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depth and temperature data from which we could reconstruct behavior
and habitat use. All results that follow are derived from these data.

Migratory behavior

Thirty-three eels (more than one-third) migrated into oceanic waters
(>200-m depth) in the Atlantic (Table 1), whereas 54 migrations ended
in waters over the continental shelf. We were able to reconstruct the full
migratory paths of the eels that migrated to the ocean and, additionally,
five eels that migrated from Germany into the North Sea. The paths of
the remaining 49 eels were treated as straight paths between the release
and pop-off position of the tag. Overall, the migratory trajectories show
that European eels follow routes that converge on the Azores region
(Fig. 1). Eels released from the Swedish west coast and the Baltic outlet
took a northerly route into the Norwegian Sea before turning west into
the northeast Atlantic Ocean (Fig. 1 and fig. S2a). The trajectories of
these eels were tightly clustered before reaching the Atlantic but spread
out afterward. Eels released from the Celtic Sea (Ireland) and Bay of
Biscay (France) followed a southwest bearing (Fig. 1 and fig. S2, b
and c), with an extrapolated intercept near the Azores. One eel, which
was released from Ireland and at liberty for 280 days, reached the Azores
at the eastern margin of the Sargasso Sea. None of the eels released into
the North Sea (Germany) reached oceanic waters, but four traveled
south toward the English Channel, whereas two eels traveled north
toward the Norwegian Sea (Fig. 1 and fig. S2d). From the west Medi-
terranean, eels traveled south and west toward the Straits of Gibraltar,
with two eels reaching the Atlantic Ocean and one reaching the straits
(Fig. 1 and fig. S2e).

Most of the migration routes were consistent with the reverse direc-
tion of the northern part of the subtropical gyre in the North Atlantic
Ocean, which branches east of Cape Hatteras into the North Atlantic
and Azores Currents. The waters within these currents originate from
the Gulf Stream, which passes along the western border of the Sargasso
Sea. The routes did not conform to the shortest (great-circle) routes
(Fig. 1). Overall, the average distance traveled by eels was 953 km
(£1085 km; range, 77 to 6982 km; table S1). However, eels that reached
the ocean traveled twice as far as the average distance over periods of up
to 280 days (Table 1). From the easternmost release to the westernmost
pop-up location, we tracked eels an end-to-end distance of ~5000 km,
more than half the distance to the spawning area. In total, 14 eels mi-
grated more than 2000 km, with one migrating more than 6900 km over
a period of 10 months. The reconstructions of these long migrations
show the existence of many meanders in the migration trajectories,

leading to a greater estimated travel distance than simply release to
pop-up position. The eel that migrated the longest distance length
doubled back toward the Azores after traveling south (Fig. 1).

Migration speed varied between 3 and 47 km day ™' (19.4 + 9.8 km
day ™', n = 87; Fig. 2A and table S1) or between 0.03 and 0.56 body length
s~' (0.253 + 0.123; Fig. 2B). There was no obvious clustering of migra-
tion speeds; the distribution conformed to a log-normal fit. Migration
speed was independent of release location and date of release and did
not vary depending on tag type (two-way analysis of variance, P > 0.05
in all cases; table S2). Eels that reached the ocean showed an overall mi-
gration speed between 7 and 35 km day ™', whereas those eels that did
not reach the ocean showed overall migration speeds ranging from 3 to
47 km day‘1 (Fig. 2A). Eels that reached the ocean exhibited faster mi-
gration speeds in the ocean than when they were migrating over the
European shelf (22.4 km day_1 versus 19.5 km day_l; t3=26;P<
0.01, paired ¢ test). Comparisons of average migration speed values were
made with those available within the literature (Fig. 2C); there were no
significant differences between the speeds that we observed and in situ
studies using internal tags [ ;7 = 0.75; P > 0.05, ¢ test (14, 19-26); table
S3] or external pop-up satellite archival tags (PSATs) deployed on
American eels (A. rostrata) [t;16 = 1.6; P > 0.05, t test (17)], and the
range of speed values was similar. The observed values of migration
speed were lower than measured values of swimming speed measured in
swim tunnel studies deployed on American eels (A. rostrata) [t; g = 5.21;
P <0.01, t test (11, 27-33); table S3], noting that these studies were under-
taken at higher water temperatures than in situ (18°C versus ~10°C) and
without the effect of adverse water currents.

Of those eels that migrated for >1 week, approximately half (n = 41)
suffered predation, occurring on average after 32 days (+39.2 days; Table
2 and table S4). Eels released from Ireland and the Mediterranean
experienced the greatest risk of predation (27 of 44 and 5 of 8, respectively;
fig. S2, b and e), whereas only two eels released from Sweden suffered the
same fate (17 of 23 Swedish eels reached the scheduled tag pop-off date
with only two definite predation events; figs. S2a and S3a). Tag data
suggested that diverse predators were responsible (fig. S3, a to f). Ten
predation events (~25%) occurred in oceanic waters, demonstrating a
continued risk throughout migration.

Vertical migrations

Eels that reached oceanic depths exhibited a stereotypical vertical migra-
tion (Fig. 3), moving from shallow to deep water between night and day.
Vertical migration resulted in a diel temperature change with experienced

Table 1. Migration metrics for eels that escaped the coast and entered the Atlantic Ocean. Values are average +1 SD of the mean. Figures in brackets show
the maximum values observed. Two different measures of distance and migration speed were calculated, one representing the entire migration and one that
took into account only the distance and speed during the oceanic portion of the migration (eel occupies water depth >200 m). A table providing details for all

eel migrations is provided in table S3b.

Location
(n)

Duration
(days)

Full distance
(km)

Speed
(km day™")

Oceanic distance (km)

Oceanic speed (km day™")

Celtic Sea (8)

106.8 £ 77.0 (273)

2716.8 + 1985.1 (6982.5)

26.3 £ 7.2 (425)

2277.3 + 2066 (6709)

244 + 70 (33.8)

Summary (38)
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98.5 + 57.1 (273)

1805.9 = 1176.2 (6982.5)

5 October 2016

19.8 = 6.9 (42.5)

17255 = 1136.4 (6709)

224 + 8.1 (354)
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Fig. 1. Reconstructed migrations of European eels. Reconstructed migrations or end positions of 87 eels that migrated into the Atlantic Ocean relative to the assumed
spawning area in the Sargasso Sea (hatched area). Release positions are shown as green squares, whereas end positions are shown by crosses. Dashed lines show the most
direct (great-circle) routes to the spawning area from the Celtic Sea, Baltic Sea, and Mediterranean Sea. The shaded gray lines shows the approximated routes of Atlantic and

Mediterranean migrations used for extraction of temperature data shown in Fig. 4.
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Fig. 2. Migration speeds. (A) Frequency distribution of observed migration speeds of tagged eels. Migration speed was calculated from the distance taken over either the fully
reconstructed migration path (n = 38) or the distance between release and pop-up (n = 49) when full reconstruction was not possible. Labels show the midpoints of the bins. (B) As for
(A), but expressed in body lengths per second. The migration speeds of eels that reached the ocean are shown in white, whereas the speeds of those eels that did not reach the ocean
are shown in black. (C) Comparison of eel travel speeds reported here and in the literature (citations are given within or above the data). Box plots show the median value as a
horizontal line and the mean as a cross. To enable comparison, swimming speeds observed in swim tunnel studies have been adjusted downward by 5 km day ™" to account for the

average current speed that eels are likely to experience in the northeast Atlantic (45).

temperatures being cooler during the day than at night (Figs. 3 and 4B).
Eels released from the Swedish west coast and the Baltic outlet
experienced extreme ambient temperatures below 0°C when in the Nor-
wegian Sea (fig. S4), whereas eels released from the Celtic Sea (Ireland)
rarely experienced temperatures lower than 9°C. In the west Mediterra-
nean, where the water column is homogeneous in depths <1000 m, tem-
perature remained at 13.5°C (Fig. 4B). In general, light data were not
recorded by the tags; their shallowest depths coincided with nighttime,
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and light levels at daytime depths were beyond the detection capability
of the PSATs.

As eels moved west in the Atlantic Ocean, regardless of where they
originated, they occupied greater depths and used a larger vertical range
(Fig. 4A), consistent with use of the mesopelagic zone. Occupied
nighttime temperature in the Atlantic ranged between 8° and 11°C.
The deepening of nighttime depths as eels moved west coincided
with the deepening of thermal contours (Fig. 4A). Vertical migrations
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Table 2. The fate of eels released from the European coast.

Bay of Biscay

Mediterranean North Sea Baltic Sea Total

Caught by fisherman 0 0
Unknown 0 8
Total 7 44
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Fig. 3. Vertical migration behavior. (A) Example vertical migrations of individuals measured over a 6-day period. Charts show an individual (#49559) released from Ireland that
was migrating in the mid-Atlantic Ocean, an individual released from Sweden (#118814) that was migrating in the Norwegian Sea, and an individual from southern France
(#133979) that was migrating in the eastern Atlantic Ocean. Depth and temperature data collected at between 15- and 30-min intervals are shown interpolated to a 1-min
resolution. The color scales show temperature in degrees Celsius and vary between data sets in relation to eel location. (B) Vertical displacement histograms for the oceanic
portion of migration for the same eels shown in (A). Because the average depth of eels increases considerably over the course of their migration, the depth measurements for each
day were normalized to the average daily depth and separated into day/night (black/gray) periods. Negative values represent depths shallower than the mean.

persisted until tag pop-off or predation; the eel at liberty for the longest
period maintained the vertical migrations for the 276 days of liberty
(fig. S5).

Timing of spawning

Average total length of leptocephali caught in the Sargasso Sea by day of
the year is shown in Fig. 5A, which provides a growth rate from linear
regression of 0.14 mm d ' (total length = 0.140 x day — 0.94; R* = 0.89).
Because European eel larvae hatch 2 days after fertilization at a size of
approximately 3 mm and grow rapidly for 6 days until the yolk sac is

Righton et al. Sci. Adv. 2016;2:e1501694 5 October 2016

exhausted at a length of ~6 mm (34), the total length measurements of
all leptocephali were projected backward in time to the date when a
length of 6 mm was reached using the regression parameters; the day
of fertilization was taken as this date minus 8 days. Figure 5B shows
the frequency of spawning deduced in this way, with a clear peak in
22 February (day 53). Assuming no larval mortality, the spawning pe-
riod appears to extend between early December and mid-May (90% of
spawning activity occurs before 10 April). To account for larvae that die
between spawning and capture, two values of instantaneous mortality,
3.8 yearfl (35)and 2.0 yearf1 (36), were used to calculate the numbers of
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Fig. 4. Depth and temperature experience of eels during the westward migra-
tion. (A) Depth of eels during the oceanic migration. (B) Temperature experience. Data
from eels migrating in the Atlantic Ocean are shown on the left, and the Mediterranean
Sea on the right. The data are shown as a violin plot. Black violin symbols indicate the
depths or temperatures occupied at nighttime, whereas gray symbols indicate the
depths or temperatures occupied during the day. Maximal and minimal values for each
degree longitude are indicated by the upper and lower limits of each violin symbol,
whereas the width of the violin symbols shows the kernel density distribution of ob-
servations at that value. Circles within each violin represent the median value for each
longitudinal bin. Colored contour lines in (A) indicate thermal structure of the water
column within hydrographic sections (shown in Fig. 1) centered on the general oceanic
migration paths of eels in the Atlantic Ocean and the Mediterranean Sea. Data are
included for all longitude bins where there were more than 20 days of data.

larvae required to account for the observed catches. This moves the time
of peak spawning slightly earlier (Fig. 5B), between 14 and 18 February,
respectively.

Timing of escapement

Silver eels are caught in most months in most locations, but the majority
are caught between September and December (>80% of escapement
was recorded between September and December in 9 of 20 data sets;
table S5). Peak escapement occurred between 10 August and 20 Decem-
ber (days 222 to 354; average day, 287 + 37.5; Fig. 5C) and was only
weakly related to the distance required to travel to the presumed
spawning area in the Sargasso Sea (Julian escapement date = 427 —
0.021 x distance; adjusted R?* = 0.29, F 13 = 8.85, P < 0.05). The
difference between the average dates of escapement and the timing of
peak spawning was 209 days from the farthest locations, but potentially
as short as 63 days from the closest (Fig. 5C and Table 3).

Journey duration and timing of arrival at the Sargasso Sea
Observations of migration speed from the tagging experiments were
used to calculate the duration of migration and timing of arrival at
the spawning area for eels from each catchment. First, a log-normal
curve was fitted to the migration speed data. This distribution was then
used in combination with the data on the proportion of eels escaping
from each catchment in each month to calculate how many eels would
arrive at the spawning area in time for the peak of the spawning period
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Fig. 5. Larval growth rates, timing of spawning, and timing of escapement of
European eels. (A) Length measurements of Anguilla anguilla leptocephali belonging
to the first year cohort. Each symbol represents the mean of length measurements of
leptocephali sampled on each day of the calendar year. The weighted least-squares
regression line between day of year and length is represented by a solid black line
(length = 0.1401 x day — 0.94). (B) Frequency of spawning of European eels based
on back calculation of growth rates. Timing is shown for three different larval instan-
taneous mortality rates (0, black; 2, dark gray; 3.6, light gray). (C) Timing of escapement
of silver eels as a proportion of total measured escapement in 19 catchments between
70° and 43°N within Europe. Each colored line represents a catchment, with the thick
black line denoting the average across all catchments. Lines are colored from red to
purple according to the timing of peak escapement, whereas the legend is ordered by
latitudinal position (north to south). The transparent gray shading shows the start of
the spawning period to peak spawning. Colored lines at the top of the chart show the
time between peak escapement and peak spawning. Sources of data are given in
tables S5 and S6 (66, 93-107).

immediately following escapement (22 February or day 53), using the
shortest distance to the spawning area (table S5). On average, only ~5%
of eels would arrive at the spawning area by peak spawning (Table 3),
and only ~12% by the time that 90% of larvae are spawned. The highest
percentage of arrival was predicted for the Fremur, France (0.12),
whereas the lowest was predicted for the river Bann, Ireland (0.01).
In contrast, an average of 65% of eels would arrive at the spawning area
between the end of the spawning period immediately after escapement
and the peak of spawning of the next (Table 3). To assess the increase in
migration speed required to enable 50% of eels to arrive by peak
spawning in 22 February, the observed swimming speeds were incre-
mentally translated along the x axis, before the log-normal distribution
was refitted (truncated to a maximum migration speed of 52 km day ™"
fig. S6). The percentage arriving in time for the spawning period imme-
diately after escapement was then recalculated. This calculation is based
on the assumptions that (i) eels migrate along the shortest route from
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