of large
demersal predators'ﬁinhabiting the slopes of the Azores islands and seamounts (Morato et al.,
1999, 2000, 2001, 2003). However, as well as occurring on seamount feétures, in some areas

they are among the most abundant fishes from adjacent continental shelves.

Coral reef scientists faced exactly the same problem when trying to provide a definition of
“reef fishes” (see Choat and Bellwood, 1991; Bellwood, 1996; Bellwood, 1998; Robertson,
1998). They first tried to find potential taxonomic and ecological characteristics that could
distinguish coral fish assemblages from other fish assemblages (Choat and Bellwood, 1991).
They also proposed a consensus list of fish families that would better describe, not define, a
coral reet assemblage (Bellwood, 1996). They concluded from this list that most reef fishes
are characteristic of, but not restricted to, coral reefs (Bellwood, 1996). Coral reef scientists
are still debating the meaning of reef fishes, and apparently they can only agree on the

tautological definition of reef fishes: those that live on coral reefs.

The definition of “seamount fishes” may be similar and involve the same redundancy with
trying to define a functional type of label that applies only in part to the ecology of the

species: seamount fishes are those individual fishes that live on seamounts.

There is a group of fish species, however, living on (or visiting) seamounts that have raised
much attention because of their high abundance and good flesh quality: they include orange
roughy, pelagic armorhead and alfonsinos. These fish aggregate on top and around
seamounts and have been object of intense exploitation since the late 1970’s. The discovery
of these commercially important aggrégations of deepwater fish species on seamount features
have changed the idea that significant commercial fisheries Would_never develop in the deep
sea due to scarcity at those depths and poor palatability of fish flesh. Koslow (1996, 1997)

explored the differences of fish species aggregating on seamounts from those generally

considered typical of the deep-sea environment. By addressing this problem in an energetic




perspective (sée below), he concluded that fish species that aggregate around seamounts
appeared to form a distinct guild. He found that these fishes differ markedly from other deep-
water species in their relatively high levels of food consumption and energy expenditure, low"
growth and productivity and a robust body composition and body. plan suited for strong
swimming currents. Koslow called them “seamount-associated fishes” or “seamount-

aggregating fishes” (Koslow, 1996; Koslow et al., 2000).

For the propose of this thesis we will consider: 1) “seamount fishes” as those individual
fishes that live on seamounts; and 2) “seamount-aggregating fishes” as those species that
form large aggregations around these features and that are the main target for fisheries that

develop around seamounts.

Numerous studies have described the species richness and diversity of fish fauna on
seamounts. Wilson and Kaufman (1987) reviewed seamount biota worldwide and reported
about 450 fishes collected from more than 60 seamounts. Rogers (1994) provided a list of 77
commercial species fished on seamounts. Since then, more detailed studies of certain
seamounts and seamount chains provide more comprehensive species lists, especially with an
increase in exploratory ﬁshiﬁg in the last two decades ('e.g., Parinef al., 1997.;_Koslow and
Gowlett-Holmes, 1998; Grandperrin et al., 1999; Fock et al., 2002a; Moore et al., 2003;
Clark and Roberts, 2003; Tracey ef al., 2004). Froese and Sampang (2004) compiled a list of
fish that have been reported on seamounts, and found 535 fish species recognized as
seamount fishes. Based on the best available information, I collated species lists for fishes
that occur or aggregate in and around seamounts. “Seamount fishes” are defined as fish that
have been reported as occurring on seamounts, even if rare. A total o'f 798 species of marine

fishes were classified as “seamount fishes” (see Appendix 1).

I now have the most comprehensive checklist of seamount fishes, even if incomplete. The
number of known seamount fishes represénts about 2.8% of the total number of known fish

species and belong to 165 families (32% of the 515 known). Although the number of known

seamount fishes is comparatively small, because they encompass a third of fish families,




about half of the orders and many unique adaptations, they represent a relatively large and
unique portion of fish biodiversity (Froese and Sampang, 2004). Currently recognized
seamount fishes have different habitat preferences (associations). Forty-three species are
pelagic, 94 are reef-associated, 118 demersal, 68 benthopelagic, 223 bathypelagic, and 252
bathypelagic. A large portion of the seamount fish community is composed by deep-sea
fishes, but many shallow water species are also known to occur on these features. According
to Froese and Sampamg (2004), only 6 seamount fishes are included in the 2000 [UCN Redr
List (Hilton-Taylor, 2000): Sebastes | paucispinis 1s listed as ‘critically endangered’,
Sphoeroides pachygaster and paucipinis are listed as ‘vulnerable’, and Squalus acanthias,
Dalatias licha and Prionace glauca are listed as 'lower risk, near threatened.' Other seamount

fishes have not been evaluated so far.

The second category of fish species living on seamounts considered for the purpose of this
chapter is the “seamount-aggregating fish”. A list of 23 fishes was compiled (Table 1.2). I
acknowledge that this list is preliminary and its completeness and accuracy will improve as
we gain more knowledge about the ecology of seamount and deepwater fish species. Some of
the most well known representatives of this group include the deep-water fishes: orange
roughy, alfosinos (Beryx splendens and B. decadactylus), Patagonian toothfish (Dissostichus
eleginoides), oreos, pelagic armourhead, several species of rockfishes (Sebastes spp.)
(Koslow, 1996; Koslow et al., 2000) and probably roundnose grenadier (Coryphaenoides
rupestris) (Vinnichenko, 2002a). These species are the main target of the large-scale fisheries

that occurs on top and around seamounts.

These fish aggregations are supported in the otherwise food-poor deep sea by the enhanced
flux of prey organisms past the seamounts and the interception and trapping of vertical
migrators by the uplifted topography (Tseytlin, 1985; Genin et al., 1988; Koslow, 1997). It
has long been held, however, that the high biomass of fish on seamounts result, at least in

part, from locally enhanced primary production and the subsequent bottom-up transfer of this

energy to higher trophic levels in seamount food chains (Uda and Ishino, 1958; Hubbs, 1959;
Uchida and Tagami, 1984).
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Table 1.2 - List of species considered as “seamount-aggregating” fishes.

Species Aggregation Reference
Alepocephalus bairdii Maybe 6,11
Allocyttus niger® True 3,4
Allocyttus verrucosus * Maybe 12
Aphanopus carbo b True 10
Beryx decadactylus True 4,9
‘Beryx splendens True L 3,4,7,9
Coryphaenoides rupestris True 8,5
Dissostichus elegfno“ides_ , True 4
Epigonus telescopus * True 10,5
Hoplostethus atlanticus True 3,4,8,5
Hoplostethus mediterraneus Maybe 6
Lepidion eques * Maybe 6
Mora moro Maybe 6
Neocyttus rhomboidalis * * Maybe 11
Pseudocyttus maculatus * True 3,4
Pseudopentaceros richardsoni True 9
Pseudopentaceros wheeleri * True 2,3,4
Sebastes entomelas * Maybe 1
Sebastes helvomaculatus ** ¢ Maybe 1
Sebastes marinus True 5
Sebastes mentella True 8
Sebastes paucispinis © Maybe 1
Sebastes ruberrimus Maybe 1

* intrinsic vulnerability index not estimated due to the lack of sufficient parameters. a) forming large shoals
over rough ground near pinnacles and canyons; b) not a typical “seamount-aggregating” fish (sensu Koslow,
1996); c) juveniles form large schools. References: 1) Parker and Tunnicliffe, 1994; 2) Rogers, 1994; 3)
Koslow, 1996; 4) Koslow et al., 2000; 5) Hareide and Garnes, 2001; 6) Pifieiro ef al., 2001; 7) Ramos et al.,
2001; 8) Shibanov et al., 2002; 9) Vinnichenko, 2002a; 10) Vinnichenko, 2002b; 11) Allain et al., 2003; 12)

Fishbase - Froese and Pauly, 2003.
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Studies of ﬁsﬁ composition on seamounts have often reported high levels of endemism,
exceeding 40% in one case (e.g. Wilson and Kaufmann, 1987; Parin ef al., 1997; Richer de
Fofges et al., 2000; Froese and Sampang, 2004). However, estimates can be variable, and
some studies have found little evidences of enq‘em:icm seamount. fish species. For example,
none of the fish specié.s recorded By Tracey et al. (2064) on New Zealand seamounts were
regarded as endemic to any seamount, seamount chain, or even the region. However, the data
were from fish trawls designed to captﬁre relatively large-sized fishes, and these fish will
generally tend to have wider distributions. Small sampling gear used off Tasmania revealed
previously unknown, and probably endemic, species of Paralaemonena (Family Moridae),
and Cataetyx (Family Bythitidae) (Koslow and Gowlett-Holmes, 1998). The number of
seamount endemic species or the number of fish that lives only on seamounts is still not
known. Froese and Sampang (2004) speculated that of the 535 seamount fishes they
identified, 62 species are reported from only one seamount, suggesting a high rate of
endemism. Generally, species accounts from seamounts focus on just the samples collected
from the seamount features, and studies have not considered how specific the species

composition 1s to seamounts.

1.6 SEAMOUNT VISITORS: LARGE PELAGIC FISH, CEPHALOPODS, MARINE MAMMALS, AND
SEABIRDS ]

While the importance of 'seamounts for bottom fishes is very well documented (see above),
the importance for large pelagic or visiting organisms has been poorly tested (see Tablé 1.1).
However, it has been hypothesised that there are higher abundances of some’“visit*ing”
antmals, such as tuna, sharks, billfishes, marine mammals, sea-turtles and even seabirds, over

seamounts but this has been based on sparse records, warranting further examination.

Sharks appear to be attracted to seamounts as demonstrated by Klimley et al. (1988), who
showed that hammerhead sharks remained grouped at a seamount in the Gulf of California

(Mexico) during the day and moved separately into the surrounding pelagic environment at

night. Hazin er al. (1998) showed that catches of gray sharks were significantly higher




around seamounts, mainly in those with summits of about 300m and low-sloping depth
profiles. The reasons for these aggregations are not clear, but Hazin et al. (1998) assumed

that seamounts were used by some sharks as feeding stations.

It is known by fishermen and researchers that large biomasses of tuna are sometimes
concentrated on seamounts (Fonteneau, 1991; Holland et al., 1999; Itano and Holland, 2000;
Sibert et al., 2000). Several thousand tons of tuna can be taken yearly on some remote
seamounts,- while other seamounts closer to land are apparently always poor in tuna, even
when they are located in regular fishing areas (Fonteneau, 1991). It is i)ossible that
seamounts act both as feeding stations and as orientation points in the larger-scale movement
patterns of these fish (Holland et al., 1999). The navigation role might explain why remote
seamounts aggregate more tuna than seamounts located closer to land masses, as noticed by
Fonteneau (1991). Swordfish and other billfishes appear also to be attracted to complex high-
relief bottom structures. For example, swordtish that moved away from the Charleston Bump
were frequently found associated with seamounts, submarine canyons, and with thermal

fronts of the northern wall of thé Gulf Stream (Sedbellry and Loefer, 2001).

Cephalopods may drift paséive]y over and around seamio_ﬁnts Aan.id be subje"ctfto predation
(Nesis, 1986). The author sugges-fed that this link might be one of the reas'on‘s' for the high
abundance of. benthic and demersal fish species on certain seamounts. Cephalopod fauna of
seamounts may consist of four main components (Nesis, 1986): 1) bottom and near-bottofh
species that reside there permanently (e.g., genera Froekenia, Danoctopus and Scaeurgus); 2)
pelagic species that descend to or near the bottom to spawn, and including either those that
maintain themselves constantly in midwater above or near seamounts, or those that migrate
actively to seamounts for sexual maturation (e.g., genera Ornithoteuthis, some Todarodes,
Lycoteuthis); 3) mesopelagic species that may migrate vertically and descend to the bottom
duringv the daytime (e.g., Enoploteuthidae and Octopotéuthidae); and 4) non-migrating

pelagic species that permanently inhabit the water column (Mastigoteuthidae,

Vampyroteuthidae, Cranchiidae).




Although several works have correlated marine mammals occurrence with complex and steep
topographies (e. g. Schoenherr, 1991; Balcomb, 1989; Cafiadas et al., 2002; Hooker et al.,
2002; Hastie et al., 2004; Yen et al.,v 2004) the literature addressing their association with
seamounts is scarce. Reeves and Mitchell (1993) noticed that when in pelagic areas Baird’s
beaked whales (Berardius bairdii) are observed close to submarine escarpments and

seamounts.

Seabird density and biomass has been reported to be higher around seamounts when
compared to adjacent areas (Haney er al., 1995; Monteiro et al., 1996). Haney et al. (1995)
showed that seabird biomass was eight times higher within a 30-km radius centred on a
seamount summit. The authors attributed seabird aggregation observed at the seamount to be

related to an increase of food availability.

1.7 SEAMOUNT FISHERIES AND OTHER THREATS

The steady and steep decline of global catches since the 1980s (Watson and Pauly, 2001)
alludes to the fact that the world’s fisheries resources are in serious danger of depletion (e.g.
Pauly and Christensen, 1995; Pauly et al., 1998; Pitcher, 2001; Pauly et al., 2002),
undoubtedly due to poor management practices and increased fishing pressure (Ludwig et al.,
1993). Unsustainable fishing practices along with an excessive level of investment in fishing
capacity have resulted in serious stock depletion on most continental shelves, thus creating

new pressures on alternative fishing grounds (Pauly ez al., 2002).

Fisheries are evidently expanding offshore (e.g., Christensen et al., 2003; Myers and Worm,
2003; Pauly et al., 2003) and into deeper waters (Koslow et al., 2000; Garibaldi and
Limongelli, 2003; FAO, 2004; Gianni, 2004). The expansion into offshore areas has been

well documented, (for example, fisheries targeting oceanic tuna, billfishes and their relatives

* covered the world ocean by the early 1980s; Myers and Worm, 2003), but the extension into

deeper waters is less well analysed. While many local examples of fisheries expansion into

deeper waters have been reported (é.g., some European, Soviet, U.S.A., Canada, New




Zealand and Australian fishing fleets: see references in Hopper, 1995; Moore, 1999; Koslow
et al., 2000; Roberts, 2002), we still lack a global quantitative analysis. Seamounts are also
among those "newly" targeted ecosystems that, since the second half of the 20th century,

have been intensively fished (Rogers, 1994; Koslow et al., 2000).

Deepwater fisheries in general and seamounts fisheries in particular usually exhibit a boom
and bust sequence, crashing within about ten years of their initial development. This was the
case of the orange roughy (Hoplostethus atlanticus) fisheries off New Zealand (Clark, 1995;
Clark, 1999; Clark et al., 2000), Australia (Wayte and Bax, 2001; Lack et al., 2003), Namibia
(Boyer et al.,2001; Branch,}_‘200])‘and even in the North Atlantic (Branch, 2001), the pelagic
armourhead (PSeudopentaceros wheeleri) ﬁshe-ries.over seamounts in i‘ntematiional waters off
Hawaii (Boehlert and Genin, 1987), and the blue ling (Molva dipterygia) fisheries in the
North Atlantic (Bergstad ef al.,, 2003; Devine et al., 2006). As seamounts are rapidly
depleted, the continued existence of a fishery depends upon the continuing discovery of

unexploited seamounts with large fish aggregations.

The species targeted by fisheries at seamounts have a very low overall abundance, but
aggregate at seamounts as part of their life cycle strategy, e.g., for spawning (Clarke ef al.,
1996). They are often long-lived (some species to over 100 years), slow growing, late
maturing (at about 30 years), and have low reproductive potentfgl (Koslow, 1997). When
they have been fished out it is estimated that it will take decades for these localised stocks to
recover, as they are thought to have limited exchange with other seamounts (Koslow, 1997).
This makes these fish communities very vulnerable to overfishing and the problem is even
more pronounced in seamounts located in international waters where management strategies

and agreements are absent.

However, information on seamounts fisheries is very sparse, and it is difficult to make a
distinction between deep-water fishing activities in general and those occurring on seamounts
(Koslow et al., 2000). Moreover, fish species living on seamounts are also known to occur on

other habitats, such as the continental slope, and landings statistics are not spatially allocated,
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making it difficult to make an estimate of the total fisheries occurring on seamounts

worldwide.

Depletion of fish stocks is not the only concern. Extensive trawling activities on seamounts
are damaging benthic (bottom living) communities,'parti‘cul‘arly for dbm‘inan_t communities of
corals and other suspension feeders (Koslow et al.,, 2001). The impact of trawling on
-complex seamount reefs appears to be dramatic, with the coral substrate and associated
community largely removed from the most heavily fished seamounts (Koslow et al., 2001).
Such massive removal of natural and structural components to the ecosystem has negative

consequences on seamount biodiversity (Probert, 1999).

There is a rising concern about the threats to seamount ecosystems in the Economic
Exclusive Zones of coastal states and on the High Seas. Overfishing, even depletion, of the
often slow-growing and late-reproducing fish populations, and the destructive impact of
trawling activities on the benthic communities of seamounts, poses an immediate risk to

these isolated ecosystems.

Consequently, Canada, Australia, Portugal and New Zealand have begun to take the first
steps towards protecting seamounts. In the Atlantic, no such protective measures have been
established, but the Oslo and Paris Commission (OSPAR) is considering this issue at the
moment within the framework of Annex V of the Convention on the Protection of the Marine
Environment in the North-East Atlantic (OSPAR Convention). Seamounts are on an initial
draft list of habitats and species that require conservation action, and the developing OSPAR
Marine Protected Areas programme may provide one of the possible mechanisms. In
addition, seamounts dominated by hard substrata in the waters of the European Community

qualify for site protection under the European Habitats Directive (1992, Natura 2000 code

1170 "reefs" in the Interpretation Manual of European Union Habitats EUR 15/2).




1.8 THESIS THEME AND OBJECTIVES

The presence of numerous seamounts in the world’s oceans has only become known to the
scientific community during the last 50 yéars (Rogers, 1994). The potential importance of
these steep-sided undersea mountains to biogeography and diversity was only recognized
after Hubbs (1959) work, but this environment has remained very poorly investigated (Forges
et al., 2000). Hence, the most fundamental questions remain incompletely answered (see

Table 1.1).

The general objective of this PhD was to explore some fundamental questions about

seamount ecology and fisheries:

1) Estimate seamount numbers and locations around the Azores islands;
The main goal of Chapter 2 is to infer potential seamount locations and thus to generate
estimates of the actual number of seamounts in the Azores. [ will also describe seamount
population according to location, depth of the summit, height, basal area, height to radius
ratio, the average slope, and distance to nearest seamount. The output of this chapter will
be used later (Chapter 4) to test some hypothesis related to seamount ecosystenﬁ

functioning.

2) Examine the impact of a potential increase of local primary production on higher 'trophic
levels;
In an effort to better understand seamount ecosystem functioning, Chapter 3 will address
how complex seamount food web structures are sustained. A generic seamount ecosystem
model from the Northeast Atlantic will be used to test the impact of a potential increase of

local primary production on higher trophic levels.

3) Quantify the amount of advected prey necessary to sustain a “typical” seamount fish

community and to explore if the necessary prey can be supported with food pfovided by local

oceanographic conditions (also in Chapter 3);




4) Test if the reported high abundances of seamount “visitors” on top and around seamounts
are true,
Some previous studies have focused on analysing the auto-ecology of some organisms in
relation to seamounts. In Chapter 4, I will use data from a fishery observer program to
explicitly test if the abundances of tuna, marine mammals, sea turtles and seabirds
observed at Azores seamounts are higher than expected by chance. This chapter will also

use the seamount dataset produced in chapter 2.

5) Test if a reported historical expansion into deeper-waters can be detected in global
landings datasets;
Whereas previous studies on global trends of fisheries have focused on catch or biomass
changes over time, in Chapter 5 I will analyse changes in the mean depth of fishing to test
if the predicted expansion into deeper-waters can be detected in global landings datasets. |
will also test for the predicted higher vulnerability of deep-water fisheries resources, using

longevity as the main proxy for vulnerability.

6) Test the hypothesis that “seamount fishes” generally have a higher than average

vulnerability to fishing exploitation;
Previous studies have found thaf vulnerability of fishes to exploitation is correlated with
their life history characteristics. However, no attempt has been made to review, summarize
and compare the life-history of seamount species with species typical from other habitats.
Therefore, Chapter 6 will test the generalization that “seamount fishes” possess specific
life history characteristics that render them more vulnerable than other species.
Vulnerability was estimated quantitatively by analysis of life-history characteristics using

a fuzzy-logic algorithm.

7) investigate if whole-ecosystem simulations can help in understanding the impact of fishing
on pristine seamounts and provide guidelines for sustainable fisheries. .

Using ecosystem modeling loosely structured on North Atlantic case studies, data

gathered from elsewhere, and opfimization methods for 1‘polvicy search, in this Chapter 1




will explore the types of fisheries that might be sustainable on seamount ecosystems. |
will also investigate if ecosystem simulations can help in understanding the impact of

fishing on pristine seamounts.

Additionally, and in collaboration with the “Sea Around Us Project” | was involved in small
ad-hoc projects that helped:
a) estimating of the number of seamounts in the world’s oceans by inferring
potential seamount locations; »
b) detecting primary pro‘duction enhancement by world’s oceanic seamounts using
remotely sensed data on primary production
c) estimatiﬁg potential yield from s'eaf.nou’nts. and determining how catches have

changed in recent years.
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CHAPTER 2

ABUNDANCE AND DISTRIBUTION OF SEAMOUNTS IN THE AZORES'

2.1 INTRODUCTION

Seaméunts have been recently recognized as highly important habitats for fisheries and
biodiversity, and a target for conservation as they support often isolated but rich underwater
ecosystems (Morato and Pauly, 2004). However, only a few seamount datasets containing
information on positions are available (e.g., Fornari ef al., 1987; Smith and Jordan, 1988;
Epp and Smoot, 1989; Smith and Cann, 1990; Wessel and Lyons, 1997; Wessel, 2001). In
fact only a small fraction of seamounts have actually been mapped (Wessel and Lyons,
1997). Recently, Kitchingman and Lai (2004) have conducted a global analysis with the goal
of generating a spatial dataset of points across the world’s oceans that indicate large peaked
bathymetric .anomalies with a high probability of being seamounts. In that study 14,287
potential large seamounts were identified in the world’s oceans.

Seamounts are fhought t6 be commoﬁ topo’gfaphif: features in the Aioréah érchipelago sub-
area of the Portuguese Economic Exclusive Zone (EEZ), hereafter named Azores EEZ.
However, their nimibers and loéati.ons are poorly known. The Azores archipelago is a group
of nine volcanic islands and many small islets that are parts of the Mid-Atlantic Ridge in the
Northeast Atlantic Ocean (an irregular area within 33.5-43° N, 21-35.5° W). Relatively
shallow seabed less than 600 m deep cover less than 1 % of the 953,633 km?® of the Azorean
EEZ. This reflects the narrowness of the island shelves and means that most fishing grounds
are scattered (Santos ef al., 1995; Menezes, 2003). The only easily accessible seamount
datasets that include the Azores are those of Wessel (2001) and Kitchingman and Lai (2004),
with the later describing 58 seamounts in the Azores EEZ. Few other studies have been

conducted in the Mid Atlantic Ridge, where estimates vary from 58 (Jaroslow et al., 2000) to

" A version of this chapter has been submitted for publication. Morato, T.; M. Machete; A. Kitchingman; F.
Tempera; S. Lai; G. Menezes; R.S. Santos; and T.J. Pitcher (submitted). Abundance and dlstrlbullon of
seamounts in the Azores. Marine Ecology Progress Series.




80 (Smith and Cann, 1990) seamounts per 1000 km®. These estimates are about 1000 times
higher than the numbers presented by Kitchingman and Lai (2004) because their study

accounts only for those topographic features with a relief larger than 1000m.

Seamounts are important areas for conservation and fisheries in the Azores (Santos et al.,
1995) and the knowledge of their locations are highly important for choosing and
implementing management measures. In this study, seamounts are defined as any
topographically distinct seafloor feature that is at least 200 meters high but which does not
break the sea surface. The 200 meters threshold was chosen for being the smallest peak size
that fit the negative exponential model (see Results). I classify seamounts as being large or
small, depending on whether the height exceeds 1000 meters (regardless of depth). For
standard cone like seamounts height and width are highly correlated (Smith, 1988). Thus, this
height separation is useful in isolating large seamounts, whose global distribution is well
resolved by satellite altimetry, from small seamounts the distribution of which must be

inferred from local acoustic mapping and therefore remain poorly sampled.

The main goal of this paper is to infer potential seamount locations and thus to generate
estimates of the actual number of seamounts in the Azores. I will also describe seamount
population according to location, depth of the summit, height, basal area, height to radius

ratio, the average slope, and distance to nearest seamount.

2.2 METHODS

I used an automated methodology adapted from Kitchingman and Lai (2004) to identified
topographic structures with high probability of being seamounts. For this I used two

bathymetric datasets with different resolutions.

The MOMAR (Monitoring the Mid Atlantic Ridge) mid-resolution bathymetric map

(Lourengo et al., 1998; hitp://www.momar.ore) was the finest available bathymetrical grid
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for the Azores region at the date of the analysis (February 2006) and was used for the area
comprised by the parallels 36°N and 41°N and the meridians 24°W and 32°W. The dataset is
supplied at a 1 minute cell resolution (approx. 1.8 km in length), thus allowing a reasonable
scale at which to perform an analysis for large seamount like features. The “Global seafloor
topography from satellite altimetry and ship depth soundings” database (Smith and Sandwell,

1997; hittp://topex uesd.edu/sandwell/sandwell html; also called S&S dataset) was used as the

bathymetry dataset for the remaining area. This dataset is at a 2 minute cell resolution
(approx. 3.7 km in length). This dataset contains some artefacts such as a spurious deep

trough in the NE region of the study area.

The methodology followed three succeeding steps: 1) identifying all detectable peaks in the
bathymetry dataset; 2) isolating peaks with- heights greater. than 200m and displaying an
approximately circular or elliptical shape; and 3) iéolating ]afge seamount-like features. The
datasets produced after step 1 will be called the peaks dataset, while the dataset produced
after step 3 will be used as the Azores seamount dataset. The dataset produced after step 2

minus those produced after step 3 will be called the small seamounts dataset.

The initial process of determining the locations of all detectable peaks (local maxima) in the
elevation data was performed with the ESRI ArcGIS (ESRI, 1999-2004) software flow
direction and sink algorithms. Both bathymetry datasets were used in an ESRI grid format for
the cell-by-cell analysis. The ESRI flow direction algorithm was first used on the bathymetry
data. This algorithm produces a grid in which each cell is allocated a flow direction value
determined by the steepest descent from the immediate surrdunding cells. There are eight
valid flow direction values. Cells determined to have an undefined flow direction are given a
value equal to the sum of the possible flow direction values. Undefined flow directions occur
when all surrounding cells are higher than the focus cell or when two adjacent cells flow into
each other. The ESRI sink algorithm is used on the resulting flow direction grid to identify all
flow direction cells that have undefined flow directions. The resulting sink (seafloor peak)

grid can then be overlaid with the depth grid to indicate all identifiable peaks on the seafloor.
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The bathymetry data Wés prepared by first eliminating all land cells (any elevation above 0)
and then converting negative values (known as depths) to absolute numbers. This allowed the
ESRI hydrology algorithms, designed to detect downhill flow direction and sinks, to identify
the uphill flow d'iir.ections and peaks. The ﬁext step of the analysis will iéolate thoée the
detected peaks that have a significant rise from the ocean floor and that have an approximate
circular or elliptical base in an 'eff'ort to eliminate small peaks fouﬁd a]ong,_the ridges or island

slopes.

The raw peak grid dataset was compared with the bathymetry data. An algorithm was
developed that scanned depths around each peak, along 8 radii of 20 km each at 45° intervals.
The lowest and highest depths over the radii and the cells where those values were obtained
were then recorded. Subsequently, 1 isolated a dataset of potential seamounts and then
extracted the large seamounts. A peak was considered to be a potential seamount when the

following conditions were met:

1 Each and all of the 8 radii included depths differing by at least 200 m. This helped
eliminate all peaks of insignificant rises.

2 No more than one of the 8 radii has the highest depth shallower than the depth of the peak
and if the distance between these two cel.ls is greater than 10 km. This helped eliminate
peaks that were part of a larger structure and peaks close to island slopes.

3 If 2 radii included depths between 200 and 1000 m with the shallowest point being closer
to the peak than to the deepest point, and if the radii formed an angle of less than 135°,
This condition was created to help separatel ridges from seamounts.

4 At least 5 of the 8 radii around a peak included depths with a difference of at least 1000
m, with the shallowest point being closer to the peak than to the deepest point.

5 The average height of the peak is greater than 1000 m.

Peaks that met all five conditions were considered large seamounts while those that met the

first three conditions but failed to meet the fourth and fifth were considered small seamounts.

For the detected small and large seamounts several characteristics were recorded: 1) location;




2) depth of the summit (m); 3) seamount height (4 in m); 4) basal area (a;, in km?); 5) height
to radius ratio (&); 6) the average slope (¢ in degrees); and 7) distance to nearest seamount

(km).

The location of the seamounts was recorded as the latitude and longitude of the centroid of
the detected peak or seamount. The depth of the summit was recorded as the depth of the cell
where the peak was located and must be interpreted as the average depth of the cell, not the
absolute minimum depth of the seamount. The seamount height was estimated as the average
height of the 8 radii of the seamount, where each radius height was estimated as the
difference between the summit and the deepest record. The area of the base of the seamount
was approximated by the area of the octagon formed by the location of the deepest cell in
each radius. The slope of the seamount was estimated as the average steepness of the 8 radii
of the seamount calculated by the slope algorithm of ArcGIS software. The ArcGIS ‘Slope’
function calculates the maximum rate of change between each cell and its neighbours using
the average maximum technique. Finally, the distance to the nearest seamount was calculated

by identifying the closest feature and then estimating its distance.

Seamount sizé distribution is well characterized by a negative exponential model that
considers the cumulative numbers Qf seamounts having heights greater vtha‘n a certain value
(Jordan er al., 1983; Smith and Jordan, 1988). This distribution is expressed as v(H)=vy-exp(-
p-H), where v(H) is the number of peaks per unit area with height greater than H, v, is the
total number of peaks per unit area and P is the negative of the slope of a line fitting In(v(H))

and H.
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2.3 RESULTS

2.3.1 Peaks dataset

A total of 3177 peaks were identified by the ArcGIS flow direction and sink algorithms,
yielding an average density of 3.3 peaks per 1000 km?. Of these peaks, 1104 were found with
the MOMAR Azores dataset (24°W 36°N to 32°W 41°N), whereas 2073 were found with the
S&S dataset used to cover the rest of the EEZ.

The peaks dataset adequately identified topographic structures with heights larger than 100m
(Figure 2.1). The resolution of the bathymetry data seems to be inadequate for peaks smaller
than 100m, leading to an underestimation of the counts. Thus, this data point was excluded
from the fit. The exponential model adequately fits the Azores peaks counts with v,= 4.31
peaks per 1000 km” and = 2.89 km™, yielding a characteristic height (8') of ~350 m.
According to this exponential model there are about 4100 potential peaks in the Azores

where 1000 km? contain an average of ~4 peaks of all sizes.
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Figure 2.1 — Height (4) frequency distribution of all identified peaks. Solid circles are actual

counts while open circles are the cumulative counts. The grey circle data point was excluded
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from the exponential model fit. The relationship can be expressed as N = 4107.6-¢

h in km; ¥*=0.99. If expressed by unit area (km'z), v(H)=4.31 28




2.3.2 Small and large seamounts dataset

Figure 2.2 shows the location of 461 potential small and large seamount-like features in the
Azores EEZ. Detailed tables of results for each seamount with location, depth of the summit,
base area and average slope are shown in Appendix 2 *. Our methodology identified a total of
398 small features, which represents only 12% of the 3177 identified peaks. This discrepancy
shows that our methodology successfully eliminated peaks of insignificant rises as well those
that were part of larger structures or were in ridges or island slopes. Of the 398 potential
small seamounts, 151 were identified around the islands with the Lourengo et al. (1999)
bathymetrical dataset while 247 were identified offshore with the Smith and Sandwell (1997)
dataset. I have also detected 63 large potential seamounts, which is only 2% of the identified
peaks. Of these, 52 were identified with the Lourenco e al. (1999) dataset while 11 were
identified with S&S dataset. The mean abundance of small and large seamounts in the Azores

EEZ is 0.42 and 0.07 per 1000 km’, respectively.

s

Figure 2.2 — Distribution of seamounts in the Azores Exclusive Economic Zone (black line).

Circles show large seamounts while black dots show small seamount-like features. Scale

goes from dark grey (deep water; about 5000m) to light grey (shallow water).

* A digital version of this table is provided in the webaddress
http://www.horta.uac.pt/ppl/tmorato/pdf/Appendix2_Morato_PhD.pdf
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Most of the seamounts in the Azores have deep summits (Figure 2.3) with a strong
predominance of summit depths of 800-1500m. Only 4 large seamounts have a mean depth
of the peak shallowér than 250m while 14 lay in the'depth ran;ge 250450‘Om. The other 45
large seamounts have their summits deeper than 500m. Small seamount-like features show a
similar pattern with only 6 shal‘lower than QS‘OO‘r'n. Location of large and small seamounts by

depth of the summit is presented in Figures 2.4 and 2.5.
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Figure 2.3 — Depth of the surﬁmit frequency distribution of small (left) and large (right)

seamounts-like features.
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Figure 2.4 — Distribution of large seamounts in the Azores EEZ by mean depth of summit: a) <250m; b) 250-500; ¢) 501-1000;

d) >1000m. Black dots indicate seamounts of the referred category.
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Figure 2.5 — Distribution of small seamount-like features in the Azores EEZ by mean depth of summit: a) <250m; b) 250-500; ¢)
501-1000; d) >1000m. Black dots indicate seamounts of the referred category.

(44



The distribution of small and large seamounts heights (/) distribution is shown in Figure 2.6.
Small seamounts had a mean height of 612 m (S.D. = 210) while the mean height for large
seamounts was 1267 m (S.D. = 272). Seamounts with small heights are much more abundant

than larger seamounts.
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Figure 2.6 — Histogram of the predicted height distribution of small (light grey bars) and

large (black bars) seamounts-like features. Bin size is 100m.

Shapes of seamounts as characterized by basal radius (r5), by the height to radius ratio (&)
and by the slope (¢) show marked differences between small and large seamount like
features. Small seamount-like features showed a mean basal radius of r,= 9.4 km (SD=2.0)
while large seamounts showed a mean basal radius of r,= 11.2 km (SD= 1.8). Accordingly,
basal area is smaller on small seamounts (a,= 742 km?; SD= 213) than on large seamounts
(a;= 961 km?; SD= 171). The mean height to radius ratio increase from &= 0.07 (SD=0.027)
on small seamounts to &= 0.12 (SD= 0.030) on large seamounts (Figure 2.7). Average slope
angles ranged from ¢= 0.73 to ¢= 9.27. The sample mean slope angle was ¢= 2.90 for small
seamounts and ¢= 5.23 for large seamounts. Slope angle and summit height relationship is

presented in Figure 2.8.
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Figure 2.7 — Histogram of the seamounts height to radius ratio & for small (grey bars) and
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Figure 2.8 — Slope angle (¢) and seamount height (/) linear relationship for small (open
circles) and large (filled circles) seamount-like features. For all seamounts the relationship

can be expressed as ¢=0.0034 + 0.86; r* = 0.53.
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2.4 DISCUSSION

This work is the first attempt to identify the seamounts in the Azorean EEZ. It must be
emphasized that there are some potential sources of uncertainty in this study. First, the
bathymetry of the Azores EEZ is not perfectly known and has not been, to our knowledge,
extenéively surveyed. Both bathymetry datasets used (Smith and Sandwell, 1997; Lourengo
et al., 1999) may lack resolution and thus preclude the identification of some small
seamount-like features. For this reason, our references to seamounts should be interpreted as
'potential seamounts. A better but very costly solution would be to perform extensive multi-
beam surveys that would provide not only excellent bathymetric data for mapping seamounts
and estirﬁating depths, areas and slopes but also backscatter data for mappi.ng the nature of

the seafloor.

Our methodology of identification shows that peaks and seamounts are common features in
the Azorean EEZ. The average density of 3.3 peaks of all sizes per 1000 km” is in the same
order of magnitude of that obtained in some studies in the Mid Atlantic Ridge (Batiza er al.,
1989) but is an order of magnitude lower than obtained by Smith and Cann (1990) and by "
Jaroslow et al. (2000).' The observed discrépancies are due to the faéts thgt"the later studies
- focused only on the MAR region, an area with a higher abundance of topographic structures
(Smith and Cann, 199.0), and that the resolution of, our datasets,.i.s,}inadequate to detected
peaks smaller than 100m height. TH&; difference of abbﬁt 1000 peaks ’betwe'_g_nl the real counts
and the exponential model estimates (n= ~4100) are due to underestimation of the counts for
peaké smaller than 100m, suggesting that our methodology successfully identified small and

- large seamount-like features (h>.200m height).

In this study, I was able to map and describe 63 large and 398 small seamount-like features in
the whole EEZ of the Azores. The total area where seamounts are found is much larger than.
previous thought. However, most of the summits are in waters deeper than 1000m. Etnoyer
(2005) presented some evidences that small features with deep peaks predicted by some

bathymetry datasets can actually be large seamounts with shallower summits. Therefore, our
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estimates of seamount abundance may perhaps be biased by underestimating seamounts
heighté and overestimating depth of summits. For that reason, the large seamount abundance
in the Azores may be even higher than presented here. Also, the depth of the summits may be

shallower than | have estimated.

The distribution suggests that a large proportion of the seamounts occur in chains along the
Mid Atlantic Ridge. However, isolated seamounts are also present in the Azores. Seamounts
showed a wide range of sizes (heights), depth of summits, slopes, and areas being difficult to
make generalization about the seamounts in the Azores. Our data suggests that seamounts
provide a large diversity of habitats that can be suitable for different type of faunal
associations. Similar findings and suggestion were made by Rowden er al. (2004) for New

Zealand seamounts.

The fact that most of the seamounts have small heights and deep summits has strong
implications for fisheries exploitation in the region where most of the bottom longlining
occurs at depths of up to 600 m (Morato ef al., 2001). Our data suggests that only 29 of the
461 seamounts (small and large) are available for this type of fisheries. Thus, our work
supports the idea that fishing grounds for existing fisheries are limited in the Azores. It
should be noticed that deep-water trawl operates at deeper waters and thus the potential

fishing grounds for this fishery could be slightly larger.

Recently, the EU regulation 1568/2005 (European Commission, 2005) banned deep water
trawling in a large area of the Azorean EEZ. According to our distribution of seamounts, this

regulation protects 58 large and 207 small seamounts. Thus, 57% of the potential Azores

seamounts are protected against deep-water trawling.
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CHAPTER 3
MODELLED EFFECTS OF PRIMARY AND SECONDARY PRODUCTION

ENHANCEMENT BY SEAMOUNTS ON LOCAL FISH STOCKS !

3.1 INTRODUCTION

It has long been recognized that many seamounts may harbour large aggregations of
demersal or benthopelagic fish (Rogers, 1994; Bochlert and Sasaki, 1988; Koslow, 1996,
1997; Koslow et al., 2000) such as orange roughy, Hoplostethus atlanticus, pelagic
armorhead, Pseudopentaceros wheeleri, and alfonsinos, Beryx spp. (Morato et al., 2006).
However, the mechanisms under which these aggregations are sustained are still under
debate. Three hypotheses have been presented to explain how large aggregations of fish

found on seamounts are energetically supported (see Genin, 2004 for a review).

The first hypothesis (1) proposes that the high biomass of fish results, at least in part, from
locally enhanced primary production (PP) and the subsequent bottom-up transfer of this
energy to higher trophic levels in seamount food chains (Uda and Ishino, 1958; Hubbs, 1959;
Uchida and Tagami, 1984). It is unlikely, however, that water could be retained around a
seamount for the several months needed for production to work its way through the food-web
to the higher: ‘trophic level fish residing on the seamount itself. Thus, is not surprising that
evidence for enhanced primary production leading to conceﬁtrations of fish over seamounts
is sparse (Rogers, 1994). Moreover, evidence of increased primary production over conical’
seamounts located in the path of marine currents is still contradictory. While upwelling that
drives patches of high primary production has been detected using field sampling over certain
well-studied seamounts (Genin and Boehlert, 1985; Dower et al., 1992; Comeau et al., 1995;
Odate and Furuya, 1998; Mourifio et al., 2001, 2005), many studies have failed to

demonstrate persistent high chlorophyll a patches over seamounts (e.g., Pelaez and

' A version of this chapter has been submitted for publication. T. Morato, C. Bulman and T.J. Pitcher

(submitted) Impact of primary production enhancement by seamounts on local fish stocks. Deep-Sea Research
IL.




McGowan, 1986). In general, seamounts reaching close to the surface enhance local primary
production, but its contribution to primary production enhancement is generally low

(Mourifio et al., 2005).

The second hypothesis (2) proposes that fish aggregations are sustained by the enhanced
horizontal flux of prey organisms past the seamount (Tseytlin, 1985; Dower and Mackas,
1996; Koslow, 1997), named as the “feed-rest” hypothesis by Genin (2004). Enhanced fluxes
of prey in regions of amplified currents augment feeding by site-attached fish but at the same
time may have extremely high energetic costs. The “feed-rest” hypothesis suggests that the
fish rest motionless in quiescent shelters during non-feeding intervals and, when conditions

are right, the fish emerge from shelter, feed quickly, and then retreat back to rest.

Another possible mechanism (hypothesis 3) is the intefception and trapping of vertical
migrators — both descending and ascending (Isaacs and Schwartzlose, 1965; Genin et al.,
1988, 1994; Williams and Koslow, 1997; Fock et al., 2002), named as the “topographic
blockage” hypothesis by Genin (2004). Most of the studies supporting hypotheses 2 and 3 are
based on observations of potential prey (micronekton) rather than on the predatory fish
themselves. Only two studies have examined fish energetic requirements and food

availability on seamounts (Tseytlin, 1985; Koslow, 1997).

On seamounts off southern Tasmania, Australia, Koslow (1997) assumed an orange roughy
biomass of 100 t-km™, with a consumption of 1% of its body weight, a trophic level of four, a
trophic efficiency of 10%. Net prirﬁary production in the region was 200 gC-m™-year”;
enough to sustain only about one-tenth of the estimated biomass, or about 11 t-km™ of orange
roughy, assuming a conversion of carbon as 5% of wet weight. Using a different approach,
Koslow (1997) took into account the annual contribution to the fourth trophic level of the
particle flux from the surface (sinking of ungrazed phytoplankton) and vertical migrators. He
estimated that local production available to the fourth trophic level was about 1.25 gC-m’
2.year” which I estimate could only sustain about 7 t-km of orange roughy. Moreover, after

an extensive field sampling program off southern Tasmania, Williams and Koslow (1997)
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estimated a biomass of micronekton migrating to about 900m depth between 0.94 to 3.36
gC-m™2year. Usiné the conversion ratios presented by Koslow (1997) this micronekton
could sustain only between 5 to 18 tkm™ of orange roughy. All of these values are much less
than orange roughy biomass estimates for Tasmania seamounts (50-125 t-km™; Koslow,
1997). From these calculations Koslow (1997) concluded that local productivity (hypothesis
1) and vertical migrators (hypothesis 3) are not sufficient to sustain known aggregations of
seamount fishes on seamounts. Alternatively, they could be supported by advected sources

(hypothesis 2).

On the other hand, Tseytlin (1985) modelled the biomass of predatory fish that could be
sustained at a seamount by food sources explained in hypothesis 2 and 3. With several
assumptions, including a summit depth of 500m, a known mesozooplanktbn biomass of 50
mg'm’, a mean current velocity of 0.1 rpfs", and an average fish wet W;:ight of 200g, he
concluded that a ﬁaximum of 40 tkm™ of vﬁsh coﬁld be supported by the horizontal flow of
prey, while an extra 75 tkm™ of fish could be supported by vertical migrators, leading to a

total of about 115 t-km™, in the range of known orange roughy biomasses.

“All of these studies strengthen hypothesis that imported food supplies support large fish
aggregations on seamounts. However, these estimates account only for a single species and
do not take into account the multispecies complexity of seamount ecosystems in which there
may be more predators as well as additional sources of carbon and nutrients entering the food
web from mesopelagic fish, visiting fish, squid and crustaceans, and, in some cases, detritus
(Pitcher and Bulman, in press). On the south-eastern Australian and New Zealand seamounts,
for instance, several species of oreo dories (e.g., Pseudocyttus maculatus and Allocyttus
niger) are also ‘aggregating in high densities (Koslow, 1997; Bulman, 2002) and other
members of these communities such as the squalids and macrourids are also abundant
(Koslow et al., 1994; Bulman, 2002). Many of these species consume similar prey as orange
roughy and are therefore adding to the predation pressure on these prey (Bulman et al., 2001;

Bulman et al., 2002a).
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Ecosystem-based modelling approaches can help in understanding the complex nature of
ecosystem function. In seamount ecosystems, in particular, the complexity of the ecosystem
is heightened by the apparent trophic inequities. However, there have been few attempts to
fully model seamount ecosystems. Trophic models of the Tasmanian seamounts and large
aggregations of orange roughy and. oreos living on them were constructed using Ecopath with
Ecosim to explore the hypothesis of Koslow (1997) that these large fish aggregations were
supported by advection of prey past the seamdunt_s (Bulman, 2002; Bulman et al., 2002b).

Among the many tools for modelling marine ecosystems, the Ecopath with Ecosim (EwE)
modelling approach and software has proved to be one of the most successful. It has seen
widespread use and has generated helpful insights (Whipple et al., 2000; Robinson and Frid,
2003). The development of Ecopath in the early 1980s (Polovina, 1984) and its evolution in
the following years into a dynamic modelling tool (Walters et al.,, 1997, 1999, 2000;
Christensen and Walters, 20044, b), has allowed us to address ecological questions, evaluate
ecosystem effects of fishing, explore management policy options, analyse impact and
placement of marine protected areas, and model the effect of environmental changes (e.g.,
Christensen and Pauly, 1993; Jarre-Teichmann, 1998; Pitcher ef al., 2000; Shannon et al.,
2000;. Watson et al., 2000; Guénette et al., 2001; Watson and Pauly, 2001; Walter et al.,
2002; Christensen and Maclean, 2004; Morato and Pitcher, 2005; Pitcher ef al., 2005).

In an effort to better understand seamount ecosystem functioning, this paper will address how
complex seamount food web structures are sustained. I used a generic seamount ecosystem
model from the Northeast Atlantic to examine 1) the impact of a potential increase of local
primary production on higher trophic levels, 2) to quantify tﬁe immigration of micronekton
that would be required to maintain a “typical” seamount community, and 3) to quantify if the

necessary immigration ratios could be supported by local oceanographic conditions.
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3.2 METHODS

3.2.1 Modelling approach

The modelling approach used in this study was Ecopath with Ecosim (EwE), including
Ecospace (Christensen and Walters, 2004a). The parameterisation of an Ecopath model is
based on satisfying two ‘master’ equations. The first describes how production for each
group can be divided up, and the second is based on the principle of conservation of matter.
As a trophic mass-balanced model Ecopath assumes that, for each functional group i in an
ecosystem, mass balance should occur over a given time period. In the first ‘master’ equation
biomass production of a compartment (P;) is balanced by catches (Y;), predation mortality
(B;.M2,, where B; 1s the biomass of the group and M2; is the total predation rate for the
group), biomass accumulation (B4;), net migration (£; = emigration-immigration) and other
mortality (MO)), such that:

¢)) P.=Y +B -M2 +E, +BA + MO,

Production is usually estimated from the production/biomass ratio (P/B) and the average

annual biomass (B) and can be expressed as (P, = B, -(P/B),). Predation moitality can be

expressed as the sum of consumption by all predators (j) preying upon group (i), i.e.:

() B,-M2,=YB,-(Q/B), DC,

J=l

where (Q/B); is the consumption/biomass ratio of the predator (j) and DCj; is the fraction of
the prey (i) in the“a'\u/érage diet of the predator (). The other mortality can also be expressed
as:

(3) MO, = F,-(1- EE;)
where EFE is the ecotrophic efficiency, or the proportion of the production that is utilized in

the system.

Substituting (2) and (3) into the equation (1) means it can be re-expressed as:

(4)  B,-(P/B),-EE,=Y,+>.B,-(Q/B),-DC,, +E, + B4,
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The second ‘master’ equation is:
(5) Q=P +R +U,

where R; is respiration and U; is unassimilated food.

Ecosim uses the Ecopath model to estimate its initial parameters. It then uses a system of
differential equations of the form given in (6) to calculate the biomass fluxes between pools
through time:

dB,

(6) _c};-:g"ZQf"_ZQU’LI"_(Mi+F,»+€,)~B,
J j

where dB/dt represents the growth rate of i during the time interval dt, g; is the net growth
efficiency, M; the natural mortality rate, F; is fishing mortality rate, e; is emigration rate, /; is
immigration rate. The Q terms refer to consumption by group i (Q;;) and predation on i (),
and are calculated using the ‘forage arena’ concept. For further details regarding the
equations and their solutions see Walters et al. (1997, 2000) and Christensen and Walters
(2004a).

Ecospace represents bioméss dynamics (as in eq. 6) over a two-dimensional rectangular grid
space (x, y) and time (7). Such representations involve very complex sets of partial
differential equations. For each cell the immigration rate /; of eq. (6) is assumed to consist of
ﬁp to four immigration flows from the neighbouring cells in the grid. Similarly, the
emigration flows e; in eq. (6) are represented as instantaneous movement rates to nearby

cells. For further details see Walters et al. (1999).

3.2.2 Generic model for seﬁmounts in the North-Atlantic

A model of a hypothetical isolated seamount in the North Atlantic was built. The depth of the
summit below the surface was set to be at around 300 m and the base at around 2000m. The
area of the model was assumed to be 30 km radius from the summit, in order to include the

theoretical area of its influence (see Chapter 4). As a result the total area under consideration

was equal to 2827 km?.




A total of 37 functional groups were included in the ‘seamount EwE model, stratified by
depth of habitat (see Appendix 3 for details). The models included three marine mammal
groups (toothed whales, baleen whales and dolphins), seabirds, turtles, seven invertebrate
groups (benthic filter feeders such as corals or gorgonians, benthic scavengers, benthic
crustaceans, pelagic crustaceans, seamount resident cephalopods, small and large drifting
cephalopods), three zooplankton groups (gelatinous, shallow and deepwater zooplankton),

primary producers (phytoplankton), detritus and twenty fish groups.

Fish groups were divided based on environment use (depth and habitat — e.g., benthic,
pelagic or benthopelagic), size, energetics (Childress ef al., 1980; Koslow, 1996) and life-
history. A general stratification by depth was used: epipelagic, between of 0-200 m depth;
mesopelagic, the region of the oceanic zone from 200 ‘m to 1000 m; and bathypelagic,
between 1000 m to 4000 m depth. Seamount associated fishes were divided into three
different groups. fT-Cvo groﬁps éo‘n'tained spécies that are targeted by the north Atlantic fishery
(Hoplostethus atlanticus and'Beryx spp.), and a third group had the other seamount
associated species. The deep scattering layer (DSL; a 50-200 m thick, sound-reflecting layer
in ocean waters, consisting of a stratified, dense concentration of zooplankton and fish) was
not considered as a single group, but as several groups that take part in its formation (i.e.
shallow and gelatinous zooplankton, pelagic crustaceans, and small mesopelagic migrating

fishes).

The model parameters (Table 3.1) production to biomass ratios (P/B), consumption to
biomass ratios (Q/B) were calculated on a yearly basis: (year'). Biomass (t-km™) and catch
(t-km'z-year") were expressed in wet weight. The Q/B ratios for fish groups were estimated
using an empirical equation (Palomares and Pauly, 1998). Temperature values (Celsius
degrees) were established as being 18°C for the epipelagic region (0-200m), 8°C for the
mesopelagic region (200-1000m), and 6°C for the bathypelagic region (1000-4000m). For
some groups /B valueé were taken from other models. For most groups P/B ratios were
extracted from previously constructed models or were estimated assuming production and

consumption ratio equal to 0.3. The proportion of food consumed and not assimilated was
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taken as 0.2. When no biomass estimate was available, this parameter was estimated by
Ecopath using a value of 0.95 for Ecological Efficiency (EE). A prelimiﬁary diet matrix was
assembled using published data, unpublished local information, and empirical knowledge
(Table 3.2). Unidentified diet categories were excluded from the diet matrix and data were

re-scaled to 100%.

The theoretical seamount was assumed to have a low initial level of exploitation. Modelled
seamount ﬁsheri‘és' were loosely based oriA those operating at the Aidre_s / North Atlantic
ridge, and thus divided in 6 fleets (Morato et al., 2001): demersal longline (targeting shallow
water demersal and benthic fish species; operating mainly up to 600m depth); deepwater
longline (targeting bathypelagic and bathybenthic; operating mainly at 800-1200m); small
pelagics fishery (for small pelagic fishes); tuna fishery; swordfish fishery; deepwater trawl
(targeting seamount associated species, including orange roughy and alfonsinos; operating
mainly at 800-1200). Landings (Table 3.3) were assumed to be small and varied from 218
t-year" for shallow benthic fishes to 2.7 t-year” for billfishes. |

Initially, I assumed the seamount to be a closed system with no advection of micronekton
from outside the system or biomass accumulation. Thus, this model was named “closed
seamount model”. Another model was built which estimated rates of advection of
micronekton into the system required to sustain various levéls of fish biomass. This later

model was named “advection seamount model”.(described in section 3:2.4).
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Table 3.1 — Input parameters and estimates (in parentheses) from the theoretical “closed
seamount” (closed) and “advection” (adv.) models of a seamount. P/B is production to
biomass ratio, Q/B is consumption to biomass ratio, EE is ecotrophic efficiency, and TL is
trophic level of the groups. P/B, Q/B, TL and catch were the same in the immigration and no-
migration models. Bold numbers show those groups with increased biomass as a result some
type of seamount effect.

Blom.':_IZSS Blomz}zss P/B Q/B EE EE Catc}_l2
Group name (tkm™) (tkm™) 1 1 TL (tkm
(year') (year’) closed adv. i
closed adv. -year ')
Toothed whales - 0.0001 0.0001 0.020 10.270 (0.514) 0514 5.03
Baleen whales 0.123 0.123 0.060 5.563  (0.024) 0.024 345
Dolphins 0.040 0.100 0.070 11410  (0.049) 0.020 4.31
Sea turtles 0.001 0.001 0.150 3.500  (0.900) 0.900 3.83
Seabirds 0.0001 0.00025 0.040 84390  (0.257) 0.103 4.25
Tunas 0.032 0.191 0.742  16.291 (0.706) 0.118 4.34 0.011
Billfishes 0.020 0.020 0.500 4.200  (0.101) 0.101 4.53 0.001
Pelagic sharks 0.011 0.011 0.300 3.100  (0.916) 0.914 4.57 0.002
Benthopelagic sharks 0.030 0.030 0.510 6.900  (0.154) 0.154 433 0.002_
Rays and skates 0.020 0.020 0.170 1.500  (0.678) 0.678 3.84 0.002
Large oceanic plankti\'/ores (0.003) 0.003 0.112 2.066 0.100 (0.100) 3.50
Small epipelagic fish 0.859 0.859 2.053  19.867 (0.734) 0.734 3.07 0.050
Medium epipelagic fish 0.113 0.113 1.080  10.750  (0.982) 0.983 3.53 0.010
Large epipelagic fish 0.014 0.014 0.690 5.095 (0.870) 0.870 4.10
Small mig. mesopelagic tish 2.000 2.000 1.980 8.000 (0974) 0974 3.30
Large mig. mesopelagic tish 0.970) 0.970 0.600 3.550 0.950 (0.950) 3.98
Non-mig. mesopelagic fish (3.974) 3.974 0.500 1.570 0.950 (0.950) 3.17
Shallow benthic fish (0.723) (0.723) 0.590 4.700 0.950 0.950 3.64 0.080
Shallow demersal fish ‘ (0.215) (0.215) 0.660 5.200 0.950  0.950 398 0.020
Seamouts-associated fish - (0.592) 0:592 0.060 2.200 10.950 (0.945) 4.08 0.011
Hoplostethus atlanticus (0.780) 41.930 0.048 2.000 0.850 (0.040) 4.19 0.010
Beryx spp. (0.531) 5.313 0.060 2.000 0.950 (0.095) 3.87 0.010
Bathypelagic fihes (0.796) 0.796 0.500 1.477 0.950 (0.950) 3.82 0.006
Bathybenthic fishes L (1.264) (1.265) 0.200  0.500 0.950 (0.950 3.27 0.003
Bathydemersal Fishes (1.009) (1.010) 0.200 0.600 0.950 0.950 3.86 0.002
Benthic invert. filter feeders (0.755) 0.755 0.800 9.000 0.950 (0.950) 2.00
Benthic invert. scavengers (2.869) (2.870) 1.830  13.567 0.950  0.950 2.37
Benthic crustaceans (3.425) (3.426) 1.600  10.000 0.950 0.950 222
Pelagic crustaceans (6.094) 6.094 1.450 9.667 0.950 (0.950) 2.69
Cephalopods resident (0.120) (0.119) 2.890 10.000 0.950  0.950 3.39
Cephalopods drifting small (0.349) 0.349 4450 16.863 0.950 (0.950) 3.60
Cephalopods drifting large (0.006) 0.006 2.500  10.000 0.950 (0.951) 4.15
Gelatinous zooplankton (9.428) 9.428 0.850 2.000 0.800 (0.800) 2.84
Shallow zooplankton 16.684 16.684 (11.214) 37379  (0.710) 0.710 2.11
Deep zooplankton 6.849 6.849 (8.700) 29.000 (0.718) 0.718 2.11
Phytoplankton 7.160 7.160  283.500 - (0.261) 0.267 1.00
Detritus '100.000  100.000 - - (0.160) 0.162 1.00
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Table 3.2 — Diet matrix in weight proportions for a generic seamount model in the Northeast Atlantic.
Columns stand for predators while rows stand for prey. Numbers in columns headings represent the
predator groups as defined in different rows of the first two columns.

Prey \ Predator

1 2 3 4 5 6 7

8 9 10 11 12 13 14 15 16 17 18 19

I Toothed whales

2 Baleen whales

3 Dolphins

4 Sea turtles

5 Seabirds

6 Tunas

7 Billfishes

8 Pelagic sharks

9 Benthopelagic sharks
10 Rays and skates
11 Large oceanic planktivores
12 Small epipelagic fish
13 Medium epipelagic fish
14 Large epipelagic fish
15 Small mig. mesopelagic fish
16 Large mig. mesopelagic fish
17 Non-mig. mesopelagic fish
18 Shallow benthic fishes
19 Shallow demersal fishes
20 Seamouts-associated fishes
21 Hoplostethus atlanticus
22 Beryx spp.
23 Bathypelagic fihes
24 Bathybenthic fishes
25 Bathydemersal Fishes
26 Benthic invert. filter feeders
27 Benthic invert. scavengers
28 Benthic crustaceans
29 Pelagic crustaceans
30 Cephalopods resident
31 Cephalopods drifting small
32 Cephalopods drifting large
33 Gelatinous zooplankton
34 Shallow zooplankton

0.001
0.001
0.10
0.001
0.10
0.007
0.08 0.01
0.010.100.30 0.250.420.30
0.05 0.080.35
0.10
0.100.100.050.050.04
0.06 0.050.05
0.10 0.250.05
0.10 0.10 0.100.01
0.05
0.10
0.05
0.08
0.02
0.01
0.06 0.05
0.200.050.10 0.100.08
0.050.100.010.150.150.10
0.20 0.05

0.05 0.890.03 0.03
0.25 0.050.07

0.005
0.001
0.001
0.140 0.01
0.005
0.01
0.007  0.002
0.001
0.20 0.080.10 0.200.40 0.030.05
0.05 0.20
0.050.01 0.09 0.050.01  0.167  0.200.15
0.05 0.01

0.10 0.03 0.02  0.1560.01
0.050.10 0.07 0.15
0.150.050.015

0.050.005 0.001

0.05

0.05 0.001

0.05 0.056

0.10 0.03
0.100.05 0.08 0.009

0.05 0.08 0.070.05

0.05 0.18 0.150.15
0.010.05 0.07 0.250.05
0.010.10 0.180.09 0.100.050.200.1110.090.100.15
0.050.10 0.01 : 0.05

0.010.09 0.050.10  0.167 0.10
0.060.04
0.158  0.1000.050.100.100.111  0.200.10

0.350.8000.550.100.35 0.90

35 Deep zooplankton - 0.35 0.28 0.350.222
36 Phytoplankton 0.05 0.100

37 Detritus 0.05

38 Import
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Table 3.2 — cont.

Prey \ Predator 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
1 Toothed whales
2 Baleen whales
3 Dolphins
4 Sea turtles
5 Seabirds
6 Tunas
7 Billfishes
8 Pelagic sharks
9 Benthopelagic sharks
10 Rays and skates
11 Large oceanic planktivores
12 Small epipelagic fish 0.050.05
13 Medium epipelagic fish
14 Large epipelagic fish
15 Small mig. mesopelagic fish 0.350.35 0.100.10 0.10 0.050.150.10
16 Large mig. mesopelagic fish 0.05 0.10 0.10 0.05
17 Non-mig. mesopelagic fish 0.15 0.050.10 0.10 0.05 0.100.100.10
18 Shallow benthic fishes 0.05
19 Shallow demersal fishes ’
20 Seamouts-associated fishes - 0.005 0.005
21 Hoplostethus atlanticus . 0.005 0.01
22 Beryx spp. ' 0.01
23 Bathypelagic fihes 0.10 0.005 0.05
24 Bathybenthic fishes 0.045 0.05 0.15 0.20
25 Bathydemersal Fishes 0.05 0.05 0.01 0.30
26 Benthic invert. filter feeders 0.20 0.05 ,
27 Benthic invert. scavengers 0.10 0.10 0.20 0.05 0.10
28 Benthic crustaceans 0.05 0.25 0.10 0.10 0.10
29 Pelagic crustaceans 0.050.25 0.500.10 0.10 0.05 0.150.050.100.10
30 Cephalopods resident 0.05 0.05 0.05
31 Cephalopods drifting small 0.050.15 0.040.15 0.01 0.05
32 Cephalopods drifting large
33 Gelatinous zooplankton 0.150.05 0.050.65 0.05 0.05 0.150.20
34 Shallow zooplankton 0.050.100.3750.150.10 0.350.100.05
35 Deep zooplankton 0.20 0.015 0.050.10 0.25 0.200.200.25 0.05
36 Phytoplankton 0.25 0.10. 0.25 0.100.800.10
37 Detritus 0.055 0.185 0.150.750.700.700.1250.200.10 0.200.100.80
38 Import
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Table 3.3— Catch (t-km™-year') and total catch (t'year') estimated for the different fisheries

considered in the theoretical seamount. DL is demersal longline; DWL is deep-water

longline; SP is small pelagics fishery; T is tuna pole-and-line fishery; SW is swordfish

longline fishery; and DWT is deep-water trawl.

Landings by fleet (tkm™-year™) t-year’
Group name DL ~ DWL  sP T SW  DWT  Touwl
Tunas 0.011 | 30.0
Billfishes 0,001 2.7
Sharks Pelagic 0.001 0.001 5.5
Sharks Benthopelagic 0.001 0.001 5.5
Rays and Skates 0.002 . 5.5
Epipelagic S 0.050 136.4
Epipelagic M 0.010 27.3
Shallow Benthic Fishes 0.080 218.2
Shallow Demersal fishes 0.020 54.6
Seamouts-associated Fishes 10.001 0.010 30.0
Hoplostethus atlanticus 0.010 27.3
Beryx spp. 0.005 0.005 27.3
Bathypelagic 0.005 0.001 16.4
Bathybenthic fishes 0.002 10.001 8.2
Bathydemersal Fishes 0.001 0.001 5.5
Total (t-km™year™) 0.110  0.008 0.060 0.011 0.002 = 0.029
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3.2.3 Impact of primary production enhancement

I explored the potential impact of heightened levels of primary production on higher trophic
levels, using the “closed model”. The estimated primary productivity for the Northeast
Atlantic region was 2030 t-km'z-year"l (SeaWIFS data set). Pauly ef al. (pers. comm.) found
that seamounts whose peak reaches to within 100 m of the surface would generate an
increase in local primary production of between 50 to 70% of the surrounding areas, while
those with summits at 300m depth would generate an increase of only between 2 and 5%. |
used these values to estimate the biomasses of orange roughy that could be sustained under
these conditions. Also, | quantified the amount of primary production required (PPR) to
sustain different levels of orange roughy biomasées, as reported for several geographical

arcas.

The “closed” seamount model was balanced by providing the biomasses of ten top predators:
toothed whales, baleen whales, dolphins, sea-turtles, seabirds, tunas, billfishes, pelagic
sharks, benthopelagic sharks, rays and skates. The Ecopath model was then run with different
biomasses of orange roughy and the primary production required to sustain the new system
was calculated. The linear relationship between PPR and orange roughy biomass was then

computed and the levels of orange roughy sustained by different levels of local PP estimated.’

3.2.4 The “advection model”

Using the EWE appfoach, advection of prey can be modelled in two ways. The first approach,
which is used on]y.'-wh;er-] the‘r?elis a rpermanenti a_ddifion of ‘organisr'ns Tréfn‘ other areas outside
the system, assumes treatment of migratory flows as dispersal (immigration / emigration)
rates across the system boundaries (Christensen et al., 2005). Dispersal rates allow
quantification of the amount of imported resources needed to maintain the system and
simulation of the impact of different levels of immigration, due to inter-annual changes in
climate, primary production, and currents. The second approach, which I did not use,

involves the assignment of a high diet proportion as “import” in the Ecopath diet composition

matrix (Christensen et al., 2005).




I simulated and quantified the immigration of prey organisms that would be required to
maintain a “hypothetical” seamount community. Total immigration rates required were
estimated as a function of potential biomass of predators as:

(7Y I=aBtb
where the slope a is the Q/B ratio of predator j and the intercept b is roughly the consumption

of the predator in the balanced “closed seamount model”.

To estimate the total immigration required to sustain a “typical” seamount community in the
northeast Atlantic, I assumed that the standing biomasses estimated by the “closed seamount
model” would roughly represent the biomasses of most of the groups, except for seamount
aggregating fish, orange roughy, Beryx spp., and some pelagic fish groups that are attracted
to seamounts (i.e., seabirds, tunas, billfishes, and pelagic sharks). P/B, Q/B, EE, and the
estimated standing biomasses were re-entered in the new model and the following
assumptions were made: 1) biomass estimates for orange roughy in the North Atlantic are not
available and so southern hemisphere data from Bulman (2002) were used. Biomass was re-
scaled to the total area, assuming that part of it is open water where seamount associated
species are unlikely to occur (41.9 t-km-year'); 2) biomasses alfonsinos were estimated to
be 10 times higher than in the “closed seamount model” (5.3 t~km'2~year"); 3) biomass of
groups attracted to seamounts was increased based on data from Chapter 4, and thus
considered greater than in the open ocean, i.e. abundances of marine mammals, seabirds and
tuna were assumed to be 2.5, 2.5 and 6 times higher than in the “closed seamount model”. No

changes were made to the benthic filter feeding group.

In order to check if the necessary immigration ratios could be supported by local
oceanographic conditions I estimated the available micronekton in t-km™-year™ that could be
advected to the system. Ocean cufrent velocity (V) was derived from local measurements at
the Sedlo seamount North of the Azores island of Graciosa while the standing biomass (B) of

migrating groups (/) were assumed to be those of the “closed seamount model”. The

immigration (/) of micronekton can thus be estimated as:




®)  L=VeB W'

where W is the average width of the area covered by the model.

Sedlo seamount (40° 20°N, 26° 54’W) current patterns have been described by White et al.
(2006). Sedlo is an elongated, multi-peaked seamount located within the sub tropical north
Atlantic gyre. Current residual flow at Sedlo seamount may average 5 cm's” in the upper
800m while in deeper waters (>800m) may average | cm's™. Tidal currents appeared to be
amplified by about 2-4x the surrounding ocean values. Since most of the orange roughy
aggregations are found at 800m or deeper, and in order to have conservative estimates of

immigration rates, [ assumed -V, of 1 cms™.

3.3 RESULTS

3.3.1 The “closed séamount rhode{ »

The initial model was built w1th ;10 special features in the seamount ecosystem, in order to
estimate baseline standing biomasses for the different groups. This “closed model” was
balanced after small changes in the diet matrix and the resulting parameter set is given in ‘
Tables 3.1 and 3.2; trophic structure is shown in Figure 3.1. The total biomass of the modeled
ecosystem, excluding detritus, was estimated as 68 tkm™. Primary producers account for
10.5% of the total biomass of our “closed model”, whereas the highest trophic levels
(TL>4.30), i.e., toothed whales, pelagic sharks, billfishes, tunas, benthopelagic sharks and
dolphins, account for 0.14% of the total biomass. Aggregating fishes account for only 2.8%

of the total biomass of the system. The estimated biomasses were 0.78 tkm™ of orange

roughy, 0.53 t-km™ of alfonsinos, and 0.59 t-km™ of other seamount-associated fish species.
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3.3.2 Impact of primary production enhancement

In our system the biomass of orange roughy (B,m) can be expressed as a function of the
primary production (PP) as: Bes (tkm™?) = 0.0018-PPR-2.965 (or PPR (tkmZyear') =
542.1-Bon+1607.6). The average primary productivity for the Northeast Atlantic (PPyga)
could sustain only about 0.78 tkm™-year™' of orange roughy for our generic seamount model.
This analysis is based on the assumption of a linear relationship between PP and biomass of
higher trophic levels, which may not always be the case, thus warranting further examination

mainly through dynamic simulations modelling.

The effect of primary production (PP) enhancement on orange roughy biomass at the “closed
seamount model” in the Northeast Atlantic is presented in Table 3.4. A 50-70% increase in
local PP, typical for seamounts reaching to about 100 m of the surface (Pauly et al., pers.
comm.), could sustain about 3.0-7.3 t-km™ of orange roughy biomass, which represents a four
to nine fold increase in biomass when compared to the non PP enhaﬁcement scenario. Our
results suggested that seamounts with summits at about 300m depth (depth of the summit in
the generic seamount model), and which generate an increase in PP between 2 and 5%, could
sustain only 0.8-1.0' tkm™ of orange roughy. As previously suggested, t_hé values of PP
required to sustain the levels of orange roughy biomass reported from different seamouﬁts
around the world are much higher than the observed values. For example, to sustain 100
2 of orange roughy (similar to that observed off Tasmania; Koslow; 1997; Bﬁlman,
2002) the PPR is about 55800 t-km™-year™', 28 times higher than the observed values for the
Northeast Atlantic. o | ‘

t-km’

3.3.3 The “advection model” _

Total immigration biomass was estimated as a function of the potential biomass of different
- predatory groups that are somehow attracted to seamounts (Table 3.5). Taking as an example
the orange roughy, the total immigration rate required (tkm™?-year') was estimated as: [ =

2.00-B,»~1.560. Thus, a potential biomass of orange roughy of 100 t-km™* will require a total

immigration rate of 198.4 tkm™year', which represents an import of 119% the total




standing biomass of the system (excluding detritus). Prey groups with higher immigration
rates were: small (vertical) migrating mesopelagic fish (69.5 tkm?year"), pelagic
crustaceans (49.6 tkm?year'), mesopelagic non-migrating fish (29.8 tkm?-year'), small
drifting cephalopods (29.8 tkm>-year™), gelatinous zooplankton (9.9 t-km™?-year") and large

(vertical) migréting mesopelagic fish (9.9 t-km2-year™).

Table 3.4 —Effect of primary production (PP) enhancement on orange roughy biomass at a
generic seamount in the Northeast Atlantic. Estimated primary productivity for the Northeast

Atlantic (PPxga) region was 2030 tkm™year” (SeaWIFS data set).

PP Enhancement PP Biomass (orange roughy)
(tkm™?-year™) (tkm™)
1.00 2030 0.780
1.02 2071 0.855
1.05 2171 1.046
1.50 3261 3.052
1.70 5544 7.263

Table 3.5 - Total immigration rate required (tkm?>year'), estimated as a function of
potential biomass of predators as: / = a-B;+b; where B, is the biomass of the predator j, the
slope a is the Q/B ratio of i and the intercept b is roughly the consumption of i in the

balanced “closed seamount model”.

Predator Group a b
Orange roughy 2.000 -1.560
Alfonsinos 2.000 -1.062
Dolphins 11.410 -0.456
Seabirds 84.390 -0.008
Tuna 16.291 -0.519
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To enable the model to estimate the total immigration required to sustain a “typical”
seamount community in the northeast Atlantic, abundances of dolphins, seabirds and tuna
were assumed to be 0.1, 0.00025 and 0.191 tkm™, respectively. Using these abundances to
estimate the prey immigration rates required to sustain these predatory groups, I calculated
that marine mammals (dolphins only) require 0.7 tkm™-year", seabirds 0.01 t-km?-year’,
and tuna 2.6 t-km?-year™. Additionally, I assumed biomasses of orange roughy of 41.9 t-km™
and of alfonsinos of 5.3 tkm™ requiring immigration rates of 82.3 tkm™>year" and 9.6 t-km’
*.year’, respectively. In this case, the total immigration rate required to sustain this “typical”

seamount community would be 95.2 t~km'2-year".

If T assumed an average current velocity (¥,) of 1 ems™ (or 315 km-year"), a model width
(W) of 53 km and a standing biomass (B) of migrating groups of 23.787 tkm™ (i.e. small
epipelagic fish, medium e‘pipelagic"ﬁsh, small migratiﬁg mesopelagic fish, large migrating
mesopelagic fish, non-migrating mesopelagic fish, pelagic crustaceans, drifting small
cephalopods, and gelatinous zooplankton), the total immigration rates available to the system
was about 14‘1.5> t-km?-year, about 50% more than what may be needed be the “typical”
seamount ecosystem (95.2 tkmZ-year'). Higher current velocities, typical from seamount

summits, generated even higher biomasses of advected organisms.

I also tested the extent to which current velocities and advected rates of organisms may
influence the potential standing biomass of orange roughy. For most current velocities there
was enough food to sustain high standing biomasses of orange roughy (Figure 3.2). Only
when the biomass of advected micronekton and current velocity were both very low (below

10 tkm™ and 5 cm-s”, respectively), may food be a limiting factor for orange roughy.

Otherwise, it seems that food is not the limiting factor for orange roughy abundance.
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Figure 3.2 — Potential biomass of orange roughy (t-km™) that could be sustained by different

rates of advected micronekton (t~km'2-year") and oceanic current velocities (cm's™). Scale

goes from white and light blue (low rates of advection) to dark red (high rates of advection).

3.4 DISCUSSION

The “closed seamount model” was built to estimate baseline standing biomasses for the
different groups. Compared to a general “open ocean” model built for the North Atlantic
(Vasconcellos and Watson, 2004) the biomasses estimated for the pelagic groups were very
similar. Such a result was expected because | did not take into account any ecological
processes such as dense fish aggregations around seamounts, the hydrological trapping of
small organisms or horizontal flux of micronekton. In contrast, estimated biomasses for
benthic and demersal groups of the present study were higher than in the open ocean model.
For example, Vasconcellos and Watson (2004) estimated biomass of small and large
bathydemersal fish in the slope and abyss zones of the North Atlantic as being 0.45 t-km™
while in the seamount models the biomass of bathydemersal and bathybenthic fishes summed

to almost five times as much, 2.06 tkm™. These differences are due to greater habitat
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availability at suitable depths for these groups on seamounts. On the other hand, our biomass
estimates of benthic organisms were very similar to the estimates for a deepwater flat bottom

model off Tasmania (Bulman, 2002).

The estimated biomasseé of seamount associated species (orange roughy, alfonsinos, and
other seamount associated fishes) in the “clésed model” were very low (<2 t-km™) when
compared to reported abundances found in the literature (Koslow, 1997; Bulman, 2002). For
example, off Tasmania Bulman (2002) estimated biomasses of different seamount
aggregating fish as 106.7 tkm™ of orange rdughy, 4.11 tkm™ of oreos (Pseudocyttus
maculatus, Neocyttus rhomboidalis and Allocyttus niger) and 8.21 tkm™ of warty dory
(Allocyttus verrucosus). These estimates were based on many assumptions and were later
foﬁnd to be conservative. Using commercial catch data from Tasmania seamounts Bulman et
al. (2002b) found the biomass of oreos to be 300 t-km™. Thus, these results suggest lack of
resources in the system to support such amounts of seamount aggregating fish. In other
words, local seamount production may be responsible for sustaining only a small amount of
ité total biomass. The question of whether increased primary production could explain the

occurrence of large aggregations of seamount fishes was thus tested.

The second part of this work was to obtain more accurate estimates of the primary production
required (PPR) to sustain large aggregations of fish around seamount ecosystems. Our study
supports the idea that local primary productivity enhancement cannot sustain large
aggregations of seamount fishies. However, our rgsults differ markedly from. those of the

previous studyAbased on a simpler approach. Koslow (1997), estimated that the PPR to

‘sustain 100 t-km™ of orange roughy was about 18000 t-km™?-year’, while in our study the

PPR to sustain the same biomass would be about 56500 t-km>year . The difference is due to
our use of an ecosystem approach instead of single species perspective, i.e., not all PP will be
available to orange roughy as in Koslow (1997) assumptions. Instead, there will be many
other predators feeding on same prey as roughy that will also require some PP. From these

calculations,-1 can conclude that aggregations of seamount fishes on seamounts cannot likely
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be sustained by local biological productivity. This finding refutes the first hypothesis and
supports Koslow (1997).

Therefore, how are large aggregations of fish sustained around seamounts? Both local
production and enhanced primary production (Uda and Ishino, 1958; Hubbs, 1959; Uchida
and Tagami, 1984) are clearly not sufficient sources of energy to these aggregations. Our
simulations using the “advection” model clearly show that these aggregations might be
sustained by the horizontal flux of prey organisms that past seamounts, thus supporting the
“feed-rest” hypothesis (term used by Genin, 2004) originally proposed by Tseytlin (1985). |
suggest that the required flux of micronekton to an intermediate seamount can be measured
as I = 2.00:8,,4,-1.560 (where [ the immigration to the system and B, is the biomass of

orange roughy).

This seamount model, which took into account high abundances of fish, marine mammals,
seabirds and tuna, required a total immigration of micronekton of 95.2 tkm™year", which is
less than the potential available biomass after considering currents (141.5 tkm?-year').
Therefore, | suggest that the horizontal flux of prey may be sufficient to sustain the rich
communities living on seamounts. Problems with these calculations may arise from over-
estimation of standing biomasses of micronekton (23.8 t-km™ in our example); or from over-
estimation of current velocities (0.1 cm's” in our example). However, using acoustic and
trawling methods, the standing biomasses of mesopelagic fishes and pelagic crustaceans off
southern Tasmania were estimated to be about 100 tkm™ and 5 t-km™ respectively (Koslow
et al., 1997; Williams and Koslow, 1997). These values are four times higher than the values
I used in our model. Furthermore, the current velocity 1 used is a very conservative value.
Current velocities measured in different intermediate or shallow seamounts in northeast
Pacific Ocean range from about 12 cms” at Cobb seamount (Freeland, 1994) to 20-40 cm's”!

at Fieberling seamount (Eriksen, 1991) or 15-35 cm-s™ at Emperor Seamount (Roden, 1987).

In the north Atlantic current velocities at Great Meteor Seamount measured 12-15 cm-s”

(Mohn and Beckmann, 2002) and at Gorringe seamount measured 15-20 cm's” (Serra and

Ambar, 2002).




These results suggest that food may not be a limiting factor for orange roughy at some
seamounts. Only when the biomass of advected micronekton and current velocity are both

2

extremely low (below 10 tkm™ and 5 cm's”, respectively) will the flux of jarey be

insufficient to sustain large aggregations of orange roughy (Figure 3.2).

The question now is what can influence seamount fish abundance and explain the high
variability of abundances from one seamount to the other (e.g., Clark er al., 2001,
McClatchie and Coombs, 2005; Rowden et al., 2005). There is a considerable literature
dealing with the composition of fish assemblages and their association with various
environmental factors. Aspects of bottom depth, latitude, longitude, sediment type, bottom
temperature, and oceanographic water masses are frequently recorded as important in
determining fish species composition and abundance (e.g., Haedrich and Merrett, 1990;
Koslow, 1993; Koslow et al., 1994; Francis et al., 2002). Clark et al. (2001) examined
relationships between physical variables of seamounts around New Zealand, and the
estimated size of ‘Vohrange roﬁghy-populations fro‘my those se:am(')unts, They used multiple
regression procedures to model the effects of the physical variables. Seamount location,
depth of the peak, slope of the seamount flanks, and geological association (continental or

oceanic) were significant factors in determining stock size in various analyses.

Since I have shown that food may not be a limiting factor, other factors may explain the high
variability of abundances between seamounts (Melo and Menezes, 2002). For large
aggregations of seamount fish the availability of sheltered or resting areas may be a
determinant factor in explaining intra-seamount differences in abundance. This is probably
the reason why Clark er al. (2001) found the slope of the seamount flanks a significant factor..
For example, orange roughy and some oreos have a relatively high metabolic rate compared
to many other deep-sea fishes as they in order to maintain position in highly dynamic current
regimes require strong locomotory performance (Koslow, 1996; Bulman, 2002). However,

they will also need quiescent areas for resting between feeding events. Some observational

studies support this hypothesis (Lorance et al., 2002), showing that perhaps the fish has




evolved to efficiently utilize enhanced horizontal fluxes in strong currents and to effectively
reduce their metabolic expenditure by resting motionless in topographic shelters (Genin,

2004).

Another key element that can explain the high variability in abundance from one seamount to
the other is recruitment. Different seamounts will have different probabilities of hosting large
aggregations of fish due to different probabilities of receiving those fish from elsewhere, as

Juveniles or adults. Clark’s et al. (2001) factors, seamount location and geological association

may play an in%poﬁant role in éXplaining recruitment variability.
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