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Larval size-distributions of Ariosoma balearicum cryptic
species during the March—April season in the Sargasso Sea

Subtropical Convergence Zone
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Abstract Leptocephali of the shallow-water congrid
eel Ariosoma balearicum are abundant during
February—April in the Sargasso Sea, and larval and adult
meristic data indicates this species includes several re-
gional subpopulations/cryptic species. Four multiple-
transect larval surveys (2011, 2014, 2015, 2017) were
used to examine the geographic size distribution of two
myomere-count types of A. balearicum leptocephali.
High-count (HC) larvae were consistently mostly be-
tween 80 and 100 mm in size (60-132 mm; 87.9+
6.8 mm) as observed previously, and frequently had
narrow size ranges. The usually larger LC larvae (78—
176 mm; 111.4+26.7 mm) were more abundant in
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western or central areas. HC larvae tended to decrease
in size from west to east and increase from south to
north. Catch rates were geographically variable relative
to hydrographic structure/frontal positions across the
wide 2015 sampling area. Mitochondrial 16 s rRNA
sequences of HC and LC larvae show species-level
differences, providing evidence of the existence of two
cryptic species with different larval dispersal strategies
in the Sargasso Sea subtropical gyre region. The HC
larvae disperse widely into the gyre, seemingly through
Gulf Stream recirculation or eastward frontal-jet flows,
and apparently must use directional swimming to cross
the Florida Current to recruit into the South Atlantic

S. Bonhommeau
Ifremer, Délégation de La Réunion, Rue Jean Bertho, BP 60 -
97822 Le Port Cedex, France

S. Watanabe
Department of Fisheries, Faculty of Agriculture, Kindai University,
3327-204 Nakamachi, Nara 631-8505, Japan

M. Castonguay
Fisheries and Oceans Canada, Institut Maurice-Lamontagne, 850
route de la mer, C.P. 1000, Mont-Joli, Québec G5H 3Z4, Canada

H. Westerberg

Department of Aquatic Resources, Institute of Freshwater Research,
Swedish University of Agricultural Sciences, Stangholmsvégen 2,
SE-178 93 Drottningholm, Sweden

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10641-019-00900-8&domain=pdf
http://orcid.org/0000-0002-4949-6903
https://doi.org/10.1007/s10641-019-00900-8

1232

Environ Biol Fish (2019) 102:1231-1252

Bight. LC leptocephali may mostly be retained near the
Bahamas, with few larvae dispersing into the gyre. This
seems to indicate natural selection occurred for
spawning location and larval behavior due to the pow-
erful Florida Current/Gulf Stream, resulting in two
completely different spawning and larval dispersal strat-
egies within a local geographic region.

Keywords Ariosoma balearicum - Leptocephali -
Larval dispersal - Sargasso Sea - Subtropical gyre -
Cryptic species

Introduction

The bandtooth conger eel, Ariosoma balearicum, is
likely one of the most widely distributed and abundant
congrid eels in the western North Atlantic (WNA).
These small (<340 mm) marine eels live from the north-
ern coast of Brazil, through the Caribbean, Bahamas and
Gulf of Mexico and up to the southern US East Coast
and are usually found at depths of <100 m (Smith
1989a). They also occur in the eastern Atlantic and
Mediterranean (Smith 1989a; Anibaldi et al. 2016). Its
leptocephali have been collected in many areas, but they
are especially common in the Sargasso Sea in the WNA
where they are among the most abundant species of
leptocephali (Smith 1989b; Miller and McCleave
1994, 2007; Miller 2002). Their larvae can also be
abundant in the Florida Current area (southern part of
the Gulf Stream) along the western margin of the Sar-
gasso Sea, with some larvae possibly originating from
other areas such as the Gulf of Mexico (Miller 1995;
Ross et al. 2007) where they are abundant relative to
other species (Smith 1989b; Crabtree et al. 1992;
Quattrini et al. 2019).

Smith (1989a, 1989b) found that this species likely
consists of several subpopulations throughout its range
because counts of the number of vertebrae in adults and
of myomeres (muscle segments) in larvae differed
among areas. Additional analysis of more than 4500
A. balearicum larvae from the WNA from 17 research
cruises supported his conclusions that there were both
high myomere (HC; >128 myomeres) and low myomere
(LC; <127 myomeres) count larvae that must be from
different populations (Miller 2002). Smith (1989a)
found HC eels along the South Atlantic Bight (SAB)
of the southern US east coast using vertebral counts of
some eels, whereas the LC eels were found in the
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Bahamas, Gulf of Mexico and Caribbean, yet their
larvae overlap in the Sargasso Sea. Collections of LC
leptocephali in the Gulf of Mexico suggest spawning
occurred over or near the continental slope (Quattrini
et al. 2019), and HC and LC larvae have been collected
within or along the western edge of the Florida Current
along the SAB (Miller 1995, 2002; Ross et al. 2007).
Another area where HC eels were detected was off the
northeast coast of South America (Guiana, Brazil; Smith
1989a) and larvae in that area also had HC myomere
counts (Miller 2002).

A seven-cruise larval sampling campaign to study
American eel, Anguilla rostrata, leptocephali during 5
different years in the Sargasso Sea between 1981 and
1989 (McCleave and Kleckner 1987; Kleckner and
McCleave 1988; Miller and McCleave 1994) provided
valuable data about A. balearicum leptocephali in var-
ious areas or times of year (Miller 2002; Miller and
McCleave 2007). The sampling surveys in the spring
season found that A. balearicum larvae were often the
second or third most abundant species in the STCZ
among all types of anguilliform leptocephali, with
mesopelagic nemichthyid eel larvae being most abun-
dant, and anguillid and serrivomerid larvae whose
adults also spawn offshore also being abundant
(Miller and McCleave 1994). Mesopelagic eels and
anguillid eels spawn offshore based on the presence
of their small leptocephali (Miller and McCleave
1994), but no small A. balearicum were collected off-
shore in the Sargasso Sea. Although, some small LC
and HC larvae have been collected along the western
side of the Florida Current (Ross etal. 2007), extensive
ichthyoplankton surveys across the SAB or in specific
areas there have reported no evidence of A. balearicum
larvae from spawning in that region (e.g., Fahay 1975;
Powles and Stender 1976; Powell and Robbins 1994,
1998; Marancik et al. 2005; Quattrini et al. 2005). In
contrast, the larvae of the Ophichthidae are typically
reported there as analyzed by Fahay and Obenchain
(1978). However, large numbers of small LC larvae
were collected within the Northwest Providence Chan-
nel of the Northern Bahamas, and examinations of
A. balearicum larvae from other types of collections
in the Gulf Stream region north of Bermuda revealed
the presence of smaller HC larvae (Miller 2002). The
data from the American eel surveys and Gulf Stream
system indicated that metamorphosing larvae were
mostly found within the Florida Current (Miller
1995, 2002).
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The distributions and sizes of the two types of lepto-
cephali in the Sargasso Sea region led to the hypothesis
that the HC eels migrate from the SAB to spawn some-
where along the eastern edge of the Florida Current
(Miller 2002). Their larvae would then become widely
distributed in the Sargasso Sea subtropical gyre before
moving west and swimming across the Florida Current
to reach the SAB. While this seems like an improbable
life history, both the leptocephali of the American eel
(Schoth and Tesch 1982; Kleckner and McCleave 1988;
Miller et al. 2015) and the American conger, Conger
oceanicus (McCleave and Miller 1994; Miller et al.
2011) are spawned offshore in the southwestern Sargas-
so Sea, and their larvae also must seemingly actively
swim to cross the Florida Current and Gulf Stream to
reach their recruitment areas along the east coast of
North America (Miller and Tsukamoto 2017). Fahay
(2007) also describes this life history scenario for the
HC A. balearicum eels in the SAB and the HC lepto-
cephali in the Sargasso Sea.

Although the large A. balearicum leptocephali are
widely distributed in the Sargasso Sea during the winter
and spring seasons (Miller and McCleave 1994; Miller
2002), the American eel leptocephali originate from
offshore spawning in the warmer southern water mass
south of temperature fronts that form in the Sargasso Sea
Subtropical Convergence Zone (STCZ) before they
spread out more widely in the gyre (Kleckner and
McCleave 1985, 1988; Munk et al. 2010; Miller et al.
2015). Remarkably, the same size range of mostly 80—
100 mm HC A. balearicum leptocephali was present
across the STCZ and near Bermuda every sampling year
during February to March (Miller 2002; Hanel et al.
2014). Their leptocephali are smaller during the fall, so
spawning may mostly occur during summer (Miller
2002; Miller and McCleave 2007).

The spatial aspects of how A. balearicum leptoceph-
ali are distributed across the STCZ were not examined in
previous studies, which is important for understanding
spawning locations and larval dispersal because of the
complex circulation and hydrography of the area. The
fronts that form there have associated eastward flowing
frontal jets (Eriksen et al. 1991; Pollard and Regier
1992), which likely transport some leptocephali east-
ward, based on the offshore presence of species of
leptocephali that do not spawn there (Miller and
McCleave 1994). There is also westward or southward
Gulf Stream recirculation in the northern Sargasso Sea
and probably some larger-scale subtropical gyre

recirculation (McWilliams 1983; Marchese 1999) that
could transport leptocephali within the gyre. If the HC
eels spawn along the eastern side of the Florida Current
and LC eels spawn within the Northern Bahamas as
hypothesized (Miller 2002), then some combination of
the ocean circulation features of the Sargasso Sea must
account for how the leptocephali are transported off-
shore into the Sargasso Sea. In addition, the HC and
LC forms have not been tested genetically to verify the
hypothesis that they are different populations or cryptic
species.

The present study examines the distribution and size
of A. balearicum leptocephali in latitudinal and longitu-
dinal axes during four sampling surveys with multiple
transects to collect leptocephali in extensive grids of
stations across the STCZ to evaluate the dispersal ecol-
ogy of the two forms of larvae. We also provide the first
genetic comparison of mtDNA sequences of the HC and
LC leptocephali that indicates they are likely separate
cryptic species. The findings of the study are compared
to existing information to evaluate their implications for
the different life histories and larval dispersal strategies
of these two cryptic species of A. balearicum whose
larvae are present in the Sargasso Sea.

Methods and materials

Sampling for leptocephali was conducted during 4 re-
search cruises made by two different German research
vessels during March and April of four different years
(Table 1). Three cruises were conducted by the German
Thiinen Institute of Fisheries Ecology onboard the R/V
Walther Herwig III (WH; 2011, 2014, 2017) and an
interdisciplinary survey was conducted onboard the
R/V Maria S. Merian (MSM; 2015) (Fig. 1). The pri-
mary objective of the WH surveys was to document the
abundance and distribution of European eel, Anguilla
anguilla, leptocephali during their spawning season at
three-years intervals (Hanel et al. 2014). With spawning
occurring south of the northern front (Kleckner and
McCleave 1988; Munk et al. 2010) across a wide range
of longitude (Schoth and Tesch 1982; Miller et al.
2019), the sampling efforts of the WH surveys were
designed to cross the northern and southern fronts in
most transects to ensure that tightly spaced stations (0.5
degrees of latitude) were distributed across the zones
latitude and longitude where anguillid larvae should be
present. The northern front was not always crossed if
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Table 1 Numbers and total lengths (TL) of Ariosoma balearicum
leptocephali collected during 4 sampling surveys in the Sargasso
Sea using an IKMT and other types of gear during March and

April of each year including information about the larvae desig-
nated as being the high (HC) and low (LC) form or as being pre-
metamorphosing (pre-meta) or metamorphosing (meta) larvae

Sampling dates 2011 2014 2015 2017 Total

16 Mar-7 April 18 Mar-14 April 2-26 April 21 Mar-07 April
Total leptocephali 578 913 362 303 2156
Pre-meta TL range 72-176 67-127 60-166 62-127 60-176
Pre-meta mean TL 89.6+£9.6 88.1+7.1 91.8+£10.9 872+7.7 89.0+8.8
Meta TL range (number) 132-172 (11) 142,165 (2) 155 (1) 0 132-172 (15)
Standard IKMT tow HC larvae* 446 495 253 190 1384
TL range 72-132 67-109 60-107 62-111 60-132
Mean TL 88.6+6.5 86.6+6.6 89.8+7.1 87.2+6.5 87.9+6.8
No. per tow (no. tows) 8.9(50) 9.7(51) 5.2(49) 5.5(34) 7.5(184)
LC larvae** 57 9 18 12 96
TL range 78-176 78-165 84-166 82-127 78-176
Mean TL 108.6 +£28.7 119.8+£24.0 1245+21.9 99.0+16.0 111.4+£26.7
Pelagic trawl 45 1 - 13 59
TL range 65-172 99 - 78-110 65-172
Mean TL 110+£31.6 99 - 90.9+7.5 105.6+28.7

*High count larvae designated as >128 total myomeres or< 110 mm
**Low count larvae designated as <127 total myomeres or> 110 mm
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Fig. 1 Maps of the primary sampling stations for collecting
leptocephali in the Sargasso Sea from 2011 to 2017 during the
R/V Walther Herwig III (WH-342, WH-373, WH-404) and the
R/V Maria S. Marian (MSM-41) surveys that primarily used an
Isaccs-Kidd Midwater Trawl (IKMT). Red squares show locations
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where a large pelagic trawl was used in addition to the IKMT.
Some intermediate locations or stations that included multiple
tows that are not shown except the area shown with a rectangle
in 2017. The collection locations and sizes of the 8 larvae used for
genetic analysis in 2011 are shown in (a)
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Fig. 2 Map of the Sargasso Sea and Gulf Stream region of the
western North Atlantic showing the average surface current flow
patterns that include Gulf Stream gyre recirculation that reaches
into the southern Sargasso Sea and the areas where sampling took
place during the 4 surveys of the present study (shaded ovals). The
easternmost station where Ariosoma balearicum were collected in

meanders extended to the north in some locations, but
many of the same transect locations were sampled each
year (Figs. 1 and 2). The number of transects in the 2017
WH survey was reduced because of rough seas and a
shorter cruise duration. The 2015 MSM survey was
designed to cross a much wider latitudinal zone with
more widely spaced stations in most areas to study the
ecology of the European eel spawning area region.
Other taxonomic groups of organisms such as zooplank-
ton and cephalopods (Lischka et al. 2017) were also
studied using various gears (see below), and this wide
geographic survey was used to examine the regional
catch rates of A. balearicum leptocephali.

During all four surveys, a 6.2 m*> mouth-opening,
flow meter equipped, Isaacs-Kidd Midwater Trawl
(IKMT; Hydro-Bios Apparatebau GmbH) with
0.5 mm mesh was used to collect leptocephali in

65°W

60°W  55°W  50°W 45°W

2014 (Fig. 1) is not shown (outside the map area). The current flow
image modified from Caldeira and Reis (2017) shows large-scale
circulation calculated from an OSCAR-derived (Bonjean and
Lagerloef 2002; Johnson et al. 2007) mean of sea surface currents
(2004-2014) represented as isolines over logl0 of the current
velocity to emphasize the extremes

standardized double-oblique tows fished to 300 m
depths during both day or night with a speed through
the water of 2.5 kn (see Miller et al. 2013; Hanel et al.
2014). One of'these “standard IKMT tows” was made at
each station following the deployment methodology of
Kleckner and McCleave (1988) for inter-comparison
with those earlier surveys (1983, 1985), but other types
of IKMT deployments or gear types were also used.
The standard IKMT tows were used to examine the
geographic distribution of A. balearicum abundance in
the most geographically widespread sampling in 2015
and the spatial distribution of size during all four sur-
veys. Individual-station catch rates of A. balearicum
leptocephali were calculated (as the number of larvae
per 10> m® of water filtered) using the larvae collected
by the standardized double-oblique tows of the IKMT.
Several factors likely contribute to variability in catches
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of leptocephali in the STCZ, such as time of day, and
current flow and tow volume differences among sta-
tions, so except for the 2015 survey, catch rates will
not be a focus of the present study.

A large pelagic fisheries trawl (Engel-Netze GmbH
and Co. KG) was used during 2011 (four deployments),
2014 (seven), and 2017 (three) (Fig. 1) that had a 30 m
width, 20 m height, 145 m length (mesh sizes from
90 cm grading down to 40, 20, 10, 5, 4, 3, 2 cm, with
1.5-cm mesh in the 27-m long cod end) as overviewed
previously (Miller et al. 2013). In 2014 and 2017 the
trawl had a multiple codend system. The trawl was
deployed to target spawning anguillid eels (2011) and
in most cases to sample the mesopelagic fauna at deeper
depths, so except in 2011, the trawl was usually fished
too deep to collect many leptocephali, which are mostly
in the upper 100 m at night (Castonguay and McCleave
1987).

In 2014 and 2017 some horizontally towed IKMT
deployments were made to sample specific depth layers
in the upper 100 m at night, but the details are not
relevant for the present study, and these tows were
excluded from statistical/regression analyses of larval
size among surveys. One horizontal tow affected the
overall number collected during the 2014 survey (see
Results), because many A. balearicum were collected,
likely because various taxa of leptocephali can some-
times be more abundant at specific depths at night
(Castonguay and McCleave 1987; Miller 2009, 2015;
Onda et al. 2017).

In 2015 other types of nets were deployed for catch-
ing plankton or micronekton that included a 13.5 m?
mouth opening IKMT (mesh size 5 mm) fished down to
1000 m (10 deployments), a Multiple Opening Closing
Net with Environmental Sensing System (MOCNESS,
mesh sizes: 330 pm and 2 mm, mouth opening: 1 mz; 23
deployments) (see Wiebe et al. 1985), a Multinet Verti-
cal Plankton Sampler (MultiNet Midi, mesh size:
200 pwm, mouth opening: 0.25 m?, Hydro-Bios
Apparatebau GmbH; 21 deployments, no
A. balearicum leptocephali collected), and a Manta
Net (mesh size: 330 pm, mouth opening: 0.14 m?; 33
deployments) for sampling the neuston layer.

Leptocephali were identified to be A. balearicum
based on Smith (1989b) in comparison to other larvae
(Bohlke 1989). Larvae were examined fresh after being
sorted out of plankton samples and were measured to the
nearest | mm total length (TL). Subsamples of a few
undamaged larvae from most tows were randomly
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selected and counted for their total number of myomeres
(TM) to determine if they were LC or HC larvae, but
most large larvae were counted because they were likely
to be LC larvae (Miller 2002). Myomere counts in the
present study were made by four different people, com-
pared to one person in the previous study (Miller 2002),
but the same general pattern was seen. Myomere counts
were made on 25% of the larvae collected.

Temperature, conductivity, depth (CTD) hydrograph-
ic casts were made at each station during all cruises to a
depth of 500 m to analyze the hydrographic structure
along each transect, but these data will not be the focus
of the present study except for in 2015 (but see Hanel
et al. 2014 for the 2011 and Westerberg et al. 2018 for
the 2014 surveys). Frontal locations during each survey
were determined from various online sea surface tem-
peratures data sources during each cruise and were seen
in hydrographic sections plotted from the CTD data.

Linear regression analyses were conducted to exam-
ine the relationship between the TL of HC larvae and
latitude and longitude. Specimens >110 mm (most large
larvae are LC; Miller 2002) were excluded unless they
were HC based on myomere counts, and all LC larvae
were excluded if they had counts of <127 myomeres.
Statistical comparisons were made using Kruskal-Wallis
tests followed by pairwise Dunn’s tests, or U-tests for
two-sample comparisons (significance criteria of
p<0.05).

Eight specimens of A. balearicum leptocephali (four
HC and four LC) from four stations (Fig. 1a) that were
preserved in 99% ethanol during the 2011 survey were
used for comparisons of their DNA sequences. They
were selected based on their myomere counts and their
size (wide size-range for HC, and large size for LC).
DNA-extraction was done using a small piece of the
right eye that was incubated in 5% Chelex-Solution
(Bio-Rad) with 240 pg of Proteinase K for 3 h at
55 °C and 25 min. at 98 °C. PCR was conducted on
mitochondrial 16 s rRNA using Phusion® HighFidelity
DNA Polymerase (New England Biolabs) and a univer-
sal primer pair listed as follows: 16 L29, 5°-
YGCCTGTTTATCAAAAACAT-3', and H3059, 5°-
CCGGTCTGAACTCAGATCACGT-3". PCR products
were purified by spin column-based purification
(Qiagen PCR Purification Kit) and sequenced with
Sanger sequencing method by LGC Genomics (Berlin,
Germany). Consensus sequences were generated by
pairwise alignment of forward and reverse sequences,
resulting in a multiple sequence alignment with a length



Environ Biol Fish (2019) 102:1231-1252

1237

of 598 bp (Online Resource 1). Mean pairwise genetic
distances were then calculated among the HC and LC
A. balearicum leptocephali and representative se-
quences of American eels (seven from our leptocephali
collected in the Sargasso Sea; three from the NCBI
GenBank: AJ244829.1, FJ603300.1, AP007249.2) and
European eels (15 from our leptocephali; three from the
NCBI GenBank: KJ564270.1, FJ603301.1,
AJ244826.1). Analyses were conducted using the
Kimura 2-parameter model (Kimura 1980). The analy-
sis involved 36 nucleotide sequences, and there were
617 positions in the final dataset. Analyses were con-
ducted in MEGA X (Kumar et al. 2018).

Results
Distribution, size and meristics of larvae

The four March—April sampling surveys conducted
in overlapping areas of the Sargasso Sea from 2011
to 2017 collected a total of 2156 A. balearicum
leptocephali (Table 1). The greatest number of lar-
vae was collected in 2014 (N =913) partly due to the
277 larvae caught in one IKMT deployment towed
in five oblique movements up and down between
depths of 90 and 150 m before sunrise (04:11—
06:22) near the southern end of the westernmost
transect (26.5°N; 70°W). From 303 to 533 larvae
were collected during the other three surveys.

A remarkably similar size of larvae was seen each
year with most being between 80 and 100 mm (Fig. 3).
The smallest larvae in each survey ranged from 60 to
72 mm (N =9 total larvae <70 mm), and from 4 to 26
large larvae, 110-172 mm, were collected during each
survey (N=55 total). When apparent LC larvae
(>110 mm or < 127 myomeres) were excluded, the total
lengths of the 1384 likely HC larvae collected in all the
standardized IKMT tows were 60—132 mm with a mean
0f'87.9 +£6.8 mm (Table 1). The mean lengths of the HC
leptocephali in the standard IKMT tows from each
survey ranged from 86.6+ 6.6 mm in 2014 to 89.8 +
7.1 mm in 2015, and their TL values were statistically
different (p <0.001; Kruskal-Wallis) with 2015 being
different than 2014 and 2017, and 2011 being different
than 2014 (p <0.05; Dunn’s Test). The overall number
of likely HC larvae (myomere counts of >128, or<
110 mm with no myomere counts) collected per

standard IKMT tow ranged from about 5-9 among the
four surveys, with the highest catch being in 2014
(Table 1).

Myomere count subsamples of larvae during each
survey indicated that the majority of larvae had counts
in the HC range of >128 TM for the main size class
(Fig. 4). The TM counts of the HC leptocephali in the
standard IKMT tows were not statistically different
among years (p=0.53; Kruskal-Wallis), with mean
TM only ranging from 131.0 to 131.5 myomeres. In
2011 when more counts were made there was a higher
proportion of counts <127 for larvae in the main size
class. All but a few of the larger larvae had counts <127
myomeres indicating they were the LC form. All except
two (TM 128, 130) of the 14 metamorphosing larvae
(132-172 mm) had LC myomere counts (TM 121-127),
and 10 of those were collected in three pelagic trawl
deployments in 2011 (see Miller et al. 2013), when
shallow layers <100 m were sampled.

The distributions of larval size in relation to latitude
and longitude during each survey showed that the main
size class (~ 80—-100 mm) was widely distributed in all
areas (Fig. 5). The presence of both the smaller and
larger larvae varied within and among years, with few
obvious trends. Narrow size ranges were seen at many
stations including in the easternmost areas in 2011 and
2014. In 2014, larvae (77-96 mm) were also collected at
three individual stations (Fig. 1b) located to the north-
east of the main study area (N=8, 5, 1 larvae from west
to east), indicating A. balearicum leptocephali were
present as far east as 38°W. They were not caught at
four stations located farther north and east on the cruise
track that ended at the Azores Islands (not shown). The
long north-south transects of more widely spaced sta-
tions in 2015 showed that there was more variability in
sizes in the westernmost transect, but there were a few
larger larvae in other transects (Fig. 6).

Regression analyses of the TL of likely HC larvae
caught by the standardized IKMT catches from each
survey in relation to latitude and longitude showed
similar trends each year and for the overall combined
data (Fig. 7). Decreasing TL trends from west to east
and increasing trends from south to north were found
with similar slopes of the linear regression lines. These
linear relationships with TL were statistically significant
(p <0.05) for latitude in 2011, 2014, and 2015 and for
longitude in 2014 and 2015. The plots showed that the
sizes of HC larvae among transects had some similar
patterns, such as smaller larvae at 61°W in some years, a
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Fig.3 Length-frequency distributions of the Ariosoma balearicum leptocephali (including HC and LC forms) collected by all types of gear

during the 4 sampling surveys in the Sargasso Sea from 2011 to 2017

narrow but larger size range at 31°N, and smaller larvae
at the central latitudes in 2014. Combining all data of the
different surveys the overall TL of all the larvae (HC and
LC) increased gradually with Julian date (day of year) at
a rate of 0.18 mm/day over the 38-days period covered
by the sampling, but this is not considered to be the
growth rate of individual larvae.

Distribution and catch rates in 2015 transects

The distribution of larvae and their catch rates at the
2015 stations showed larvae were widely present, but
catches were not uniform across the sampling area
(Fig. 8). Larvae were present in all areas (north and
south sides) in relation to the fronts, including in the
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Fig. 4 Plots of the number of total myomeres (TM) versus total
length of Ariosoma balearicum leptocephali collected during the

four sampling surveys in the Sargasso Sea from 2011 to 2017. The
high-count form appears to have >128 myomeres and the low-
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count form has <127 myomeres based on previous studies (Smith
1989a,b; Miller 2002). The shading shows the areas of primary
overlap in the TM counts between the two forms that was used by
Miller (2002)
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Fig. 5 Plots of the individual total lengths of the Ariosoma
balearicum leptocephali (including HC and LC forms) collected
by all types of gear except the large pelagic trawl during the four
sampling surveys in the Sargasso Sea from 2011 to 2017 versus

water mass north of the 22 °C front and far south of the
24 °C front (Figs. 8 and 9). Some stations located in
many areas that were mostly sampled during the day
had no catches except in the southwest and northeast
(Figs. 8 and 9). This may not indicate they were absent
however, since none were caught in the standard
IKMT tow at the northernmost station in transect 2 at
67°W (St. 18), but several, including larger individ-
uals were caught in the 5-mm mesh IKMT tow there
(Figs. 6 and 8) (see below). The highest catch rates

Longitude (°W)

latitude and longitude of the stations. Larvae of the same sizes are
overplotted and are not visible. The 80-100 mm size range is
shaded to facilitate comparisons

occurred far south of the southern 24 °C front at the
southern end of the eastern 61°W transect (Fig. 8 and
9c). Two of those stations had considerably higher
catch rates than any other stations, except near the
southern front along 64°W (Fig. 9). The catches of
larvae along the four longest 2015 transects were
variable spatially, with mean catch rates (number of
larvae per 10° m® of water filtered) in each transect
ranging from 16.0+23.9 (Transect 4) to 5.7+7.0
(Transect 2). The catch rates were not significantly
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Fig. 6 Plots of the individual total lengths of the Ariosoma
balearicum leptocephali (including HC and LC forms) collected
by all types of gear in each transect (TR1-TRS5) during the 2015
sampling survey versus latitude and longitude of the stations (left

different among the five transects (Kruskal-Wallis
test, p =0.53), but there were only 9—12 stations per
transect. Catch rates were higher and statistically dif-
ferent in night tows (14.7 + 1.7, mean+S.D., N=22
stations) than those during daytime (5.4 +7.9; N=22)
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panels), and the length-frequency distributions of all the larvae
caught in each transect (right panels). The 80-100 mm size range
is shaded to facilitate comparisons

(U-test, p=0.35). Catch rates of tows made during
crepuscular periods (including both night and day
fishing times) were intermediate (9.4+5.1; N=4),
and seven of the 10 IKMT tows that did not collect
any A. balearicum larvae were day tows. The mean
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sizes in each transect that ranged from 92.0 = 11.4 mm
(Transect 1) to 98.0+14.9 mm (Transect 2) were
statistically different (» < 0.001; ANOVA) with Tran-
sect 4 (93.9 + 11.8 mm) being different than transects
1 and 3 (96.9+13.6 mm) (p < 0.05; Tukey Test).

Collections by other gear types

Some leptocephali collected in the other types of nets
used during the 3 WH and 2015 MSM surveys provided
useful information. During 2015, 4 A. balearicum (80—
101 mm) were among the 30 leptocephali collected by
the MOCNESS-1, and none were caught by the
Multinet Vertical Plankton Sampler. The only lepto-
cephali collected in five of the 33 manta surface net
deployments in 2015 were A. balearicum (N=44, 1—-
31 per deployment, 77-108 mm). Out of the 37
A. balearicum collected in eight of the 10 deployments

of the 5-mm mesh IKMT, eight were > 100 mm,
resulting in a higher mean TL (101.3 +20.5 mm) than
the overall survey means for non-metamorphosing lar-
vae (87-89 mm, Table 1). The four deployments of the
large trawl in 2011 captured 45 A. balearicum (most
larvae probably passed through the large mesh), with 17
of the larvae being 100—176 mm and there being a high
overall average size of 110.4+31.6 mm for trawl-
caught larvae. Few were caught in the trawl deploy-
ments in other years due to deep fishing.

Genetic differences between larval forms

The four non-metamorphosing HC leptocephali used for
sequencing were collected by IKMT from a station in
the northern part of the 61°W transect (no. 939, 91 mm,
130 TM; no. 940, 100 mm, 128 TM; no. 941, 88 mm,
131 TM) and farther north in the northern part of the
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Fig. 8 Individual-station catch rates (number of larvae per 10° m?
of water filtered) of the Ariosoma balearicum leptocephali (includ-
ing HC and LC forms) collected in the standardized IKMT tows in
each transect (west, TR1-TRS, east) during the 2015 sampling
survey. The surface expression of the two fronts associated with
the 22 °C (north) and 24 °C (south) isotherms are shown with
dashed lines based on a sea surface temperature image from 5

64°W transect (no. 1886, 132 mm, 133 TM). A non-
metamorphosing LC leptocephalus (no. 1741, 132 mm,
124 TM) and a metamorphosing larva (no. 1740,
148 mm, 124 TM) were also collected in that part of
the 64°W transect (Fig. 1a). Two other metamorphosing
LC larvae that were collected by the large midwater
trawl in the westernmost 70°W transect (no. 159,
158 mm, 124 TM; no. 160, 151 mm, 122 TM) were
also used.

The nucleotide sequences of 16S rRNA barcodes
were successfully retrieved from all analyzed sam-
ples. After trimming, the dataset showed 589 nucleo-
tides, comprising 11 variable sites with 11 parsimony
informative sites. The sequences of the HC and LC
larvae were clearly different from all 598 bp of the HC
larvae being identical, with two of the LC differing
from the other two by the same 1 bp (Online Resource
1). The mean genetic distances between the
A. balearicum HC and LC leptocephali were 0.018 +
0.006 compared to 0.007 +0.003 between A. rostrata
(American eel) and A. anguilla (European eel). The
distances between the two types of A. balearicum
larvae and the 2 anguillid species ranged from 0.185
+0.019 to 0.191 £0.020. The HC and LC larvae dif-
fered by either 10 or 11 bp. Their percentage genetic
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April 2015. The exact location of where the fronts were crossed
during each transect varied over time due to their dynamic nature,
so they could be slightly different in location compared to in the
hydrographic sections in Fig. 9 that are based on CTD data from
the survey. The Northwest Providence Channel (NWPC) and
Abaco Island of the Northern Bahamas and the South Atlantic
Bight (SAB) where HC eels have been found are labeled

distance differences were 1.67% or 1.84%, compared
to 0.7% divergence between the two anguillid eel
species. Therefore, the sequence divergence was
greater between the HC and LC larvae than between
the two Atlantic anguillid eels.

Discussion
Distribution and size of leptocephali

The data from the March—April 2011-2017 sampling
surveys of this study provided the first detailed view of
the distribution of A. balearicum leptocephali across the
Subtropical Convergence Zone (STCZ) in both latitudi-
nal and longitudinal axes during both individual years
and collectively by combining years. This showed that
the larvae of particularly the HC form of this species
were present in single seasons across the STCZ from
70°W in the west to 38°W in the east (2014), and from
22.5-31°N (2015). These larvae were present at various
sizes mostly within the 80-100 mm range across the
entire areas sampled in all 4 years. This is a remarkably
consistent size range that is essentially identical to the
size ranges collected during the five previous IKMT



Environ Biol Fish (2019) 102:1231-1252

1243

o 0]a TR2-67°W 123 c TR4-61°W
® 121 N =27 N =100
o - 60
fﬁ 81 40
ég 41 20

N || T

24 25 26 27 28 29 30 31 32

22 23 24 25 26 27 28 29 30 31 32

b TR3-64°W
N =44

00
22 23 24 25 26 27 28 29 30 31 32
Latitude (°N)

Fig.9 Individual-station catch rates (number of larvae per 10° m®
of water filtered) of the Ariosoma balearicum leptocephali (includ-
ing HC and LC forms) collected by the standardized IKMT tows in
the 4 eastern transects (TR 2—-5) during the 2015 sampling survey
plotted over temperature sections in the upper 300 m. The dotted

surveys (1981-1989) during February—April (Miller
2002). The previous study showed they were also abun-
dant farther west at 74°W in 1989 and at 73°W in 1983
during February, with the smallest specimens (52—
57 mm) being collected in those transects along with
high proportions of larger larvae. The mean sizes in
February 1981 (84.1 mm) and 1983 (83.8 mm) were
slightly smaller than the 87-91 mm mean values from
our March—April surveys, but a higher proportion of
large larvae were collected in February 1989 farther
west at 74°W (mean: 94.9 mm). This indicates that
similar size ranges of leptocephali could have been
distributed across the entire STCZ during the
February—April season of eight different years and that
there may be more LC larvae in the western areas near
the Bahamas. Smith (1989b) also reported similar sizes
being collected in the STCZ in March—April 1979. They
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lines show a catch rate of 10 in each plot for easy inter-comparison,
and black rectangles below the bars show stations sampled at
night. Zeros above the x-axes show stations with no catches in
the standard tows

were also present in the waters near Bermuda in the
north in all four recent surveys and in April 1993 (Miller
2002). They were present north of, between, and south
of the two fronts, which was also seen in the long
March 1985 transects that crossed the fronts from 25.5
to 31°N at 69 and 71°W (Miller and McCleave 1994).
The highest catch rates in 2015 were found at the
southern end of the transect along 61°W, so it seems
possible that A. balearicum leptocephali may be present
throughout the Sargasso Sea during the spring season.
In September—October 1984, they were most abun-
dant across the southern Sargasso Sea in the 50—75 mm
size range, with the smallest larvae of about 25 mm
being in the western region near the Florida Current
(Miller and McCleave 2007). Similar sizes were also
collected near the Florida Current in August 1993
(Miller 2015), and in an August 1984 survey
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(McCleave and Kleckner 1987) they were widely dis-
tributed across the southwestern Sargasso Sea (Miller
and McCleave unpubl. data). During the summer and
fall, LC larvae as small as 10 mm and 21-30 mm HC
were collected along the western side of the Florida
Current (Ross et al. 2007). Two size classes of LC larvae
were abundant during the 1984 survey station in the
Providence Channel (Miller 2002; Miller and
McCleave 2007). In the STCZ, a lack of data still exists
for various months during early summer (May—July)
and early winter (December, January), but considering
the various size ranges of larvae in other months, it is
likely these larvae are present in the Sargasso Sea during
most of the year.

The leptocephali of A. balearicum were also collect-
ed at the surface by the Manta trawl (a neuston net) in
2015, indicating they can be present at a variety of
depths from the surface down to 250 m within the
Sargasso Sea (Castonguay and McCleave 1987; Miller
2009; Miller 2015) and even deeper in the Florida
Current area (Ross et al. 2007). Ariosoma balearicum
leptocephali were also collected in neuston nets along
the Florida Current (Ross et al. 2007) and Gulf of
Mexico (Quattrini et al. 2019), and other species of
Ariosoma have been collected at the surface in the
Indo-Pacific (Miller et al. 2006). A variety of different
species of leptocephali have been collected at the sur-
face in neuston-type nets mostly at night (Ross et al.
2007; Miller 2009), but why these larvae come up to the
surface is not known.

The use of multiple types of gear in the present study
indicates that using only one type of sampling gear, even
a relatively large IKMT, may not adequately sample
some of the larger leptocephali present (e.g., larger than
100 mm). Few larvae were collected by small-mouth
opening nets (MOCNESS-1, Multinet Vertical Plankton
Sampler), possibly due to net avoidance and lower
volumes of water sampled, but even the IKMT may
not adequately catch larger larvae. Any A. balearicum
at the surface will also not be caught by normal plankton
trawling, at least by gear deployed from the back of the
ship. A higher proportion of large larvae was collected
in the slightly larger 5-mm mesh IKMT in 2015 that was
towed at 3 kn instead of 2 kn for the standard IKMT. The
analysis of Miller et al. (2013) suggested that large
leptocephali and perhaps even a few types of species
may frequently avoid the standard IKMT tows, but they
can be caught by the much larger pelagic trawl. For the
large trawl however, most leptocephali likely pass
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through the large mesh, so multiple types of gear seem
to be needed to fully evaluate the distribution, size and
abundance of leptocephali such as A. balearicum that
grows to large sizes.

Larval dispersal of HC and LC larvae

The fact that the same general size of A. balearicum larvae
are apparently present during each year of the February to
April season across the STCZ from 74°W to 38°W, a
distance of about 3500 km (including data of Miller
2002), can now be used to evaluate the possible factors
influencing the larval dispersal of the two types of larvae.
The assemblage of leptocephali in the STCZ is remarkably
similar among years as reported previously (Miller and
McCleave 1994; Miller 1995; Miller et al. 2013; Ayala
et al. 2016). The relative abundance of A. balearicum
larvae appears to be similar to previous years, even though
anguillid larvae are much less abundant in recent years
(Hanel et al. 2014; Westerberg et al. 2018). Variations
occur in the geographic occurrences of the smallest larvae
or proportions of larger mostly LC larvae, but the fact that
the primary size range of mostly HC larvae in the 80—
100 mm range is present across the STCZ region regard-
less of location suggests that there is a consistent pattern of
seasonal spawning and dispersal within the subtropical
gyre among years. One implication is that if the source
of the offShore larvae was from one direction, such as from
west-to-east within eastward frontal jets, the HC larvae
should be larger in the east, which was not found. It also
seems that if the HC larvae were from spawning some-
where else other than along the east side of the Florida
Current, such as the west side of the Florida Current along
the SAB where the juveniles live, it is unlikely that trans-
port from the west to the east side of the Florida current
would be so constant that it would produce such a stable
pattern of distribution and size of larvae throughout the
Sargasso Sea. They would also not be expected to be one
of the most abundant types of larvae there. It does seem
possible though, that if spawning occurs on the east side of
the Florida Current, a combination of transport processes
including both the eastward frontal jets and Gulf Stream
recirculation from the north could result in the observed
patterns of distribution, abundance, and size within all the
various surveys that have been conducted in the STCZ.
The previous study also examined catches from the
summer and fall in the southern and northern Sargasso
Sea and the Florida Current and western Gulf Stream
areas and found that the smallest HC larvae of about 18—
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55 mm were caught in the Gulf Stream area in Septem-
ber along with larvae up to about 60 mm (Miller 2002).
These samples were collected by the 10> m mouth-
opening MOCNESS-10 or an RMT (a single 10> m
rectangular net), but those nets have 3-mm diameter
mesh size, which would not retain the smallest larvae.
Even with that limitation, available data including the
small larvae in the Florida Current area in October 1984
(Miller and McCleave 2007, unpubl. Data: small HC
larvae were collected at St. 1, 33 mm, St. 2, 34 mm, and
St. 3,25, 26, 28 mm during that survey), suggest that the
HC form spawns during the summer along the eastern
side of the Florida Current after a spawning migration
from the South Atlantic Bight (Miller 2002) where HC
eels have been reported to live (Smith 1989a). Although,
Ross et al. (2007) reported that 16 small HC larvae (21—
30 mm) were collected in the western Florida Current
region, possibly in their more frequent August sam-
pling, examinations of sea surface temperature imagery
of the Florida Current suggest that water from the west-
ern Sargasso Sea can be entrained as filaments of water
into the main body of the Florida Current (see imagery
in Govoni and Spach 1999, Fig. 1la; McGowan and
Richards 1989, Figs. 5, 6 and 7; Miller 2015, Fig.
la, b). These types of intrusions from east to west or
warm-core rings influencing the water masses near Cape
Hatteras could result in HC larvae sometimes being
present on the west side of the Florida Current, where
exchange of Gulf Stream water into the coastal water
mass has been observed (Govoni and Spach 1999).

A different species, Ariosoma meekii has recently been
suggested to spawn in association with the western edge
of the Kuroshio Current in the East China Sea (directly
analogous to the Florida Current in its position relative to
the adjacent subtropical gyre) by collection of gravid
adult eels (Watanabe et al. 2016). That type of location
on the opposite side of the current compared to
A. balearicum is different though, because it would result
in larval dispersal to the continental shelf areas inshore of
the Kuroshio near Japan and Korea. Another species in
that western Pacific region, Ariosoma major, an eel of
continental waters along East Asia, likely has a similar
spawning location as the HC A. balearicum however,
because their larvae have been genetically identified far
offshore in the subtropical gyre where they are consis-
tently present at large sizes (Ma et al. 2008a; Miller and
Tsukamoto unpubl. data) in what appears to be a directly
analogous spawning (east side of the Kuroshio and Flor-
ida Current) and larval dispersal strategy for the two

species, which will be the subject of a similar future study
using data from many different years.

For both A. major and A. balearicum, spawning on
the east side of the boundary currents seems to be
locations that would result in their larvae being widely
dispersed throughout the subtropical gyres. Sea surface
temperature images of the Florida Current and western
Sargasso Sea (Miller 2015) illustrate the dynamic nature
of the region, where the high velocity Florida Current
(Leaman et al. 1987; Meinen et al. 2010) can result in
frequent eddies and intrusions into the western Sargasso
Sea (Vukovich and Crissman 1978; Cornillon et al.
1986) that could mix larvae eastward as well as west-
ward as mentioned above. Gulf Stream cold-core rings
could also help to move larvae southward into the
Sargasso Sea (Richardson 1980, 1983). These
recirculations of the Florida Current in conjunction with
recirculation of Gulf Stream water slightly farther down-
stream along the northern margin of the Sargasso Sea
(Fig. 2; McWilliams 1983; Marchese and Gordon 1996;
Marchese 1999) would provide a 2-route mechanism
that seems to explain the larval distribution of the HC
leptocephali in the STCZ. The eddy region along the
western Sargasso Sea could feed larvae into the frontal
zones that form in fall and are present into late spring
(Halliwell Jr and Cornillon 1989; Halliwell Jr et al.
1991; Weller 1991; Ullman et al. 2007). The ecastward
countercurrents associated with these frontal jets
(Eriksen et al. 1991; Weller 1991; Pollard and Regier
1992) could likely take larvae recirculated from the
Florida Current eastward into the STCZ, and this could
account for the small larvae that were detected in Feb-
ruary in the easternmost IKMT sampling conducted in
February 1983 and 1989 (Miller 2002) and in 2015.
This is illustrated by the positions of the 22 and 24 °C
isotherms in Fig. 8, if the frontal currents extend very far
into the west. Catch rates were also high in the southern
2/3 of the westernmost 2015 transect and along and
between the two fronts, as well as farther south in the
61°W transect. The fronts likely move north as the
season progresses into the spring and summer (Ullman
et al. 2007), so this could leave eastward transported
larvae behind at lower latitudes, while others continue
being transported eastward.

Recirculation from the north seems likely because the
Sargasso Sea has traditionally been considered to be a
subtropical gyre in which Gulf Stream water recirculates
within a smaller sub-gyre in the north (McWilliams
1983) and through larger-scale basin recirculation as
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depicted in early circulation plots (Worthington 1976;
Wunsch and Grant 1982). A modern representation of
this calculated average circulation shown in Fig. 2 illus-
trates how A. balearicum larvae could be transported
from the western edge of the gyre to all the places where
they have been collected. That circulation map is only a
depiction of average water circulation and does not
include the frontal jet countercurrent flows that occur
at limited spatial and temporal time scales, but some
larvae moving directly east through the STCZ would
result in an almost completely mixed population of
larvae offshore in the central gyre, which is what the
present study demonstrates appears to exist.

The smallest LC larvae in the Sargasso Sea region
have only been collected within the Northwest Provi-
dence Channel of the Northern Bahamas (Miller 2002;
Miller and McCleave 2007), but due to various flows
through the channel (Richardson and Finlen 1967;
Leaman and Molinari 1987) some of these larvae could
eventually become dispersed out of that area. In the Gulf
of Mexico, Smith (1989b) found that A. balearicum
appeared to spawn between August and November, then
grow an average of 70 mm between November and
February before starting to metamorphose in April,
resulting in a larval duration of about 7-8 months. LC
larvae as small as 9 mm were collected over the conti-
nental slope of the northern Gulf of Mexico (Quattrini
etal. 2019) and larvae from that region likely contribute
larvae to the western Florida Current (Miller 1995).
Some LC larvae from the Bahamas could enter the
Florida Current and be transported northward and expe-
rience similar dispersion routes as the HC larvae. This
would explain their widespread presence in low abun-
dances at various latitudes and longitudes in the present
study. Others could go east into the northwest flow near
Abaco Island (Rosenfeld et al. 1989; Lee et al. 1990;
Hacker et al. 1996) (see Fig. 8) or be taken offshore in
possible eddy circulations there (Stommel et al. 1978;
Gunn and Watts 1982; Olson et al. 1984).

Therefore, the hypothesized presence of these two
different spawning locations (HC: eastern edge of the
Florida Current; LC: within the Northern Bahamas) in
relation to the overall circulation of the region appears to
be able to explain the larval distributions of both the HC
and LC forms in the Sargasso Sea. There is no way to
evaluate if the LC eels of the Bahamas, Gulf of Mexico,
and wider Caribbean are all one population/species, but
it is possible that they all have a local spawning strategy,
with larvae mixing among areas. This is supported by
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the observation by Ross et al. (2007) thata 10.5 mm LC
larva was collected off North Carolina, suggesting that
LC eels may also be present in the South Atlantic Bight
(SAB) and spawn locally unless the larva was rapidly
transported into that area by the Florida Current. Based
on basic ocean current flow patterns, larvae of the HC
population off northern South America could also be
transported through the Caribbean and into the Florida
Current and would be indistinguishable from the large
northern HC larvae (Smith 1989b). The northern HC
larvae could also be transported through the passages of
the Greater Antilles (Johns et al. 2002), so the popula-
tion structure and larval dispersal of eels and larvae
currently considered to be A. balearicum will remain
unclear until more research occurs.

Contrasting life histories of 2 cryptic species

The sequences of mitochondrial 16 s DNA analyzed in
the present study establishes for the first time that the
HC and LC forms of A. balearicum that were initially
documented by Smith (1989a, 1989b) are indeed genet-
ically diverged at what appears to be the species level.
The HC larvae consistently differed from the LC larvae
by either 10 or 11 of the same sequences, and their
genetic distances were greater than between the Amer-
ican and European eels. The percentages of genetic
distance divergence of the HC and LC larvae were
1.7-1.8%, which was higher than the divergence of
0.7% between the American and European eels. The
average 16 s divergences within species calculated using
the same method for many fishes in one region of the
Indo-Pacific was 0.27% and 2.4% between genera
(Zhang and Hanner 2012), so the HC and LC forms
seem to be diverged at the species level.

This is an expected result, because there seem to be
few alternate explanations for the observed geographic
distribution patterns of both the adults and the larvae
with different ranges of vertebrae and myomeres as
discussed below. Similar differences in vertebral counts
in eels have been found in geographically separated
individuals that are likely reflecting different popula-
tions within the widespread anguillid species Anguilla
marmorata and A. megastoma (Watanabe et al. 2008,
2011) that also show genetic divergences for
A. marmorata (Minegishi et al. 2008). Cryptic mito-
chondrial lineages or cryptic species were found in the
widespread Indo-Pacific marine eel species Uroconger
lepturus, by analyzing 16S rRNA sequences of
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leptocephali (Ma et al. 2008b), and cryptic species were
also found in the chlopsid eel Kaupichthys diodontis in
the Indo-Pacific (Hubert et al. 2012). DNA sequence
analyses are finding many cases of possible cryptic fish
species that are genetically different among regions,
which in some cases would be expected to occur for
widely distributed species such as for gobiids and other
fishes (e.g., Hubert et al. 2012; Hyde et al. 2014;
Winterbottom et al. 2014).

Although the presence of cryptic species of
A. balearicum may be expected because of the clearly
different vertebral or myomere ranges, it is still a re-
markable and perhaps somewhat unique situation based
on its implications. If the hypothesis about the life
history of the northern HC species outlined above is
correct, after the eels migrate to spawn on the eastern
side of the Florida Current to enable larval development
to occur in the Sargasso Sea gyre, the metamorphosing
larvae must then swim across the Florida Current to
reach the SAB where the HC adults have been found
(Smith 1989a). Metamorphosing HC were collected in
the Florida Current during both of the August and
February MOC-10 surveys in 1978 and 1979, whereas
metamorphosing LC larvae were only caught there in
the February survey (Miller 2002). It is possible those
HC larvae were in the process of swimming across the
current to reach the SAB, but the eventual fate of the LC
larvae is unclear, especially since many of those were
caught on the western side of the current and were
suggested to possibly coming from the Gulf of
Mexico. Ross et al. (2007) discussed the possibility that
long-lived leptocephali from the WNA seem to reach
the eastern Atlantic by Gulf Stream flow and therefore
might be able to then follow the larger basin-scale gyre
circulation to return back to the western side of the
Atlantic. But this might take a long period of time, so
most of these larvae might also just be lost from their
populations (Ross et al. 2007).

It is not known if the HC leptocephali are adapted
to avoid continued eastward transport in the Gulf
Stream, but their consistent abundance in the central
Sargasso Sea seems to indicate that this area is used
for their larval growth stage. If it was not their
intended larval development area, and these larvae
actually originated from spawning near their appar-
ent juvenile habitats in the SAB and are accidentally
transported into the Sargasso Sea, it would be ex-
pected that the species assemblages of leptocephali
in the eastern SAB and Florida Current would be

similar to those in the Sargasso Sea. However, lep-
tocephalus assemblages in the two areas are very
different (Miller and McCleave 1994, 2007; Miller
1995; Ross et al. 2007), and there is no consistent
evidence of spawning by A. balearicum in the SAB
based on ichthyoplankton surveys (Fahay 1975;
Powles and Stender 1976; Powell and Robbins
1994, 1998; Marancik et al. 2005; Quattrini et al.
2005). Therefore, there is seemingly no explanation
for why the HC larvae are abundant in the Sargasso
Sea and other species such as Paraconger and
Rhynchoconger, which are abundant in the same
areas of the Florida Current, are not (Miller and
McCleave 1994; Miller 1995; Ross et al. 2007;
Ayala et al. 2016), other than the HC eels spawning
somewhere along the eastern FC. For the HC lepto-
cephali that are consistently abundant in the Sargas-
so Sea, the overall flow-field there mainly consists
of westward moving mesoscale eddies (Halliwell
et al. 1991) that would transport them in the direc-
tion of their presumed recruitment area. For them to
use the Sargasso Sea gyre as a larval development
nursery area, they must also be able to swim across
the Florida Current to reach the SAB for recruit-
ment. Because the HC larvae have never experi-
enced being in the SAB, it would represent a case
of genetically programmed larval homing to a spe-
cific region of juvenile growth habitat. This is es-
sentially the same as what the American eel lepto-
cephali must do after their larvae eventually spread
out to fill the Sargasso Sea gyre (Miller et al. 2015;
Miller and Tsukamoto 2017), which indicates this
type of larval behavior is possible. The main differ-
ence between the HC eels and American eel larval
distribution patterns is that the latter originate from
spawning south of the 22 °C front, and their conti-
nental species range is much larger. American eel
larvae that may get transported south out of the
Sargasso Sea through southerly passages (Johns
et al. 2002) could also end up recruiting to areas
adjacent to the Caribbean or get transported into the
Gulf of Mexico.

However, for the larvae of both species that are
retained in the Sargasso Sea, and also those of the
American conger eel, Conger oceanicus, that spawns
in the southwestern Sargasso Sea (McCleave and Miller
1994; Miller et al. 2011), there does not appear to be any
physical mechanism to transport most of their larvae
across the Florida Current and Gulf Stream each year
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even if there are episodic events of westward transport
across the current (Miller and Tsukamoto 2017). This
seems to make active swimming the only logical mech-
anism for most larvae to cross the current and reach their
recruitment habitats. Swimming behavior has been
shown to be required for American eel larvae to suc-
cessfully recruit by crossing out of the Florida Current in
larval transport modelling simulations (Rypina et al.
2014). A recent more detailed transport modelling sim-
ulation study of Japanese eel larvae, clearly showed that
directional swimming used by larvae during several
stages of their larval migration, including crossing out
of the Kuroshio, increased recruitment success (Chang
etal. 2018). The late-stage larvae of A. balearicum reach
larger maximum sizes (mostly <200 mm; Smith 1989b)
compared to American and Japanese eel larvae (~
70 mm), so they would likely be even faster swimmers
than anguillid larvae, or the glass eels and American
conger eel larvae (<120 mm) that have been studied for
their swimming abilities (Wuenschel and Able 2008).
Even much smaller coral reef fish larvae have been
found to have remarkable sustained swimming abilities
(Fisher and Wilson 2004), and the role of active swim-
ming by fish larvae has been increasingly discussed
(Leis 2002, 2006).

Alternative explanations for the predominance
and abundance of HC leptocephali in the Sargasso
Sea and the proposed life history strategy seem to be
difficult to formulate considering the geography of
currents and juvenile/adult habitats of this species
and the lack of evidence of spawning in the SAB
region. An important aspect of the scenario is based
on the geographic distribution of the HC and LC eel
vertebral counts of Smith (1989a). These vertebral
counts included at least a few eel specimens from
many coastal areas of the WNA including the Baha-
mas (N=22), Biscayne Bay Florida, Florida Keys,
Bermuda, the Gulf of Mexico, and the western Ca-
ribbean (N =2-6), which were all in the LC range.
However, all specimens from north of Palm Beach
Florida (N=27) along the SAB had HC vertebral
counts. The number of samples and their geographic
distribution is obviously insufficient to provide a
clear understanding of the zoogeography and life
histories of the minimum of three apparent cryptic
species A. balearicum in the WNA (including the
southern HC population). The fact that Smith
(1989a) found only HC eels from about six different
SAB locations, and the predominance of HC

@ Springer

leptocephali in the Sargasso Sea gyre and among
the metamorphosing larvae in the Florida Current
about 1 year after the likely summer spawning sea-
son, is suggestive that the proposed life history of
this HC cryptic species may be possible.

This does not appear to be the only example of an
eel species/cryptic species that seems to recruit to a
specific geographic area, when the ocean currents
should transport their larvae to many other areas.
Both Anguilla bornenesis and A. luzonesis are only
known to be present in significant numbers in east-
ern Borneo and the Philippines, respectively, despite
there being a lack of specific currents that would
only take them there from offshore spawning and
not to other places (Aoyama et al. 2003; Kuroki
et al. 2012; Han et al. 2016). If the abundant Sar-
gasso Sea HC leptocephali of A. balearicum do
actually move west and swim across the powerful
Florida Current, it will represent a remarkable ex-
ample of active larval swimming to a particular area,
because there is no physical mechanism to transport
them across such a powerful current. Active larval
behavior to reach recruitment areas in relation to
population connectivity and self-recruitment, and
even larval homing, are increasingly being evaluated
for coral reef fishes (Gould and Dunlap 2017 and
references therein), but these are typically cases of
larvae that were hatched near the habitats that they
attempt to return to over much smaller scales. What
is interesting about the HC A. balearicum scenario
being discussed here and also for anguillids and
conger eels, is that their larvae are returning to
habitats they have never experienced after being
hatched offshore in different water masses and being
dispersed over thousands of kilometers. Genetically
programmed migration behaviors have been pro-
posed to be used by other long-distance migrating
marine species such as sea turtles and salmon based
on cues from the earth’s geomagnetic field
(Lohmann et al. 2001; Putman et al. 2014, 2015).
Anguillid eels possess this sense and can likely use
it for orientation, but it is a difficult challenge to
determine if leptocephali can use geomagnetic cues
to facilitate their long migrations to specific areas
(e.g., Cresci et al. 2017; Durif et al. 2017).

Future collections of larvae and adults that are ana-
lyzed using both vertebral and myomere counts along
with DNA sequence analyses are needed to determine if
this remarkable larval migration actually occurs and
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what populations, cryptic species or subspecies exist in
the WNA. While the spawning location of HC eels
remains to be determined, it appears possible that
A. balearicum may represent an interesting example of
how natural selection has influenced the spawning lo-
cation and larval dispersal and recruitment behaviors of
species in relation to the geography of growth habitats
and strong ocean currents. The leptocephalus body
form, which accumulates energy storage compounds
that could be used for late-stage larval swimming may
be an important reason this is possible (Miller and
Tsukamoto 2017). These factors also seem to raise the
question about how many other eel species, or even
local cryptic species, may exist that have evolved com-
plex larval migration behaviors to enhance self-
recruitment to specific areas that are difficult to reach
using passive larval drifting alone.
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