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Otolith Sr:Ca ratios from 32 of 34 European eel Anguilla anguilla collected from three freshwater
sites in the River Asi, southern Turkey, indicated that they were resident in fresh water without
apparent exposure to salt water since the elver stage. The Sr:Ca ratio criterion indicative of residence
in fresh water was more than twice that of values from other European countries. Otolith Sr:Ca
ratios of A. anguilla from fresh waters can vary among regions, possibly reflecting regional-specific
water chemistry. Hence, the use of Sr:Ca ratios determined in one region to interpret results from
a different region might lead to misclassification of migratory life-history types.  © 2011 The Authors
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INTRODUCTION

The European eel Anguilla anguilla (L.) is a catadromous species widely distributed
in Europe (Dekker, 2003; Tesch, 2003). It is also found in Turkish rivers and streams
draining into the Mediterranean Sea, Aegean Sea and parts of the Black Sea (Kiigiik
et al., 2005; Yalgm—()zdilek et al., 2006; Yalgm—()zdilek & Solak, 2007). The otolith
Sr:Ca ratio is a powerful tool to distinguish the migratory life histories of fishes
moving between freshwater and saltwater habitats (Campana, 1999). It has been
used to reveal the complicated migratory life histories of A. anguilla in the yellow
eel stage in many European countries (Tzeng et al., 1997, 2000; Arai et al., 2006;
Daverat & Tomas, 2006; Shiao et al., 2006; Lin et al., 2009).

It is unclear, however, whether the migratory life histories of A. anguilla in Turkish
waters, the eastern limit of the species distribution, are similar to those from other
countries. To classify the migratory life histories of A. anguilla, an otolith Sr:Ca
ratio indicative of residence in fresh water, brackish water or sea water is needed.
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Extrapolating the criterion ratio from one region to another may, however, not be
appropriate because of differences between regions in water chemistry, as found for
the American eel Anguilla rostrata (Lesueur) (Jessop et al., 2008). Therefore, the
objectives of this study were: (1) to identify the otolith Sr:Ca ratio indicative of
residence in fresh water using A. anguilla collected from three freshwater sites in
the River Asi in southern Turkey, (2) to examine their migratory life histories and
(3) to compare the otolith Sr:Ca ratios used to classify migratory history types of
A. anguilla among European regions.

MATERIALS AND METHODS

The River Asi (named Orontes in Syria) is ¢. 380 km in length (94 km in Turkey) and
originates in central Lebanon and drains into the Mediterranean Sea at Samandag (Hatay) in
Turkey (36° 02’ N; 35° 57" E). Annual precipitation is 400—800 mm, but rainfall is restricted
to the rainy season from October to May, when the water temperature can drop to ¢. 16° C. In
the dry season (July to August), total precipitation is <50 mm with water temperatures varying
around 27° C (Yilmaz & Dogan, 2008; Hatay Directorate of Agriculture, 2003; unpubl. data).
The width and depth of the river change considerably with the season. In the rainy season,
the depth of the river may increase to over 2-5 m at a width of 35—45 m while in the hot and
arid summer the depth is <1 m, with the riverbed often drying up completely. Some small
freshwater streams feed into the lower Asi from the Ansariye Mountain, such that the mixing
region of fresh water and sea water is restricted to <1 km upstream of the river mouth (S.
Yalcin-Ozdilek, pers. obs.). Within the delta of the River Asi, A. anguilla is one of the most
important commercial species for local consumption or export (Yal¢mn, 1997).

A total of 34 yellow eels were collected from Demirkoprii on 10 April and from Giizelburg
and Samandag on 10 July in 2007 (Fig. 1). Samples were collected by local fishermen
using drift nets in Demirkoprii and fyke nets in Giizelbur¢ and Samandag. The mean =+ s.D.
electrical conductivity was 81-8 & 7-0, 77-1 £ 6-6 and 68-6 = 4-8 mS m~! in Demirkopri,
Giizelbur¢ and Samandag, respectively (Tasdemir & Goksu, 2001), corresponding to a salin-
ity of <0-5 (Anderson & Cummings, 1999). Therefore, these sampling sites were all in fresh
water.

The total length (L1) of A. anguilla was measured to the nearest cm and mass (Mr) to
the nearest g. Sexes were determined by macroscopic examination (Tesch, 2003). The largest
otolith (sagitta) was removed, air dried, embedded in Epofix resin (www.emsdiasum.com),
then ground and polished until the core was exposed. The Sr:Ca ratios of the polished
otoliths were measured by an electron probe microanalyser (EPMA, JEOL JXA-8900R;
www.jeol.com) with a spot size of 10 um and interval of 10 pum, as detailed in Lin et al.
(2009). The time represented by one spot might range from several days to perhaps months,
depending on the distance from the core.

Fish otoliths are deposited daily (Campana & Thorrold, 2001), and thus the otolith edge
is deposited on the day when the fish are caught. In other words, the nearer the measuring
points are to the otolith edge, the better these points represent the water chemistry of the
collection site. As the A. anguilla were all collected in freshwater habitats and the otolith
Sr:Ca ratios were measured from the primordium to the edge, the last three points were used
to calculate the value indicative of residence in fresh water.

Otolith Sr:Ca ratios were measured consecutively, meaning that the last three points were
not independent and should be compared by repeated measure ANOVA (Elsdon et al., 2008).
The ratios were not significantly affected by site, sex or site—sex interaction (all P > 0-5),
and so the results were pooled. The mean 42 s.D. of the otolith Sr:Ca ratio from the last three
points was used as the criterion for residence in fresh water following Shiao et al. (2006)
and Tabouret ef al. (2010). Sr:Ca ratios with two consecutive points above this value were
considered as indicative of saltwater experience (Jessop et al., 2008). All computations were
completed in R (version 2.8.1) (www.R-project.org). The significance level (o) was set at
0-05.
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FiG. 1. Sampling sites (Samandag, Giizelbur¢ and Demirkoprii) for Anguilla anguilla in the River Asi, southern
Turkey. Scale bar = 10 km.

RESULTS

A total of 34 yellow A. anguilla, including 14 females, 15 males and five indi-
viduals with undeveloped gonads, were collected from three sites in the River Asi
(Table I). The otolith Sr:Ca ratios from the primordium to the edge were similar
among individuals from the three sampling sites (Fig. 2). The ratios ranged from 9
to 11 x 1073 in the primordium, increased considerably and reached a peak of 17
to 19 x 1072 at a distance from the primordium of ¢. 100 wm, corresponding to the
onset of metamorphosis from leptocephalus to glass eel. After this peak, the ratios
decreased drastically, varying between 2 and 3 x 10~ near 200 um, corresponding

TaBLE 1. Sample sizes (1), means = S.D. and ranges (in parentheses) of total length (Lt) and
mass (Mrt) of Anguilla anguilla collected from Demirkoprii, Giizelbur¢ and Samandag in the
River Asi, Turkey by sex: females (F), males (M) and fish with undeveloped gonads (U)

Location Demirkoprii Giizelburg Samandag

Sex F F M F M U

n 10 3 3 1 12 5

Lt (mm) 457£73 565+74 38-8+32 455 374+£2-1 358+32
(39-:2-60-0)  (52-2-65-0)  (36:7-42-4) (34-8—-40-5) (33-0-40-2)

My (g) 113.7£575 4397+£1982 13454277 171-6 1083 £18.5 9621424
(66-2-228-8) (308-0-667-6) (116-1-166-4) (81-2-139-5) (58-:3-160-9)
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FIG. 2. Otolith Sr:Ca ratios (x1073) of Anguilla anguilla collected from (a) Demirkoprii, (b) Giizelbur¢ and
(c) Samandag. ____ , the mean +2 s.D. of the otolith Sr:Ca ratios of the last three points (529 x 1073),
indicating residence in fresh water (grey region).
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to the end of metamorphosis. After metamorphosis, the otolith Sr:Ca ratios fluc-
tuated around 3 x 1073, and ranged from 1 to 5 x 1073, The mean =+ s.p. of the
last three points is 2-85 £ 1-22 x 10~ and the corresponding mean +2 s.p. value
is 5-29 x 1073, Therefore, two consecutive points with ratios >5-29 x 10~ were
considered as saltwater exposure.

After becoming glass eels, the otolith Sr:Ca ratios of collected individuals were
generally <5-29 x 10~3 except that one individual from Demirkoprii had ratios
>5.29 x 1073 at an otolith radius c. 1000—1100 pum [Fig. 2(a)], and one in
Giizelbur¢ had two points >5-29 x 1073 at an otolith radius c¢. 1100 um [Fig. 2(b)].
Therefore, all but two individuals from three sampling sites in the River Asi spent
their entire yellow eel stage in fresh water and did not return to salt water after they
recruited to the River Asi. For the two individuals having a short period of saltwater
experience, they had lived in fresh water for most of their yellow eel stage.

The mean otolith, s.D. and coefficient of variation of Sr:Ca ratios after the elver
stage of A. anguilla collected from fresh waters in different published studies and
the ratios indicative of residence in freshwater, brackish-water and seawater habi-
tats in different regions are listed in Table II. The mean Sr:Ca ratio of A. anguilla
from the River Asi in southern Turkey is 2-79 x 1073, close to 2:70 x 1073 for
A. anguilla from the freshwater Fumemorte Canal in southern France. It is, how-
ever, approximately two times higher than that from the Garonne and Dordogne
Rivers (1-4 x 1073) and Adour River (1-59 x 10~3), two to three times higher than
from five Irish rivers (0-98—1-78 x 1073), eight times higher than from Lake Milaren
and Ommen in southern Sweden (0-37 x 1073), four times higher than from Lake
Fardume in Gotland in Sweden (0-71 x 1073) and also four times higher than from
Lake Baluogai in Lithuania (0-72 x 10~%). Consequently, it is reasonable to conclude
that the otolith Sr:Ca ratio indicative of residence in fresh water was highest in the
River Asi (529 x 1073), followed by that in Lake Baluogai, Lithuania (2-24 x 10~2)
and in the Gironde watershed (2-0 x 107).

DISCUSSION

Prolonged residence in fresh water without saltwater experience in anguillids
appears to be particularly affected by distance of riverine or lacustrine habitats from
the tidal limit, by migration barriers, or related to stocking or escapes of cultured
anguillids from farms into upstream reaches (Tesch, 2003; Arai et al., 2006; Shiao
et al., 2006; Lin et al., 2010). In this study, the distances from the sampling sites to
the river mouth are relatively short (2, 20 and 30 km for Samandag, Giizelbur¢ and
Demirkoprii, respectively). There has not been any A. anguilla stocking or farming
in the Asi catchment and there are no migration barriers, such as dams or hydro-
electric power plants, downstream of the riverine sampling sites (S. Yal¢in-Ozdilek,
pers. obs.). It is possible that the sampled A. anguilla remained in freshwater habitats
with a limited home range (Laffaille ez al., 2005; Tabouret et al., 2010). The high
salinity of the Mediterranean Sea (Pinet, 2009) or high interspecific competition in
the river mouth might inhibit the use of brackish habitats.

Habitat use by A. anguilla after the elver stage is facultative and highly variable
among different European regions. Nearly all the A. anguilla in the present study
lived in fresh water, except two that evidently resided in salt water for a short time.
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More than 85% of A. anguilla from the Baltic Sea had at least one brackish-water
experience (Tzeng et al., 2000; Shiao et al., 2006), while nearly all individuals from
five Irish rivers were resident in fresh water (Arai et al., 2006). Daverat et al. (2006)
found a gradient of migratory histories in the Gironde River basin of western France
where residence in fresh water of A. anguilla increased towards the upper reaches of
the Gironde River, but the proportion of freshwater residents also increased towards
the sea. A gradient of migratory life histories was, however, not found in individuals
from three sites in the River Asi, not even for Samandag. Similarly, no gradient
was found in the River Shannon between the upper (Lough Derrevarga), middle
(Castleconnell) and lower parts (Killaloe) (Arai et al., 2006), although the upstream
and downstream movement of A. anguilla in the River Shannon might be affected
by power plants (e.g. Ardnacrusha power station). The situation in the River Asi
can be considered as an exception in relation to gradients in migratory life-history
strategies.

It is apparent that the otolith Sr:Ca ratios of A. anguilla living in fresh waters can
vary substantially between regions. This may be due to region-specific spatial and
temporal variation in Sr:Ca concentrations in water (Kraus & Secor, 2004; Munro
et al., 2005), different equipment used for measurement of otolith Sr:Ca ratios, water
temperatures (Campana, 1999; Elsdon & Gillanders, 2002; Martin et al., 2004) or
fish growth rates (Lin et al., 2007).

In a preliminary examination, the Sr:Ca ratios from one of the paired otoliths
(sagitta) of A. anguilla from the Fumemorte Canal were measured by electron probe
microanalyser (EPMA) and the other otolith by laser ablation inductively coupled
plasma mass spectrometry (LA-ICPMS). Sr:Ca ratios were not significantly different
(2:67 £ 0-59 x 1073 and 2-72 £ 0-32 x 10~> for EPMA and LA-ICPMS, respec-
tively, P > 0-5) between the two machines (J. Panfili, pers. comm.). Therefore, the
observed variation in otolith Sr:Ca ratio among fresh waters was probably not due
to different measuring machines, at least not for EPMA and LA-ICPMS.

Water temperature can affect otolith Sr:Ca ratios in fishes (Campana, 1999; Elsdon
& Gillanders, 2002; Martin et al., 2004). The water temperature in the River Asi
(16—27° C) and the growth rate of A. anguilla (90 mm year~!) are high compared
to other European regions (Yalgin-Ozdilek et al., 2006; Yilmaz & Dogan, 2008).
High water temperature might lead to elevated otolith Sr:Ca ratios (Martin et al.,
2004), but the temperature effects on Sr:Ca ratios are not consistent among studies
(Campana, 1999) and otolith Sr:Ca ratios were negatively (Tzeng, 1994) or not
affected by temperature in Japanese eel Anguilla japonica Temminck & Schlegel
(Tzeng, 1996). Meanwhile, otolith Sr:Ca ratios decreased with increasing somatic
growth rate (Lin et al., 2007), unlike the case in the River Asi. Therefore, high
water temperature and growth rate may not be the main reasons for the high otolith
Sr:Ca ratio.

Otolith Sr:Ca ratios and criterion ratios for freshwater v. seawater exposure may
be affected by local water chemistry. The water in the River Asi is hard and alkaline
(pH range 7-1-8-3), with relatively high concentrations of alkaline earth elements
and other heavy metals (e.g. Ag, Cd and Cr). During the rainy season, the water
alkalinity further increases due to the rain dissolving basic calcareous layers (Odemis
& Evrendilek, 2007; Yilmaz & Dogan, 2008). High water hardness and geological
leaching of rockbeds might enhance Sr concentrations in water, possibly leading to
the observed high otolith Sr:Ca ratios.

© 2011 The Authors
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A sample-specific Sr:Ca ratio indicative of residence in freshwater or saltwater
habitats should be calculated from the individuals collected from freshwater sites
or controlled experiments. Applying a criterion from another region a priori might
lead to misclassification of the migratory life histories (Elsdon et al., 2008). For
example, if the criterion ratio from Lithuanian waters (2-24 x 10~3) was applied, all
A. anguilla from the River Asi might be mistakenly classified as having frequently
moved to or been caught in saltwater habitats, whereas they were collected from
fresh waters.

We would like to thank the fishermen for sample collection, and J.-C. Shiao, B. Jessop
and anonymous reviewers for providing valuable suggestions on this manuscript.

References

Arai, T., Kotake, A. & McCarthy, T. K. (2006). Habitat use by the European eel Anguilla
anguilla in Irish waters. Estuarine, Coastal and Shelf Science 67, 569—578.

Campana, S. E. (1999). Chemistry and composition of fish otoliths: pathways, mechanisms
and applications. Marine Ecology Progress Series 188, 263-297.

Campana, S. E. & Thorrold, S. R. (2001). Otoliths, increments, and elements: keys to a
comprehensive understanding of fish populations? Canadian Journal of Fisheries and
Aquatic Sciences 58, 30-38.

Daverat, F. & Tomds, J. (2006). Tactics and demographic attributes in the European eel
Anguilla anguilla in the Gironde watershed, SW France. Marine Ecology Progress
Series 307, 247-257.

Daverat, F., Limburg, K. E., Thibault, 1., Shiao, J. C., Dodson, J. J., Caron, F., Tzeng, W. N.,
lizuka, Y. & Wickstrom, H. (2006). Phenotypic plasticity of habitat use by three tem-
perate eel species, Anguilla anguilla, A. japonica and A. rostrata. Marine Ecology
Progress Series 308, 231-241.

Dekker, W. (2003). On the distribution of the European eel and its fisheries. Canadian Journal
of Fisheries and Aquatic Science 60, 787-799.

Elsdon, T. S. & Gillanders, B. M. (2002). Interactive effects of temperature and salinity on
otolith chemistry: challenges for determining environmental histories of fish. Canadian
Journal of Fisheries and Aquatic Science 59, 1796—1808. doi: 10.1139/f02-154

Elsdon, T. S., Wells, B. K., Campana, S. E., Gillanders, B. M., Jones, C. M., Limburg, K. E.,
Secor, D. H., Thorrold, S. R. & Walther, B. D. (2008). Otolith chemistry to describe
movements and life-history parameters of fishes: hypotheses, assumptions, limitations
and inferences. Oceanography and Marine Biology: An Annual Review 46, 297-330.

Jessop, B. M., Cairns, D. K., Thibault, I. & Tzeng, W. N. (2008). Life history of American
eel Anguilla rostrata: new insights from otolith microchemistry. Aquatic Biology 1,
205-216.

Kraus, R. T. & Secor, D. H. (2004). Incorporation of strontium into otoliths of an estuarine
fish. Journal of Experimental Marine Biology and Ecology 302, 85—106.

Kiiciik, F., Giimiis, E. & Giille, 1. (2005). Determination of entrance season of elvers (Anguilla
anguilla L., 1766) in Gozlen Creek and assessment of different catching methods.
Turkish Journal of Veterinary and Animal Sciences 29, 1061—-1066.

Laffaille, P., Acou, A. & Guillouet, J. (2005). The yellow European eel (Anguilla anguilla)
may adopt a sedentary lifestyle in inland freshwaters. Ecology of Freshwater Fish 14,
191-196.

Lin, S. H., Chang, C. W., lizuka, Y. & Tzeng, W. N. (2007). Salinities, not diets, affect stron-
tium/calcium ratios in otoliths of Anguilla japonica. Journal of Experimental Marine
Biology and Ecology 341, 254—263. doi: 10.1016/j.jembe.2006.10.025

Lin, Y. J., Shiao, J. C., LozZys, L., Plikss, M., Minde, A., lizuka, Y., Rasals, I. & Tzeng, W. N.
(2009). Do otolith annular structures correspond to the first freshwater entry for yellow
European eels Anguilla anguilla in the Baltic countries? Journal of Fish Biology 75,
2709-2722. doi: 10.1111/1.1095-8649.2009.02471.x

© 2011 The Authors
Journal of Fish Biology © 2011 The Fisheries Society of the British Isles, Journal of Fish Biology 2011, 78, 860—868



868 Y.-J. LIN ET AL.

Lin, Y. J., Tizuka, Y. & Tzeng, W. N. (2010). Potential contributions by escaped cultured
eels to the wild population of Japanese eel Anguilla japonica in the Kao-Ping River.
Journal of the Fisheries Society of Taiwan 36, 179—189.

Martin, G. B., Thorrold, S. R. & Jones, C. M. (2004). Temperature and salinity effects on
strontium incorporation in otoliths of larval spot (Leiostomus xanthurus). Canadian
Journal of Fisheries and Aquatic Science 61, 34—42. doi: 10.1139/f03-143

Munro, A. R., McMahon, T. E. & Ruzycki, J. R. (2005). Natural chemical markers identify
source and date of introduction of an exotic species: lake trout (Salvelinus namaycush)
in Yellowstone Lake. Canadian Journal of Fisheries and Aquatic Science 62, 79-87.
doi: 10.1139/f04-174

Odemis, B. & Evrendilek, F. (2007). Monitoring water quality and quantity of national water-
sheds in Turkey. Environmental Monitoring and Assessment 133, 215-229. doi: 10/
1007/s10661-006-9574-1

Pinet, P. R. (2009). Invitation to Oceanography, 5th edn. London: Jones and Bartlett Publisher.

Shiao, J. C., Lozys, L., lizuka, Y. & Tzeng, W. N. (2006). Migratory patterns and contribu-
tion of stocking to the population of European eel in Lithuanian waters as indicated
by otolith Sr:Ca ratios. Journal of Fish Biology 69, 749-769. doi: 10.1111/j.1095-
8649.2006.01147.x

Tabouret, H., Bareille, G., Claverie, F., Pécheyran, C., Prouzet, P. & Donard, O. F. X. (2010).
Simultaneous use of strontium:calcium and barium:calcium ratios in otoliths as markers
of habitat: application to the European eel (Anguilla anguilla) in the Adour basin, South
West France. Marine Environmental Research 70, 35—45. doi: 10.1016/j.marenvres.
2010.02.006

Tagdemir, M. & Goksu, Z. L. (2001). Some water quality criteria of Asi River (Hatay). EU
Journal of Fisheries and Aquatic Science 18, 55-64 (in Turkish).

Tesch, F. W. (2003). The Eel, 3rd edn. Oxford: Blackwell Science.

Tzeng, W. N. (1994). Temperature effects on the incorporation of strontium in otolith of
Japanese eel Anguilla japonica. Journal of Fish Biology 45, 1055-1066. doi: 10.1111/
j-1095-8649.1994.tb01072.x

Tzeng, W. N. (1996). Effects of salinity and ontogenetic movements on strontium: calcium
ratios in the otoliths of the Japanese eel, Anguilla japonica Temminck and Schlegel.
Journal of Experimental Marine Biology and Ecology 199, 111-122.

Tzeng, W. N., Severin, K. P. & Wickstrom, H. (1997). Use of otolith microchemistry to inves-
tigate the environmental history of European eel Anguilla anguilla. Marine Ecology
Progress Series 149, 73-81.

Tzeng, W. N., Wang, C. H., Wickstrom, H. & Reizenstein, M. (2000). Occurrence of the
semi-catadromous European eel Anguilla anguilla (L.) in Baltic Sea. Marine Biology
137, 93-98.

Yalcin, S. (1997). Fishes of Asi River (Orontes). In IX. National Water Products Sympo-
sium (Symposium Organising Committee, ed.), pp. 73—80. Isparta: Siilleyman Demirel
University.

Yal¢in-Ozdilek, S. & Solak, K. (2007). The feeding of European eel (Anguilla anguilla L.)
in the River Asi, Turkey. Electronic Journal of Ichthyology 2007, 26-35.

Yal¢in-Ozdilek, S., Glimis, A. & Dekker, W. (2006). Growth of European eel in a Turkish
River at the south-eastern limit of its distribution. Electronic Journal of Ichthyology
2006, 55-64.

Yilmaz, A. B. & Dogan, M. (2008). Heavy metals in water and in tissues of himri (Cara-
sobarbus luteus) from Orontes (Asi) River, Turkey. Environmental Monitoring and
Assessment 144, 437-444. doi: 10.1007/s10661-007-0005-8

Electronic Reference

Anderson, H. & Cummings, D. (1999). Measuring the salinity of water. Landcare Notes
LC0064. State of Victoria: Department of Sustainability and Environment. Available
at www.dpi.vic.gov.au/dpi/nreinf.nsf/$FILE/LC0064.pdf

Hatay Directorate of Agriculture (2004). Hatay province agriculture master plan. Directorate
of Agriculture in Hatay, Ministry of Agriculture and Rural Affairs, Turkey. (234 pp.).
In Turkish. Available at http://www.tarim.gov.tr/Bolge_ve_Il_Master,Il_Planlari.html

© 2011 The Authors
Journal of Fish Biology © 2011 The Fisheries Society of the British Isles, Journal of Fish Biology 2011, 78, 860—868



