The Sargasso Sea Subtropical Gyre

The Spawning and Larval Development Area
of Both Freshwater and Marine Eels

Michael J. Miller and Reinhold Hanel

Number @ Sargasso Sea Alliance Science Report Series

@ SARGASSO SEA ALLIANCE @ GOVERNMENT OF BERMUDA



When referenced this report should be referred to as:

Miller, M.J. and R. Hanel. 2011. The Sargasso Sea Subtropical Gyre: The Spawning and Larval Development
Area of both Freshwater and Marine eels. Sargasso Sea Alliance Science Report Series, No 7, 20 pp.
ISBN 978-0-9847520-9-6.

The Sargasso Sea Alliance is led by the Bermuda Government and aims to promote international
awareness of the importance of the Sargasso Sea and to mobilise support from a wide variety of

national and international organisations, governments, donors and users for protection measures
for the Sargasso Sea.

Further details:

Dr David Freestone, Executive Director, Sargasso Sea Alliance, Suite 300,
1630 Connecticut Avenue NW, Washington D.C., 20009, USA.
Email: dfreestone@sargassoalliance.org

Kate K. Morrison, Deputy Director, at the same address
Email: kmorrison@sargassoalliance.org

The Secretariat of the Sargasso Sea Alliance is hosted by the Washington D.C. Office
of the International Union for the Conservation of Nature (IUCN).

Website is www.sargassoalliance.org

This case is being produced with generous support of donors to the Sargasso Sea Alliance: Ricardo
Cisneros, Erik H. Gordon, JM Kaplan Fund, Richard Rockefeller, David E. Shaw, and the Waitt
Foundation. Additional support provided by: WWF Sweden and the Pew Environment Group.

cover pHoTO: European eel, Reinhold Hanel.

ISBN 978-0-9847520-9-6




The Sargasso Sea Subtropical Gyre

The Spawning and Larval Development Area
of Both Freshwater and Marine Eels

Michael J. Miller

Research Scientist

Atmosphere and Ocean Research Institute
The University of Tokyo

Chiba, Japan

Reinhold Hanel

Director
Thiinen-Institute of Fisheries Ecology
Hamburg, Germany



Foreword

ETWEEN 2010 AND 2012 alarge number of authors from seven different countries and
B 26 separate organisations developed a scientific case to establish the global importance
of the Sargasso Sea. A summary of this international study was published in 2012 as the
“Summary science and Supporting Evidence Case.” Nine reasons why the Sargasso Sea is
important are identified in the summary. Compiling the science and evidence for this case
was a significant undertaking and during that process a number of reports were specially
commissioned by the Sargasso Sea Alliance to summarise our knowledge of various aspects
of the Sargasso Sea.

This report is one of these commissioned reports. These are now being made available
in the Sargasso Sea Alliance Science Series to provide further details of the research and
evidence used in the compilation of the summary case. A full list of the reports in this series
can be found in the inside back cover of this report. All of them can be downloaded from

www.sargassoalliance.org.

Professor Howard Roe Professor Dan Laffoley
Science Advisory Committee Chair Science Coordinator
Sargasso Sea Alliance Sargasso Sea Alliance
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The Sargasso Sea Subtropical Gyre: The Spawning and
Larval Development Area of Both Freshwater and Marine Eels

he Sargasso Sea is a large oceanic region that makes

up the western portion of the subtropical gyre of
the North Atlantic and is perhaps most famous among
scientists for being the spawning area of the two species
of freshwater eels, the European eel, Anguilla anguilla,
and the American eel, Anguilla rostrata. How and where
these eels reproduce was a mystery since the age of the
Greek philosopher Aristotle, because the eels would
leave freshwater never to be seen again, except that their
offspring, called glass eels would mysteriously return again
every year. Eventually though, their larvae were identified
and by gradually searching for smaller and smaller larvae
of these eels in the ocean, which are called leptocephali,
by using a variety of ships to collect data, the Danish
scientist Johannes Schmidt finally discovered that these
two species of eels actually migrate all the way from their
freshwater and estuarine growth habitats in Europe and
North Africa and eastern North America, to the southern
region of the Sargasso Sea to spawn (Schmidt 1912, 1922;
FIGURE 1, 2). This discovery was considered one of the
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FIGURE 1. Map showing the general regions where
different sizes of Atlantic anguillid eel leptocephali were
collected by Johannes Schmidt in the Sargasso Sea region,
for the American eel, Anguilla rostrata (dashed lines), and
the European eel, Anguilla anguilla (solid lines). Modified
from Schmidt (1922).
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Sinclair 2010).
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great discoveries in fish biology, and their migration
to spawn in the Sargasso Sea is still one of the classical
examples of animal migration.

However, all is not well with these eels despite their
spawning area being located offshore in the Sargasso Sea
far away from most human influences. The population
levels of both species have declined, and recruitment to
many areas has fallen drastically in the last 3 decades. For
the American eel, recruitment to the northern edge of
its range at the St. Laurence River in Canada has fallen
drastically (Casselman 2003), and recruitment of the
European eel to much of its range has fallen so low that
since 2009 it has been listed on the Appendix Il of the
Convention on International Trade in Endangered Species
of Wild Fauna and Flora (CITES).

As a result of the steep decline in European eel
numbers, the European Commission has proposed and
implemented a Community Action Plan for protection
and recovery of the severely depleted eel stock (Council
Regulation (EC) No 1100,/2007). This regulation includes
the preparation of management plans for each eel river
basin by the member states with the objective to reduce
anthropogenic mortalities to permit the escapement to
the sea of at least 40% of the silver eel biomass relative
to the best estimate of escapement that would have
existed without anthropogenic influences. It is hoped that
by taking discrete management actions for each EU river
basin, the number of spawners reaching the Sargasso Sea
can be increased.

There has been much debate and concern about
what has caused the decline of the Atlantic eels (e.g. Dekker
et al,, 2003; ICES 2001, 2006, 2007), with explanations
ranging from habitat loss and overfishing, or parasites, virus
infections and contaminants accumulating in their bodies
affecting the migration or spawning abilities (e.g. Robinet
and Feunteun 2002; Kirk 2003; van Ginneken et al., 2005;

Palstra et al, 2007; Belpaire and Goemans 2007; Jakob
et al, 2009a,b), to changes in the physical or biological
characteristics in their Sargasso Sea spawning area or
during their long larval migrations back to their continental
growth habitats (Castonguay et al, 1994; Knights 2003).
For example, the implementation of dams in both Europe
and North America has reduced the amount of effective
habitat for diadromous species greatly, and what river
habitat that was left available for recruitment and safe
outmigration of the adults was heavily impacted by
development and pollution (Haro et al, 2000). Fishing
pressure on the recruiting glass eel stage also increased in
recent decades due to the export trade for aquaculture in
Asia. Compounding these factors, at about the same time as
the large declines began, there was a major regime shift in
the North Atlantic that altered some physical and biological
characteristics in the Sargasso Sea and the wider ocean
basin, thus possibly influencing the survival or transport of
their leptocephali (Castonguay et al., 1994; Knights 2003;
Friedland et al,, 2007; Bonhommeau et al., 2008a,b; Kettle
etal, 2008; Miller et al,, 2009; Durif et al., 2011).
Regardless of what is causing the declines in these
eel species, what is known is that they both appear to
spawn in the southern part of the Sargasso Sea. This
spawning area was discovered in the early part of the
20th Century after collections of leptocephali were made
in many regions of the Atlantic Ocean and Mediterranean
Sea, but small larvae were only found in the southern
Sargasso Sea (FIGURE 1, Schmidt 1912, 1922). The
Sargasso Sea subtropical recirculation gyre (Marchese
and Gordon 1996, Marchese 1999) has the northward
flowing Florida Current to the west that continues as the
Gulf Stream to the north, with westward flow along the
southern margin of the gyre as shown diagrammatically
in FIGURE 3 (Worthington 1976; Stommel et al,, 1978;
Schmitz and McCartney 1993). The smallest larvae
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FIGURE 3. Map showing the
major currents such as the
Gulf Stream, North Atlantic
Drift, and Antilles Current
that transport the Atlantic

eel leptocephali. The general
pattern of water flow in the
subtropical gyre is also shown,
with the red oval representing
the spawning area. Map is from
Bearman (1991).
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were found in the southern Sargasso Sea where there
is westward flow that can transport their leptocephali
towards the Florida Current. The detailed location of
the spawning area was documented by collecting small
recently hatched leptocephali 4-7 mm during a variety
of scientific sampling surveys by Danish, German, and
American scientists in the early (Schmidt 1922) and latter
parts of the last century (e.g. Schoth and Tesch 1982;
McCleave et al., 1987; Kleckner and McCleave 1988). The
later cruises and analyses of catch data that occurred after
the time of Schmidt’s research showed that the more
recently spawned larvae < 10 mm were widely distributed
in overlapping areas south of about 30°N (FIGURE 4),

with the European eel spawning slightly to the east of
the American eel. Many stations collected small recently
spawned larvae of both species (McCleave et al., 1987),
indicating that their spawning areas were overlapped as
illustrated by the red squares in FIGURE 4.

During the later part of the last century, it was also
shown that spawning was occurring south of distinct
temperature fronts (FIGURE 5) that are consistently
present in the Sargasso Sea during the spawning season
in late winter and early spring (Kleckner and McCleave
1988) and this was confirmed again more recently (Munk
et al, 2010). These fronts were also found to cause
discontinuities in the assemblages of anguillid and other

/ Western North 40°N
Atlantic FIGURE 4. Map showing the
overlapping spawning areas of the
two Atlantic eel species based on the
Stream Bermuda distributions of their small leptocephali
,"} ' . (10 mm) with 2 blue shaded ovals, and
' (A_ rostrata — 4 A angUII/a 30°N stations where small recently hatched
L\~ s ~ larvae 7 mm or smaller of both species
Y 5 l L were collected together (red squares).
\ = -.' . e - pd - Map was adapted from McCleave et al.,
N e (1987). Major currents such as the Gulf
N I e ‘\_ Antilles Current Stream, Antilles Current and the North
- — 20°N Equatorial Current (NEC) are shown.
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FIGURE 5. Cross section of a front in o
the Sargasso Sea showing the contrast in _8 100
temperature on the south side (right) and &
north side (left). This front was found to have o
an eastward frontal jet current with maximum 5
velocities of 50 cm/sec (see FIGURE 7). From gZOO | —
Ericksen et al., (1991). Pressure is equal to o 19"~
depth in meters on the vertical axis. a \
- -—\/_/____/
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leptocephali of various marine eel families (FIGURE 6) and
the associated frontal jets, or countercurrents (FIGURE 7),
appear to transport some leptocephali eastward (Miller
and McCleave 1994). Water converges from both sides
into these fronts causing strong eastward counter-currents
to form (Mied et al,, 1986; Eriksen et al, 1991; Weller et al,
1991; Pollard and Regier 1992).

Therefore, the Atlantic eels spawn in the middle of
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a complex area that includes oceanic fronts and strong
countercurrents. Duetotheatmosphericand oceanographic
conditions that exist in that part of the Sargasso Sea, this
region is called the Subtropical Convergence Zone, because
it is where warm and cold water masses meet in the fall,
winter, and spring. Transects made across these fronts
showed their structure and the distribution and size of
the anguillid leptocephali in the frontal zones (Kleckner

FIGURE 6. (A) Map showing most of the
stations (Tesch and Wegner (1990) not shown)
and transects of stations that were sampled in
the spawning areas of the two Atlantic eels by
American and German scientists between 1979
and 1989. Stations made by J. D. McCleave

are shown by triangles for 1981, and transect
lines for 1983 and 1985, and circles show the
stations made by F.-W. Tesch (in 1979). From
Miller (1995). (B) Catch rate of the two species
of Anguilla leptocephali collected in the 85E
transect across the northern front in March
1985 are shown in red in (A). The shaded area
shows the distribution of Southern Sargasso
Sea Surface water up to the northern front.
From Miller and McCleave (1994).

R ] FIGURE 7. Plan view of a
Ul‘-":‘:)'r":' : ' Acouslic front with a strong frontal jet,
a o =2 e . .
e = \ 3;‘:‘;':‘;;5 showing the water density
;' f‘* i:.‘ § at 50, n contrast in the front plotted at
f’ N N a depth of 50 m (density 25.2-
»
AR RN 25.6) on 20 February 1986 in
;/'.' /’/:* = & T the left panel. Thin lines show
. .f _.’ :fi; f E_j:; the cruise track of the ship that
3 N8 o L / = was surveying the front. The
= RN \-' % ’/:' : right panel shows the Acoustic
- ; ;/:'* - Doppler Profiler water velocities
‘ ‘F 5 7 4 across the front, with a frontal
ca g \ ' J 'f g :\\r = 7 jet seen in the right side of the
. # Eddies | I Eddies | 5} {"\Q survey area where the front was
7.6} / W L
6 5 IFeb o b_r:'f \} s\ most distinct. From Pollard and
| 4\ {1986 ~ L\ Regier (1990).
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and McCleave 1988). Similar size ranges of leptocephali of
both species were collected in most areas (e.g. FIGURE 8).
The 1979 German survey in the Sargasso Sea showed that
spawning can occur over a wide longitudinal zone resulting
in small leptocephali being widely distributed (Schoth and
Tesch 1982) (FIGURE 9).

The eels seem to have evolved the ability to detect
the location of this area and appear to spawn within a
narrow band of latitude between the fronts (Kleckner
and McCleave 1988; Miller and McCleave 1994; Munk
etal,, 2010). For example, if the migrating eels can detect
when they have crossed a frontal region, they may stop
migrating and begin to look for mates and prepare for
spawning (McCleave 1985, 1987). However, eels also
have a magnetic sense (e.g. Nishi et al., 2004, 2005), as
do some other marine animals (Lohmann et al.,, 2008),

which could be used to imprint on the geomagnetic
location where they were born and then return back
there. This could help guide them directly to their
spawning areas and then fronts and ocean currents could
then influence their final spawning location. Anguillid
eels in the western North Pacific appear to use a long
seamount chain, the West Mariana Ridge to the west
of Guam, as a landmark defining their spawning area
(Tsukamoto 2006; Tsukamoto 2011), but there are no
seamounts in the Atlantic eel spawning area, so the
oceanic fronts may serve as alternative landmarks.

After the spawning season that extends from about
February to June, the leptocephali of both anguillid
species appear to become widely distributed as they are
transported by the currents and eddies in the region
(Boétius and Harding 1985; Kleckner and McCleave

FIGURE 8. Size of both species
of anguillid leptocephali
collected in a frontal zone

in the Sargasso Sea during
February 1983 by Kleckner and
McCleave (1988).
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1985, McCleave and Kleckner 1987; Kettle and Haines
2006). Historical collections of leptocephali in June and
July illustrate this wide distribution (FIGURE 10), but the
catches are dependent on where sampling had occurred
or not. Various sizes are present in the summer and early
fall across the southern Sargasso Sea and leptocephali
of both species have been documented in the Florida
Current (Kleckner and McCleave 1982; McCleave and
Kleckner 1987). The sizes of leptocephali are much larger
during the late summer and early fall season across the
southwest Sargasso Sea (FIGURE 11, 12) compared to
during the spawning season (FIGURE 8).

One of the more direct transport pathways out of
the southern Sargasso Sea for leptocephali may be the
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flow of the Antilles Current to northeast of the northern
Bahamas that flows into the Florida Current. American
eel leptocephali must then cross the Florida Current and
Gulf Stream to recruit to the east coast of North America,
but those of the European eel must continue being
transported to the east by the Gulf Stream and North
Atlantic Drift. The actual pathway and transport time of
European eel leptocephali remains poorly understood
however, due to the limited spatial and temporal coverage
of sampling surveys across the eastern part of the basin
and difficulty in determining the age of the larvae after
they reach Europe (McCleave et al, 1998; McCleave
2008; Bonhommeau et al,, 2010).

Studies of larval distribution and modeling of larval
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FIGURE 11. Locations where sampling for anguillid leptocephali occurred in the July and August, and October seasons
that clearly documented the distribution and size of leptocephali across the southern Sargasso Sea (adapted from
McCleave and Kleckner (1987). The size distribution of anguillid leptocephali in the left panel is shown in Figure 12.
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drift patterns suggest that most European eel leptocephali
probably use the Gulf Stream-North Atlantic Drift after
moving west through the southern Sargasso (McCleave
and Kleckner 1987; Kettle and Haines 2006; Bonhommeau
et al,, 2009). However, direct eastward or northeastward
movement of some leptocephali appears to be a possible
second route (Miller et al, 2009) as also discussed
recently (Munk et al,, 2010), due to flows associated with
the frontal jets that form in the Subtropical Convergence
Zone each year (Miller and McCleave 1994; Ullman et al,,
2007). Regardless of how they achieve it, or how long it
takes, the migration of the European eel is probably the
longest of any anguillid species, making its recruitment

especially vulnerable to oceanic changes.
One problem in understanding if changes in the
ocean are affecting the recruitment patterns of anguillid

eels originating from the Sargasso Sea, is that little is known
about the biology of their leptocephali. Unlike most fish
larvae, leptocephali appear to feed almost exclusively on
particulate organic material such as “marine snow” and
discarded larvacean houses (Otake et al, 1993; Mochioka
and lwamizu 1996), but not on zooplankton like most fish
larvae (Miller 2009). Marine snow can contain a variety of
materials from various types of marine organisms though
(Alldredge and Sliver 1988; Shanks and Walters 1997;
Kigrboe 2000), as was also suggested by a recent barcoding
study on the diet of anguillid leptocephali in the Sargasso
Sea (Riemann et al., 2010). Anguillid leptocephali have long-
thin and forward pointing teeth (FIGURE 13) that are well-
shaped for grasping and compressing particulate materials
to be swallowed. There has only been one study on the
growth of anguillid larvae (Castonguay 1987) though

FIGURE 13. Photographs
of a medium size anguillid
leptocephalus (20 mm, top)
and a smaller one (13 mm
bottom) collected in the
Sargasso Sea in April 2011.
Copyright Miller and Hanel.
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(FIGURE 14), so much remains to be learned about their one species of congrid eel. The first realization that

Total length (mm)

biology. It is known, that anguillid leptocephali live in some marine eels make long offshore migrations also
the upper few hundred meters of the ocean, with larger resulted from the early surveys in the Sargasso Sea, when
sizes being found in the upper 100 m at night and deeper Schmidt (1931) reported finding the small leptocephali of
during the day (Castonguay and McCleave 1987; Miller conger eels offshore. He proposed that C. oceanicus, and
2009) (FIGURE 15). the European conger eel, Conger conger, also migrated
Although the Sargasso Sea is famous for being to spawn in the Sargasso Sea. However, more recent
the spawning area of the anguillid eels as described so larval collections in the Sargasso Sea found that only
far, it is also known to be the spawning area of at least leptocephali of the American conger eel, C. oceanicus,
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were present there along with those of a local tropical
conger species, but not those of C. conger (McCleave and
Miller 1994). The confirmation that C. oceanicus migrates
offshore from North America to spawn in an overlapping
area with A. rostrata (FIGURE 16), showed that two eel
genera had evolved long offshore spawning migrations
for reproduction in the North Atlantic. After spawning
offshore in the southwest Sargasso Sea, like A. rostrata, the
larvae of C. oceanicus would then drift westward and cross
the Florida before swimming over the continental shelf to
where its larvae enter coastal waters and metamorphose
into young eels that live in marine habitats (Bell et al,
2003). This situation is even more interesting now,
since the most abundant commerecial fisheries species of
conger eel, Conger myriaster of East Asia, was also recently
discovered to migrate offshore to spawn in an analogous
location in the western North Pacific as that of the
American conger eel (Miller et al,, 2011). The fact that

both anguillids and conger eels in each of the northern
hemisphere subtropical gyres migrate to spawn offshore
suggests convergent evolution of migration strategies has
occurred in these species (Miller et al., 2011).

There is also another congrid species that uses the
Sargasso Sea for spawning and larval growth, and there are
several species of mesopelagic eels that spawn there too.
The bandtooth conger, Ariosoma balearicum, appears to
make a shorter spawning migration to spawn offshore along
the eastern edge of the Florida Current and the western
edge of the Sargasso Sea (Miller 2002). By spawning in this
location, its leptocephali then become widely distributed
throughout the Sargasso Sea gyre both north and south of
the frontal zone, which is in contrast to the anguillid and
conger leptocephali, which only use the southern part of the
gyre. In fact, A balearicum leptocephali are one of the most
abundant leptocephali in the February to April season where
they are consistently present at a very narrow size range

Conger

e Anguilla e
45°N
North
America

FIGURE 16. General locations
of the offshore spawning areas
of freshwater eels and conger

eels (ovals). a, b Anguillid eels

(from McCleave et al., 1987;
Kuroki et al., 2009; Tsukamoto et
al.,, 2011). ¢, d Marine eels of the
genus Conger (from McCleave and
Miller 1994; Miller et al., 2011).
Both types of eels spawn within
westward currents and their
larvae enter western boundary
currents (Gulf Stream, Kuroshio)
that transport them northward
in each geographic range. Some
larvae also move west and

south to other parts of their
species ranges that are shown
with colored lines on coastlines
or shading (inland ranges of
freshwater eels are not shown).
From Miller et al., (2011).
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(FIGURE 17) after their spawning season in the fall (Miller
2002). The other eels that spawn far offshore in the
Sargasso Sea are the mesopelagic species of the families
Eurypharyngidae, Nemichthyidae, and Serrivomeridae
(Miller and McCleave 1994, 2007; Miller et al,, 2006).
The newly spawned larvae of these three families are
consistently present in the February to April season.

These eels live completely pelagic lives in the
midwater zone of the ocean at depths of about 200 to
2000 m, but their leptocephali all live in the surface layer
and mix with those of anguillid eels and other species
(Miller and Tsukamoto 2004). Actually, anguillid eels
are most closely related to these particular pelagic eels
(Inoue et al, 2011), which means that the open ocean
spawning behavior of freshwater eels has been retained
from their ancestors that lived in the deep ocean. In
the Sargasso Sea, the small leptocephali of Nemichthys
scolopaceus are one of the more abundant larvae offshore
during the anguillid spawning season (FIGURE 17). Other
rare deep-sea pelagic eels that are very poorly known
such as the Cyematidae frequently spawn in the Sargasso
Sea as well (Smith and Miller 1996). The leptocephali of
nemichthyids, and also those of derichthyids that mostly
spawn after April, are abundant across the Sargasso Sea
in the summer and fall seasons along with anguillids
(Castonguay and McCleave 1987b; Wipplehauser et al,,
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1996). After the larvae of these pelagic eels grow to full
size, they then metamorphose into juvenile eels and move
to deeper depths for feeding and growth.

This overview of the Sargasso Sea as a spawning
area of eels has shown that this subtropical gyre is of
critical importance to many eel species, which in turn
are important ecological components not only in the
Sargasso Sea itself, but in the other regions where their
larvae eventually recruit. The American eels originating in
the Sargasso Sea enter estuaries, rivers and lakes along the
entire eastern and southern coastlines of the United States,
and much of the east coast of Canada. The European eels
recruit to western Europe, its Mediterranean coast and to
North Africa. The congrid eels that spawn in the Sargasso
Sea recruit to the US East Coast. Many mesopelagic eels
also spawn in the Sargasso Sea and then recruit to its
deeper depths. Therefore the Sargasso Sea is an important
location for the spawning and larval development of eels,
whose health and well being can have significant effects
on many aquatic environments around the North Atlantic
Ocean basin through the eels that eventually recruit there.

All regions of the worlds tropical and subtropical
seas have marine eel faunas and leptocephali along their
edges (Wouthuyzen et al,, 2005; Richardson et al, 2004;
Miller et al, 2002, 2006), mesopelagic eels in their deep
waters, and a wide array of midwater fishes, crustaceans

FIGURE 17. Length frequency distributions
of (A) Nemichthys scolopaceus and (B) Ariosoma
balearicum leptocephali, collected in the seven
transects across the frontal zone that are
shown in FIGURE 6A, that were made in the
February to April season. N. scolopaceus is a
mesopelagic eel that spawns in the frontal
zone of the Sargasso Sea, and A. balearicum
migrates offshore into the western Sargasso
Sea to spawn, with their larvae using the
Sargasso Sea gyre as a larval development
area. From Miller and McCleave (1994).
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FIGURE 18. Map of the Sargasso Sea showing the unique feature of the large banks of the Northern Bahamas that rise from
depths of several thousand meters up to near the surface (left), which provide a large amount of habitat for many species of
marine eels of the Congridae, Muraenidae, Ophichthidae, Chlopsidae, and Moringuidae. The photographs on the right show a
shrimp and sargassum fish with body colorations that are adapted for hiding in floating rafts of sargassum weed. The images
of two eyes on the underside of the shrimp are likely cases of mimicry to scare or confuse possible predators (photos taken in
April 2011 during the German international collaborative sampling survey for anguillid leptocephali in the Sargasso Sea). The

map is modified from Miller and McCleave (2007).

and other planktonic organisms like those present in and
adjacent to the Sargasso Sea (Backus et al, 1969; Miller
and McCleave 1994, 2007; Ross et al,, 2007; Bucklin et al,,
2010; Sutton et al, 2010); but none are the spawning area
of a species of anguillid eel that actually must return back
eastward thousands of kilometers from where it was born,
like the European eel. All other anguillid species simply rely
on westward and then north or south transport to their
recruitment areas by ocean currents (Tsukamoto et al,, 2002;
Miller 2003, 2009; Aoyama 2009) or spawn locally after
short distance spawning migrations (Aoyama et al.,, 2003).
The long migration of the European eel to and from the
Sargasso Sea seems to have put it in a precarious position,
with a host of problems caused by human impacts, ocean-
atmosphere changes, or even possibly global warming that
have its population size reduced to critical levels.

Although the Sargasso Sea is seemingly becoming
newly famous as the spawning area of the only anguillid
eel possibly threatened with near-extinction, it also has
other unusual animals and a unique geographic setting,
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with the massive shallow banks of the Northern Bahamas
in the southwest and the small shallow banks of Bermuda
in the north (FIGURE 18). The western North Pacific has a
similar subtropical gyre with eel spawning areas, but with
no massive banks or far offshore banks like Bermuda. The
Sargasso Sea is located at a higher latitude and is a more
self contained gyre, without major branching currents
along its southern margin (FIGURE 16).

The Sargasso Sea is also a place where natural
selection has produced some interesting species adapted
to live exclusively within the floating communities of
sargassum weed that drifts around the spawning area of
eels, such as the shrimp and fish shown in FIGURE 18. The
various interesting geographic features of the Sargasso
Sea and the many creatures found there, in combination
with its unique pattern of distinct frontal bands that
form in the colder months of the year, make this region
a unique part of the world’s oceans not only for eels, but
for all creatures of the sea, which calls for the need to
carefully protect this special place on earth.
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Bibliography

Aarestrup, K., F. Okland, M. M.
Hansen, D. Righton, P. Gargan,
M. Castonguay, L. Bernatchez,
P. Howey, H. Sparholt, M. I.
Pedersen, and R.S. Mckinley.
2009. Oceanic spawning
migration of the European eel
(Anguilla anguilla). Science 325:
1660.

Andersen, N. G, T. G. Nielsen,
H. H. Jakobsen, P. Munk, and

L. Riemann. 2011. Distribution
and production of plankton
communities in the subtropical
convergence zone of the Sargasso
Sea. Il. Protozooplankton and
copepods. Mar. Ecol. Prog. Ser. 426:
71-86.

Aoyama, J., S. Wouthuyzen,

M. J. Miller, T. Inagaki, and K.
Tsukamoto. 2003. Short-distance
spawning migration of tropical
freshwater eels. Biol. Bull. 204:
104-108.

Backus, R. H., Craddock, J. E.,
Haedrich, R. L., and Shores, D.
L. 1969. Mesopelagic fishes and
thermal fronts in the western
Sargasso Sea. Mar. Biol. 3: 87-106.

Bertin, L., 1956. Eels—a
bibliographic study. Cleaver-Hume
Press Ltd,, London, 192 pp.

Bearman, G. Editor. 1991. Ocean
Circulation. 238 pp. Open
University and Pergamon Press.

Bell, G. W,, D. A. Witting, and
K. W. Able 2003. Aspects of
metamorphosis and habitat use in
the conger eel, Conger oceanicus.
Copeia 2003: 544-552.

Belpaire, C., and G. Goemans.
2007. Eels: contaminant cocktails
pinpointing environmental
pollution. ICES J. Mar. Sci. 64:
1423-1436.

Belpaire, C., and G. Goemans.
2007. The European eel Anguilla
anguilla, a rapporteur of the
chemical status for the Water
Framework Directive? 12 years
of monitoring in Flanders. Vie et
Milieu - Life Environ. 57: 235-252.

Boétius, J., and E. F. Harding.
1985. A re-examination of
Johannes Schmidt’s Atlantic eel
investigations. Dana 4: 129-162.

Bonhommeau, S., E. Chassot,
and E. Rivot. 2008. Fluctuations
in European eel (Anguilla anguilla)
recruitment resulting from
environmental changes in the
Sargasso Sea. Fisheries Oceanogr.
17:32-44.

Bonhommeau, S., E. Chassot,
B. Planque, E. Rivot, A.H. Knap,
O. Le Pape. 2008. Impact of
climate on eel populations of the
Northern Hemisphere. Mar. Ecol.
Prog. Ser. 373: 71-80.

Bonhommeau, S., E. Chassot,
and E. Rivot 2008. Fluctuations
in European eel (Anguilla anguilla)
recruitment resulting from
environmental changes in the
Sargasso Sea. Fish Oceanogr. 17:
32-44.

Bonhommeau, S., Blanke B.,
Tréguier A.-M., Grima N, Rivot
E., Vermard Y., Greiner E., Le
Pape O 2009. How fast can the
European eel (Anguilla anguilla)
larvae cross the Atlantic Ocean?
Fish. Oceanogr. 18: 371-385.

Bonhommeau, S., O. Le Pape,

D. Gascuel, B. Blanke, A.-M.
Tréguier, N. Grima, Y. Vermard,
M. Castonguay, E. Rivot.

2009. Estimates of the mortality
and the duration of the trans-
Atlantic migration of European eel
Anguilla anguilla leptocephali using
a particle tracking model. J. Fish
Biol. 74: 1891-1914.

Bonhommeau, S., M.
Castonguay, E. Rivot, R. Sabatie,
and O. Le Pape. 2010. The
duration of migration of Atlantic
Anguilla larvae. Fish Fisheries 11:
289-306.

Bucklin, A, B. D. Ortman, R.

M. Jennings, L. M. Nigro, C.

J. Sweetman, N. J. Copley, T.
Sutton, P. H. Wiebe. 2010. A
Rosetta Stone” for metazoan
zooplankton: DNA barcode
analysis of species diversity of the
Sargasso Sea (Northwest Atlantic
Ocean). Deep-Sea Res. Il 57:
2234-2247.

Casselman, J. M. 2003.
Dynamics of resources of the
American eel, Anguilla rostrata:
Declining abundance in the
1990s. Pages 255-274 in K. Aida,
K. Tsukamoto, and K. Yamauchi,
editors, Eel biology, Springer
Verlag, Tokyo.

Castonguay, M. 1987. Growth

of American eel leptocephali as
revealed by otolith microstructure.
Can. J. Zool. 4: 875-878.

Castonguay, M., and J. D.
McCleave. 1987a. Vertical
distributions, diel and ontogenetic
vertical migrations and net
avoidance of leptocephali of
Anguilla and other common
species in the Sargasso Sea. J.
Plankt. Res. 9: 195-214.

Castonguay, M., and J. D.
McCleave. 1987b. Distribution
of leptocephali of the oceanic
species Derichthys serpentinus and
Nessorhamphus ingolfianus (Family
Derichthyidae) in the western
Sargasso Sea in relation to physical
oceanography. Bull. Mar. Sci. 41:
807-821.

Castonguay, M., P. V. Hodson,
C. Moriarty, K. F. Drinkwater,
and B. M. Jessop. 1994. [s there
arole of ocean environment

in American and European

eel decline? Fish. Oceanogr. 3:
197-203.

Correia, A. T, A. T. Correia,

K. W. Able, C. Antunes, and

J. Coimbra. 2004. Early life
history of the American conger
eel (Conger oceanicus) as revealed
by otolith microstructure

and microchemistry of
metamorphosing leptocephali.
Mar. Biol. 145: 477-488.

Costin, J. M. 1968. Direct current
measurements in the Antilles
Current. J. Geophys. Res. 73:
3341-3344.

Dekker, W. 2003. Status of the
European eel stock and fisheries.
In: Aida K, Tsukamoto K, Yamauchi
K (eds) Eel biology. Springer-Verlag,
Tokyo, pp. 237-254

Dekker, W., J. M. Casselman,

D. K. Cairns, K. Tsukamoto,

D. Jellyman, and H. Lickers.
2003. Worldwide decline of eel
resources necessitates immediate
action: Quebec declaration of
concern. Fisheries 28: 2830.

Durif, C. M. F, J. Gjgseeter, and
L. A. Vollestad. 2011. Influence of
oceanic factors on Anguilla anguilla
(L) over the twentieth century in
coastal habitats of the Skagerrak,
southern Norway. Online first,
doi:101098 /rspb.2010.1547

Eriksen, C. C,, R. A. Weller, D.

L. Rudnick, R.T. Pollard, and

L.A. Regier. 1991. Ocean frontal
variability in the Frontal Air-Sea
Interaction Experiment. J. Geophys.
Res. 96: 8569-8591.

Feunteun, E. 2002.
Management and restoration of
European eel population (Anguilla
anguilla): an impossible bargain.
Ecological Engineering 18: 575-591.

Fiadeiro, M. E. and G. Veronis.
1983. Circulation and heat flux
in the Bermuda Triangle. J. Phys.
Oceanogr. 13: 1158-1169.

Sargasso Sea Alliance — The Sargasso Sea Subtropical Gyre

Friedland, K. D., M. J. Miller,
and B. Knights. 2007. Oceanic
changes in the Sargasso Sea and
declines in recruitment of the
European eel. ICES J. Mar. Sci. 64:
519-530.

Gunn, J. T, and D. R. Watts.
1982. On the currents and water
masses north of the Antilles/
Bahamas arc. J. Mar. Res. 40: 1-18.

van Ginneken, V,, and G. van
den Thillart. 2000. Eel fat stores
are enough to reach the Sargasso.
Nature 403: 156-157.

van Ginneken, V,, O. Haenen,

K. Coldenhoff, R. Willemze, E.
Antonissen, P. van Tulden, S
Dijkstra, F. Wagenaar, G. van
den Thillart. 2004. Presence of
eel viruses in eel species from
various geographic regions. Bull.
Eur. Assoc. Fish. Pathol. 24: 268-271.

van Ginneken, V,, T, B. Ballieux,
R. Willemze, K. Coldenhoff,

E. Lentjes, E. Antonissen, O.
Haenen, and G. van den Thillart.
2005. Hematology patterns of
migrating European eels and

the role of EVEX virus. Compar.
Biochem. Physiol. C 140: 97-102.

van Ginneken, V., E. Antonissen,
U. K. Muller, R. Booms, E. Eding,
J. Verreth, and G. Van Den
Thillart. 2005. Eel migration to
the Sargasso: remarkably high
swimming efficiency and low
energy costs. J. Exper. Biol. 208:
1329-1335.

van Ginneken, V., G. Vianen, B.
Muusze, A. Palstra, L. Verschoor,
O. Lugten, M. Onderwater, S.
van Schie, P. Niemantsverdriet,
R.van Heeswijk, E. Eding, and G.
van den Thillart. 2005. Gonad
development and spawning
behaviour of artificially-matured
European eel (Anguilla anguilla L.).
Animal Biol. 55: 203-218.

van Ginneken, V., S. Dufour, M.
Sbaihi, P. Balm, K. Noorlander,
M. de Bakker, J. Doornbos,

A. Palstra, E. Antonissen, I.
Mayer, and G. van den Thillart.
2007. Does a 5500-km swim trial
stimulate early sexual maturation
in the European eel (Anguilla
anguilla L.)? Comp. Biochem. Physiol.
A 147:1095-1103.

Halliwell, G.R. Jr,, and P.
Cornillon. 1989. Large-scale

SST anomalies associated with
subtropical fronts in the western
North Atlantic during FASINEX. J.
Mar. Res. 47:757-775.



Halliwell, G. R. Jr., P. Cornillon,
K. H. Brink, R. T. Pollard, D.

L. Evans, L. A. Regier, J. M.
Toole, and R. W. Schmitt.

1991. Descriptive oceanography
during the Frontal Air-Sea
Interaction Experiment: medium-
to large-scale variability. J. Geophys.
Res. 96: 8553-8567.

Hanson, H. P, P. Cornillon,

G. R. Halliwell and V.

Halliwell. 1991. Climatological
perspectives, oceanographic and
meterorological, on variablility
in the Subtropical Convergence
Zone in the northwestern
Atlantic. J. Geophys. Res. 96:
8517-8529.

Haro, A., W. Richkus, K. Whalen,
A.Hoar, W. D. Busch, S. Lary,

B. T. Rush, and D. Dixon.

2000. Population decline of

the American eel: Implications
for research and management.
Fisheries 25: 7-16.

Hood, P. B., K. W. Able, and C.
B. Grimes. 1988. Biology of the
conger eel Conger oceanicus in the
Mid-Atlantic Bight. Mar. Biol. 98:
587-596.

ICES. 2001. International Council
for the Exploration of the Sea.
Report of the ICES/EIFAC Working
Group on Eels. ICES CM. 2001/
ACFM: 03.

ICES. 2006. Report of the 2006
Session of the Joint EIFAC/ICES
Working Group on Eels. C. M.
2006 /ACFM: 16.

ICES. 2007. Report of the 2007
session of the Joint EIFAC/ICES
Working Group on Eels. ICES C. M.
2007 /ACFM: 23.

Ingham, M. C. 1975. Velocity and
transport of the Antilles current
northeast of the Bahama Islands.
Fish. Bull. 73: 626-632.

Inoue J. G., M. Miya, M . J.
Miller, T. Sado, R. Hanel, J. A.
Lopez, K. Hatooka, J. Aoyama,
Y. Minegishi, M. Nishida, K.
Tsukamoto. 2010. Deep-ocean
origin of the freshwater eels. Biol.
Lett. 6: 363-366.

Jacob, E., R. Hanel, S. Klimpel,
K. Zumbholz. 2009. Salinity
dependence of parasite
infestation in the European eel
Anguilla anguilla in northern
Germany. ICES J. Mar. Sci. 66:358-
366.

Jacob, E., H. Neuhaus, D.
Steinhagen, B. Luchkhardt, R.
Hanel. Monitoring of Herpesvirus
anguillae (HVA) infections in
European eel, Anguilla anguilla
(L), in northern Germany. J. Fish
Diseases 32:557-561.

Kettle, A. J., and K. Haines.
2006. How does the European
eel (Anguilla anguilla) retain its
population structure during its
larval migration across the North
Atlantic Ocean? Can. J. Fish. Aquat.
Sci. 63: 90-106.

Kettle, A. J.,, D. C. E. Bakker,

K. Haines, 2008. Impact of the
North Atlantic Oscillation on the
trans-Atlantic migrations of the
European eel (Anguilla anguilla).
J. Geophys. Res. 113: G03004,
d0i:10:1029,/2007JG000589.

Kigrboe, T. 2000. Colonization
of marine snow aggregates

by invertebrate zooplankton:
abundance, scaling, and possible
role. Limnol. Oceanogr. 45:
479-484.

Kirk, R.S. 2003. The impact of
Anguillicola crassus on European
eels. Fisheries Management and
Ecology 10: 385-394.

Kleckner, R. C., and J. D.
McCleave. 1982. Entry

of migrating American eel
leptocephali into the Gulf
Stream system. Helgoldnder wiss
Meeresunters 35:329-339.

Kleckner, R. C., and J. D.
McCleave. 1985. Spatial and
temporal distribution of American
eel larvae in relation to North
Atlantic Ocean current systems.
Dana 4: 67-92.

Kleckner, R. C., and J. D.
McCleave. 1988. The northern
limit of spawning by Atlantic eels
(Anguilla spp.) in the Sargasso Sea
in relation to thermal fronts and
surface water masses. J. Mar. Res.
46: 647-667.

Kleckner, R. C., J. D. McCleave
and G. S. Wippelhauser.
1983. Spawning of American
eel, Anguilla rostrata, relative to

thermal fronts in the Sargasso Sea.

Envron. Biol. Fishes 9: 289-293.

Knights, B. 2003. A review of
the possible impacts of long-term
oceanic and climate changes and
fishing mortality on recruitment
of anguillid eels of the Northern
Hemisphere. Sci. Total Envir. 310:
237-244.

Lehodey, P, J. Alheit, M.
Barange, T. Baumgartner, G.
Heaugrand, K. Drinkwater,
J.-M. Fromentin, S. R. Hare, G.
Ottersen, R. . Perry, C. Roy,
C.D.van der Lingen,and F.
Werner. 2006. Climate variability,
fish, and fisheries. J. Climate 19:
5009-5030.

Lohmann, K. J,, N. F. Putman,
and C. M. F. Lohmann.

2008. Geomagnetic imprinting:
a unifying hypothesis of long-
distance natal homing in salmon
and sea turtles. Proc. Nat. Acad.Sci.
USA 105: 19096-19101.

Marchese, P. J. 1999. Variability
in the Gulf Stream recirculation
gyre. J. Geophys. Res. 104: 29,549—
29,560.

Marchese, P.J.,and A. L.
Gordon. 1996. The eastern
boundary of the Gulf Stream
recirculation. J. Mar. Res. 54:
521-540.

McCleave, J. D. 1985.

Migratory mechanisms in larval
and adult American and European
eels (Anguilla rostrata and A.
anguilla). Nat. Geogr. Soc. Res. Rep.
18: 517-528.

McCleave, J. D. 1987.

Migration of Anguilla in the ocean:

Signposts for adults! Signposts
for leptocephali? p. 102-117 In
W. F. Hernnkind and A. B. Thistle
(editors). Signposts-in-the-Sea.
Proceedings of a multidisciplinary
workshop on marine animal
orientation and migration. Florida
State Univ, Tallahassee.

McCleave, J. D. 2003. Spawning
areas of the Atlantic eels. In: Aida,
K., Tsukamoto, K. and Yamauch,
K., eds. Eel biology. Tokyo, Japan:
Springer-Verlag, pp. 141-155.

McCleave, J. D., and R.C.
Kleckner. 1985. Oceanic
migrations of Atlantic eels
(Anguilla spp.): Adults and their
offspring. Contr. Mar. Sci. 27
316-337.

McCleave, J. D.,and R. C.
Kleckner. 1987. Distribution of
leptocephali of the catadromous
Anguilla species in the western
Sargasso Sea in relation to water
circulation and migration. Bull.
Mar. Sci. 41: 789-806.

McCleave, J. D.,and M. J.
Miller. 1994. Spawning of Conger
oceanicus and Conger triporiceps
(Congridae) in the Sargasso Sea
and subsequent distribution of
leptocephali. Environ. Biol. Fish. 39:
339-355.

McCleave, J.D,, R. C.
Kleckner, and M. Castonguay.
1987. Reproductive sympatry
of American and European eels
and implications for migration
and taxonomy. American Fisheries
Society Symposium 1: 286-297.

McCleave, J. D., P. J. Brickley,
K. M. O’Brien, D. A. Kistner-
Morris, M. W. Wong, M.
Gallagher and S. M. Watson.
1998. Do leptocephali of the
European eel swim to reach
continental waters? Status of the
question. J. Mar. Biol. Assoc. UK.
78:285-306.

Mied, R.P,, C. Y. Shen, C. L.
Trump, and G. J. Lindemann.
1986. Internal-inertial waves
in a Sargasso Sea front. J. Phys.
Oceanogr. 16: 1751-1762.

Sargasso Sea Alliance — The Sargasso Sea Subtropical Gyre

Miller, M. J. 1995. Species
assemblages of leptocephali in the
Sargasso Sea and Florida Current.
Mar. Ecol. Prog. Ser. 121: 11-26.

Miller, M. J. 2002. Distribution
and ecology of Ariosoma balearicum
(Congridae) leptocephali in the
western North Atlantic. Environ.
Biol. Fish. 63: 235-252.

Miller, M. J. 2003. The
worldwide distribution of anguillid
leptocephali. In: K. Aida, K.
Tsukamoto, K. Yamauchi (eds),

Eel Biology. Springer Verlag, Tokyo
Pages 157-168.

Miller, M. J. 2009. Ecology

of anguilliform leptocephali:
remarkable transparent fish larvae
of the ocean surface layer. Aqua-
BioSci Monographs 2(4): 1-94.

Miller, M. J,, and J. D. McCleave.
1994. Species assemblages of
leptocephali in the subtropical
convergence zone of the Sargasso
Sea. J. Mar. Res. 52: 743-772.

Miller, M. J., and K. Tsukamoto.
2004. An introduction to
leptocephali: Biology and
identification. Ocean Research
Institute, University of Tokyo, 96

pages.

Miller, M. J., and J. D. McCleave.
2007. Species assemblages of
leptocephali in the southwestern
Sargasso Sea. Mar. Ecol. Prog. Ser.
344:197-212.

Miller, M. J,, T. Otake, G.
Minagawa, T. Inagaki, and K.
Tsukamoto. 2002. Distribution
of leptocephali in the Kuroshio
Current and East China Sea. Mar.
Ecol. Prog. Ser. 235: 279-288.

Miller, M. J,, J. Aoyama, N.
Mochioka, T. Otake, P. H.

J. Castle, G. Minagawa, T.
Inagaki, and K. Tsukamoto.
2006. Geographic variation in the
assemblages of leptocephali in the
western South Pacific. Deep-Sea
Res. 1 53: 776-794.

Miller, M. J,, S. Kimura, K. D.
Friedland, B. Knights, H. Kim, D.
J. Jellyman, and K. Tsukamoto.
2009. Review of ocean-
atmospheric factors in the Atlantic
and Pacific oceans influencing
spawning and recruitment of
anguillid eels. Pages 231-249

In: Haro, A. J,, K. L. Smith, R.

A. Rulifson T, C. M. Moffitt, R.

J. Klauda, M. J. Dadswell, R. A.
Cunjak, J. E. Cooper, K. L. Beal,
and T.S. Avery, editors. Challenges
for Diadromous Fishes in a Dynamic
Global Environment. Amer.
Fisheries Soc., Symposium 69,
Bethesda Maryland.



Miller, M. J,, T. Yoshinaga, J.
Aoyama, T. Otake, N. Mochioka,
H. Kurogi, and K. Tsukamoto.
2011. Offshore spawning of
Conger myriaster in the western
North Pacific: evidence of
convergent migration strategies
of anguilliform eels in the Atlantic
and Pacific. Naturwissenshaften 98:
537-543, DOI: 10.1007 /s00114-
011-0787-y.

Mochioka, N., and M. Iwamizu.
1996. Diet of anguillid larvae:
leptocephali feed selectively on
larvacean houses and fecal pellets.
Mar. Biol. 125: 447-452.

Munk, P, M. M. Hansen, G.

E. Maes, T. G. Nielsen, M.
Castonguay, L. Riemann, H.
Sparholt, T. D. Als, K. Aarestrup,
N. G. Andersen, M. Bachler.
2010. Oceanic fronts in the
Sargasso Sea control the early

life and drift of Atlantic eels.

Proc. Roy. Soc. B doi:101098 /
rspb.2010.0900.

Olson, D.B,, F. A. Schott, R. J.
Zantopp, and K. D. Leaman.
1984. The mean circulation east
of the Bahamas as determined
from a recent measurement
program and historical XBT data.
J. Phys. Oceanogr. 14: 1470-1487.

Otake, T., K. Nogami, and K.
Maruyama. 1993. Dissolved
and particulate organic matter
as possible food sources for eel
leptocephali. Mar. Ecol. Prog. Ser.
92:27-34.

Pollard, R. T,, and L. A. Regier.
1992. Vorticity and vertical
circulation at an ocean front. J.
Phys. Oceanogr. 22: 609-625.

Palstra, A. P, D. F. M. Heppener,
V. J. T. van Ginneken, C.
Székely, and G. E. E. J. M. van
den Thillart. 2007. Swimming
performance of silver eels is
severely impaired by the swim-
bladder parasite Anguillicola
crassus. J. Exp. Mar. Biol. Ecol. 352:
244-256.

Palstra, A. P, V. van Ginneken,
and G. van den Thillart.

2008. Cost of transport and
optimal swimming speed in
farmed and wild European silver
eels (Anguilla anguilla). Compar.
Bioch. Physiol. A 151: 37-44.

Post, A., and F. W. Tesch.

1982. Midwater traw! catches of
adolescent and adult anguilliform
fishes during the Sargasso Sea
Eel Expedition 1979. Helgoldnder
Meeresunters 35: 341-356.

Power, J. H., and J. D. McCleave.
1983. Simulation of the North
Atlantic Ocean drift of Anguilla
leptocephali. Fish. Bull. 81:
483-500.

Riemann, L., H. Alfredsson,
M. M. Hansen, T.D. Als, T. G
Nielsen, P. Munk, K. Aarestrup,
G. E. Maes, H. Sparholt, M. I.
Petersen, M. Bachler, and M.
Castonguay. 2010. Qualitative
assessment of the diet of
European eel larvae in the
Sargasso Sea resolved by DNA
barcoding. Bio. Lett. 2010 Dec
23:6(6)819-22. doi:101098 /rsbl
2010.0411.

Richkus, W. A, and K. Whalen,
2000. Evidence for a decline in
the abundance of the American
eel, Anguilla rostrata (LeSueur),
in North America since the early
1980s. Dana 12: 83-97.

Richardson, D. E., and R. K.
Cowen. 2004. Diversity of
leptocephalus larvae around the
island of Barbados (West Indies):
relevance to regional distributions.
Mar. Ecol. Prog. Ser. 282: 271-284.

Robinet, T, and E. Feunteun.
2002. Sublethal effects of
exposure to chemical compounds:
a cause for the decline in Atlantic
eels?. Ecotoxicology 11: 265-277.

Rosenfeld, L. K., R. L.

Molinari, and K. D. Leaman.
1989. Observed and modeled
annual cycle of transport in the
Straits of Florida and east of
Abaco Island, the Bahamas (26.5°
N). J. Geophys. Res. 94: 4867-4878.

Ross, S. W, T. L Casazza., A.

M. Quattrini, and K. J. Sulak
2007. Anguilliform larvae
collected off North Carolina. Mar.
Biol. 150: 681-695.

Schmidt, J. 1912. The
reproduction and spawning-places
of the fresh-water eel (Anguilla
vulgaris). Nature 89: 633-636.

Schmidt, J. 1922. The breeding
places of the eel. Phil. Trans. Roy.
Soc. B 211:179-208.

Schmidt, J. 1925. The breeding
places of the eel. Annual Rep.
Smithson. Inst. 1924, pp. 279-316.

Schmidt, J. 1931. Eels and conger
eels of the North Atlantic. Nature
128: 602-604.

Schmidyt, J. 1935. Danish eel
investigations during 25 years
(1905-1930). The Carlsberg
Foundation’s Oceanographical
Expedition round the World
1928-1930 and previous Danish
Oceanographical Expeditions
under the leadership of late
Professor Johannes Schmidt.
The Carlsberg Foundation,
Copenhagen.

Schmitz, W. J., and M. S.
McCartney. 1993. On the North
Atlantic circulation. Rev. Geophys.
31:29-49.

Schoth, M., and Tesch, F-W.
1982. Spatial distribution of
0-group eel larvae (Anguilla sp.)
in the Sargasso Sea. Helgoldnder
Meeresunters 35: 309-320.

Schoth, M, and F.-W. Tesch.
1984. Vertical distribution of
0-group Anguilla larvae in the
Sargasso Sea with reference to
other anguilliform leptocephali.
Meeresforsch 30: 188-195.

Shanks, A. L. and Walters,

K. 1997. Holoplankton,
meroplankton, and meiofauna
associated with marine snow.
Mar. Ecol. Prog. Ser. 156: 75-86.

Sinclair, M. J. 2010. Marine
Biodiversity: ICES, Johannes
Schmidt and the Carlsberg
connection. ICES Insight Issue
No 47:4-9

Smith, D. G. 1989.

Introduction to leptocephali.

In Fishes of the Western North
Atlantic. E. B. Bohlke (ed.), pp.
657-668, Part 9, Volume 2, Sears
Foundation for Marine Research,
New Haven.

Smith, D. G., and M. J. Miller.
1996. Cyematid larvae of the
Leptocephalus holti group in the
Atlantic and Pacific oceans (Pisces:
Saccopharyngiformes). Breviora
No. 503: 1-12.

Stommel, H., P. Niiler, and D.
Anati. 1978. Dynamic topography
and recirculation of the North
Atlantic. J. Mar. Res. 36: 449-468.

Sutton, T. T., P. H. Wiebe,

L. Madin, and A. Bucklin.

2010. Diversity and community
structure of pelagic fishes to 5000
m depth in the Sargasso Sea.
Deep-Sea Res. Il 57: 2220-2233.

Tesch, F.-W. 1982. The Sargasso
Sea Eel Expedition 1979.
Helgolinder Meeresunters 35:
263-277.

Tesch, F-W.,, and G. Wegner.
1990. The distribution of small
larvae of Anguilla sp. related
hydrographic conditions 1981
between Bermuda and Puerto
Rico. Int. Rev. der Ges. Hydrobiol. 75:
845-858.

Tsukamoto, K. 2006 Spawning
of eels near a seamount. Nature
439:929.

Tsukamoto, K. 2009. Oceanic
migration and spawning of
anguillid eels. J. Fish Biol. 74:
1833-1852.

Tsukamoto, K., J. Aoyama, and
M. J. Miller. 2002. Migration,
speciation and the evolution of
diadromy in anguillid eels. Can. J.
Fish. Aquat. Sci. 59: 1,989-1,998.

Sargasso Sea Alliance — The Sargasso Sea Subtropical Gyre

Tsukamoto, K., S. Chow, T.
Otake, H. Kurogi, N. Mochioka,
M. J. Miller, J. Aoyama, S.
Kimura, S. Watanabe, T.
Yoshinaga, A. Shinoda, M.
Kuroki, M. Oya, T. Watanabe,
T. Hata, S. ljiri, Y. Kazeto,

K. Nomura, H. Tanaka.

2011. Oceanic spawning
ecology of freshwater eels

in the western North Pacific.
Nature Communications 2: 170
doi:101038 /ncomms1174.

Ullman D. S., P. C. Cornillon,
and Z. Shan. 2007. On

the characteristics of
subtropical fronts in the
North Atlantic. 112:C01010,
d0i:10:1029,/2006JC003601.

Wegner, G. 1982. Main
hydrographic features of the
Sargasso Sea. Helgoldnder
Meeresunters 35: 385-400.

Weller, R. A. 1991. Overview
of the frontal air-sea interaction
experiment (FASINEX): A study
of air-sea interaction in a region
of strong oceanic gradients. J.
Geophys. Res. 96: 8501-8516.

Weller, R. A,, D. L. Rudnick, C. C.
Eriksen, K. L. Polzin, N. S. Oakey,
J. W. Toole, R. W. Schmitt, and
R.T. Pollard. 1991. Forced ocean
response during the Frontal Air-
Sea Interaction Experiment. J.
Geophys. Res. 96: 8611-8638.

Wippelhauser, G. S., J. D.
McCleave, and R. C. Kleckner.
1985. Anguilla rostrata
leptocephali in the Sargasso Sea
during February and March 1981.
Dana 4: 93-98.

Wippelhauser, G.S., M. J.

Miller, and J. D. McCleave.
1996. Evidence of spawning and
the larval distribution of snipe
eels (Family Nemichthyidae) in
the Sargasso Sea. Bull. Mar. Sci. 59:
298-309.

Worthington, L. V. 1976.

On the North Atlantic

circulation. The Johns Hopkins
Oceanographic Studies No. 6.
Johns Hopkins University Press,
Baltimore. 110 pp.

Wouthuyzen, S., M. J. Miller,

J. Aoyama, G. Minagawa,
Y.H.Sugeha, S. Suharti, T.
Inagaki, and K. Tsukamoto.
2005. Biodiversity of anguilliform
leptocephali in the central
Indonesian Seas. Bull. Mar. Sci. 77:
209-224.



Sargasso Sea Alliance Science Series

The following is a list of the reports in the Sargasso Sea Alliance Science Series. All can be downloaded from wwwi.sargassoalliance.org:

age: Crverr: b -
o Emrgrrmin Se. Secwrd Tlrasis

Angel, M.V. 2011. The
pelagic ocean assemblages
of the Sargasso Sea around
Bermuda. Sargasso Sea
Alliance Science Report
Series, No 1, 25 pp.

e OgPRTy Of T S Gaa
S of St Bsan

Lomas, M.W,, Bates, N.R.,

Buck, K.N. and A.H. Knap.
(eds) 2011a. Oceanography

of the Sargasso Sea: Overview

of Scientific Studies. Sargasso

Sea Alliance Science Report
Series, No 5, 64 pp.

Mt Tl o e Sar

Roberts, J. 2011. Maritime
Traffic in the Sargasso Sea:
An Analysis of International
Shipping Activities and their
Potential Environmental
Impacts. Sargasso Sea

Ardron, J., Halpin, P,
Roberts, J., Cleary, J.,
Moffitt, M. and J. Donnelly
2011. Where is the Sargasso
Sea? Sargasso Sea Alliance
Science Report Series,

No 2, 24 pp.

Lomas, M.W,, Bates, N.R.,
Buck, K.N. and A.H. Knap.
2011b. Notes on “Microbial
productivity of the Sargasso Sea
and how it compares to elsewhere”
and “The role of the Sargasso Sea
in carbon sequestration—better
than carbon neutral?” Sargasso
Sea Alliance Science Report
Series, No 6, 10 pp.

Siuda, A.N.S. 2011.
Summary of Sea Education
Association long-term Sargasso
Sea surface net data. Sargasso
Sea Alliance Science Report
Series, No 10, 18 pp.

Europn Eul Hrig bom
tor Sirfiio Sed Al

Gollock, M. 2011. European
eel briefing note for Sargasso
Sea Alliance. Sargasso Sea
Alliance Science Report
Series, No 3, 11 pp.

S ) S SrIOgeonl G

Miller, M.J. and R. Hanel.
2011. The Sargasso Sea
subtropical gyre: the spawning
and larval development area
of both freshwater and marine
eels. Sargasso Sea Alliance
Science Report Series,

No 7, 20 pp.

Humpoack Wi Fassaer
sl . FarTu

Stevenson, A. 2011.
Humpback Whale Research
Project, Bermuda. Sargasso
Sea Alliance Science Report
Series, No 11, 11 pp.

Hallett, J. 2011. The
importance of the Sargasso Sea
and the offshore waters of the
Bermudian Exclusive Economic
Zone to Bermuda and its people.
Sargasso Sea Alliance Science
Report Series, No 4, 18 pp.

Thea Gasciny of th Sargansn
Bon Allance Shudy Ao

Parson, L. and R. Edwards
2011. The geology of the
Sargasso Sea Alliance Study
Area, potential non-living
marine resources and an
overview of the current
territorial claims and coastal
states interests. Sargasso Sea
Alliance Science Report
Series, No 8, 17 pp.

Vil Frore o Flstesoition
o the Srpanss Sea

i,

.
4
b ﬁﬁ

&

i

o

d

2
f

- s

- n

12

Sumaila, U.R,, Vats, V.,
and W. Swartz. 2013.
Values from the resources of
the Sargasso Sea. Sargasso
Sea Alliance Science Report
Series, No 12, 24 pp.



6 SARGASSO SEA ALLIANCE

Since the initial meetings the partnership around the Sargasso Sea Alliance has expanded.

Led by the Government of Bermuda, the Alliance now includes the following organisations.

PARTNER

Department of Environmental Protection
Department of Conservation Services
Mission Blue / Sylvia Earle Alliance

International Union for the Conservation
of Nature (IUCN) and its World
Commission on Protected Areas

Marine Conservation Institute

Woods Hole Oceanographic Institution
Bermuda Institute for Ocean Sciences
Bermuda Underwater Exploration Institute
World Wildlife Fund International

Atlantic Conservation Partnership

TYPE OF ORGANISATION
Government of Bermuda
Government of Bermuda

Non-Governmental Organisation

Multi-lateral Conservation Organisation
Non-Governmental Organisation
Academic

Academic

Non-Governmental Organisation
Non-Governmental Organisation

Non-Governmental Organisation



