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ABSTRACTEuropean eel deline is now widely observed and involves a large number of fators suh asover�shing, pollution, habitat loss, dam onstrution, river obstrution, parasitism and envi-ronmental hanges. In the present study, we analysed the in�uene of environmental onditionsin the Sargasso Sea and Atlanti oean irulation on European glass eel reruitment suess.Over a reent 11-year period, we showed a strong positive orrelation between an original indexof glass eel reruitment and primary prodution in eel spawning area. Moreover, primary pro-dution was negatively orrelated with temperature in the Sargasso Sea. Therefore, we used seatemperature as an inverse proxy of marine prodution. A lose negative relationship has beenfound over the last four deades between long-term �utuations in reruitment and in sea tem-perature. These �ndings were reinfored by the detetion of a regime shift in sea temperaturethat preeded the start of the deline in glass eel reruitment in the early 1980s. By ontrast,variations in integrative indies measuring oean irulation, i.e. latitude and strength of theGulf Stream, did not seem to explain variations in glass eel reruitment. Our results supportthe hypothesis of a strong bottom-up ontrol of leptoephali survival and growth by primaryprodution in the Sargasso Sea on short and long time-sales. We argue that sea warming inthe eel spawning area sine the early 1980s has modi�ed marine prodution and eventuallya�eted the survival rate of European eels at early life stages.
Keywords : Anguilla anguilla, BATS, glass eel, bottom-up, primary prodution, regime shift,SST, Sargasso Sea, reruitment.
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INTRODUCTIONEuropean eel reruitment (Anguilla anguilla) has signi�antly dropped sine the end of the1970s and the stok is now onsidered in danger (ICES, 2006). This speies has been listed inthe red book of endangered speies in several European ountries (Moriarty and Dekker, 1997;Dekker, 2003a) and its inlusion in Appendix II of the Convention on International Trade inEndangered Speies of wild fauna and �ora (CITES) was reently proposed (CITES, 2006). Aombination of fators are invoked to explain eel stok deline, inluding over�shing (Dekker,2003b), anthropogeni impats suh as pollution (Amiard-Triquet et al., 1988; Gony et al.,1988; Feunteun, 2002; MCleave, 2001), habitat loss (Feunteun, 2002), parasites (Aguilar etal., 2005), �utuations in urrent speed and oean irulation patterns (Power & MCleave,1983, Castonguay et al., 1994; Knights, 2003) and hanges in limate features (Knights, 2003).So far, none of these hypotheses has been validated (Dekker et al., 2003), but all are suspetedto interat and push the stok downward.In the present analysis, we investigate whether oeanographi and trophi onditions enoun-tered by eel larvae during their early oeani life stages may explain the patterns of variabilityand the deline in glass eel reruitment over several deades.The European eel is a atadromous �sh that goes through one of the longest seaward migrations,more than 6,000 km aross the Atlanti Oean. Adults spawn in the Sargasso Sea. Leptoephalilarvae, onveyed by warm urrents, ome from the Sargasso Sea to settle on Afrian and Euro-pean shelves, from Mauritania to Polar Cirle (Shmidt, 1922). There has been a long historyof eologial studies dealing with marine life stages of this speies (Dekker, 1998). Evidenenow exists showing that oeani onditions a�et the survival of larvae during their migrationin the North Atlanti. In partiular, Désaunay and Guérault (1997) showed that dereasesin biometri harateristis during the oeani phase, e.g. mean length, were parallel with aderease in reruitment. Oeani ondition may impat the ondition fator of glass eels dur-ing their ingress into European estuaries. A reent study of Bureau du Colombier et al. (inpress) showed the importane of energy state on the glass eel apaity to olonize freshwaterwatersheds.It is a hallenge to investigate whether major hanges observed in North Atlanti marine eosys-tems (Planque and Taylor, 1998; Reid et al., 1998; Beaugrand et al., 2002; Drinkwater et al.,2003) ould be responsible for �utuation and/or regime shifts in European glass eel reruit-ment. This paper investigates and tests two non-exlusive hypotheses on the proess by whihlarvae ould be a�eted during their development and marine migration in the North Atlanti.Firstly, the transport of eel larvae by oeani urrents may play an important part in glasseel reruitment. Leptoephali largely depend on the drift in the urrent for their trans-oeanimigration. Exat migration duration is still ontroversial (van Ginneken and Maes, 2005) andis estimated to be omprised between 9 months and 2-3 years depending on methods used toompute it (Leomte-Finiger, 1994; Tesh, 2003). Unfavorable urrents that prolong the dura-tion of oeani migration, and inrease time of exposure to predation are suspeted to impatglass eel reruitment (Désaunay and Guérault, 1997; Knights, 2003).Seondly, food availability during the early life stages may a�et eel larvae survival. Althoughfeeding mehanisms and soures of larvae nutrition are still largely debated (Otake et al., 1993;Pfeiler, 1999; Bishop and Torres, 2001), feeding is ritial for survival and development of smallleptoephali after hathing. Starvation and low prey availability largely a�et larvae survival(Cushing, 1995; Werner et al., 1997; Knights, 2003).3



Assessing the relative part of these two proesses, i.e. transport and food availability, in thevariability of glass eel reruitment is of primary importane to improve our knowledge on eeleology and for the management of this speies. To this aim, we examined the relationships be-tween glass eel reruitment indies and di�erent environmental desriptors related to transportand to food availability in the Sargasso Sea. Correlations between reruitment and environmen-tal signals were investigated on two di�erent time-sales, i.e. short-term interannual variabilityand long-term �utuations. In partiular, we addressed the following questions: (1) Are thereruitment time-series related to physial indies of urrents strength and latitude? (2) Canthe interannual �utuations in reruitment of European eel be explained by �utuations inmarine prodution in the Sargasso Sea? (3) Could long-term hanges in food availability in theSargasso Sea explain the reent deline in eel reruitment?MATERIALS AND METHODSReruitment dataTwo reruitment indies were used to examine short and long-term response to marine en-vironment. First, for long-term �utuations analysis and detetion of regime shifts, we usedthe seven longest time-series of glass eel reruitment available from ICES Working Group onEel (ICES, 2006), i.e. Ems in Germany, Den Oever and IJmuiden in the Netherlands, IJzer inBelgium, Loire and Vilaine in Frane and Nalon in Spain (Fig. 1, Table 1). All time-serieswere standardized (divided by their mean over the period) to de�ne a glass eel reruitmentindex. All European time-series exhibit similar long-term �utuations (Dekker et al., 2003).Despite their interest for survey at European sale, these data may su�er from heterogeneity(Dekker, 2004). The �rst four time-series are derived from sienti� surveys while the last threeare assessed by �shery-dependent surveys (see ICES, 2006). Data su�er from a ertain lakof reliability beause of sampling disrepanies. Thus, the deline in European eel populationshown by these series may be underestimated due to di�ulties in ath data olletion priorthe 1970s. These indies were only used to desribe the general pattern and low frequenyvariations of European eel reruitment over the last deades but are not fully appropriate todesribe reruitment interannual variability.To investigate short-term interannual variability in glass eel reruitment, we used another orig-inal homogeneous time-series of eel reruitment derived from a preise survey of the meanannual ath of glass eel by few �shermen in the Loire river (Frane) between 1994 and 2004.The series was omputed from the �nanial reports of a Frenh glass eel trader (i.e. 3618 dailyathes of 5 �shermen over the period). This ompany has a long history in glass eel businessand in sienti� ooperation (e.g. Elie, 1979; Castelnaud et al., 1994) and therefore providesreliable glass eel ath data. We seleted �shermen who an be quali�ed as ompliant andregular. "Compliant" inludes �shermen who keep on �shing more than �ve hours per sea trip."Regular" means that they go �shing eah opening day of the season. The mean number of�shing days per �sherman per season was 107.7 with a standard deviation of 11.2 for a mean�shing season of 136 days. Our sample of �shermen �shed during 79.2% of authorized time.We averaged athes per year beause monthly abundane variability depends on loal fators(temperature, winds, rainfall, turbidity and �ood) that in�uene athability and upstreammigration on a very short time-sale (White and Knights, 1997; de Casamajor et al., 1999;4



Prouzet et al., 2003; Tesh, 2003; Bouvet et al., 2006). Mean athes of glass eel per �shermanper year were then onsidered as a reliable reruitment index sine �shing methods and e�ortremained onstant during the period and sine no hange in �shing areas was observed.Environmental dataTransport Index and Gulf Stream indexCorrelation between reruitment data and the Transport Index (TI) and the Gulf StreamIndex (GSI) was �rst investigated to test the hypothesis that reruitment variability wasdriven by oean urrents variability. TI estimates the strength of the barolini gyre iru-lation in the North Atlanti, i.e. the strength of the Gulf Stream and North Atlanti Cur-rent system. It is alulated from the di�erene of the potential energy anomalies (PEA)between Bermuda and Labrador Basin. Data from 1954 to 2005 were extrated from the web-site of the Oean Observations Panel for Climate (OOPC) and with ourtesy of Ruth Curry(http://io3.uneso.org/oop/state_of_the_oean/sub/berm_lab_trans.php).GSI is a measure of the latitude of the Gulf Stream and is established on monthlyharts of its north wall, derived from airraft, satellite and surfae observations (Tay-lor and Stephens, 1998). Data from 1966 to 2005 were extrated from the websitehttp://web.pml.a.uk/gulfstream/data.htm.Primary produtionWe propose to use primary prodution (PP) as an indiator of eel larvae food. This is sustainedby general onsiderations following Ware and Thomson (2005) and based on the availableknowledge about leptoephali diet. Two potential soures of nutrition were indeed proposedfor larvae: Dissolved Organi Matter (DOM) and Partiulate Organi Matter (POM) in theform of zooplankton feal pellets and larvaean houses (Otake et al., 1993; Mohioka andIwamizu, 1996; Pfeiler, 1999). PP was onsidered as a good proxy for leptoephali food asDurand et al. (2001) desribed a strong linear relationship between phytoplankton and POMin the Sargasso Sea. Food availability in the Sargasso Sea an be ritial in early life stages todetermine larvae apaity to rapidly reah the size that allows them to drift into North Atlantiurrents (Knights, 2003). Eel larvae are quali�ed as type II larvae based upon their uniquedevelopmental strategy that allows them to inrease rapidly in size while devoting the majorityof their energy to metabolism, i.e. nutrition and loomotion, and not to mass inrement as inmost larval �sh. After a post-hathed period in whih the yolk-sa is resorbed, the larval �shshows a dramati inrease in size during whih up to 40% of the leptoephali maximum lengthis attained while only 5-7% of the maximum mass is aumulated (Bishop and Torres, 2001).We used data provided by the Bermuda Biologial Station for Researh whih has been arryingout in situ sampling of PP by �ltering the water olumn during ruises sine 1988. PP dataassoiated with details about methods are available on the Bermuda Biologial Station website(http://bats.bbsr.edu). A set of 8 standard depths on 20 m intervals from 0 to 140 m is sampledin the area of eel spawning (Southeast of Bermuda, Fig. 1). The Bermuda Atlanti Time-seriesStudy (BATS) station is loated in the west entral Sargasso Sea and an be onsidered as a5



representative of ondition a�eting leptoephali as they migrate and begin feeding in the entireSargasso Sea (Nelson et al., 2004). Di�erent samplings of leptoephali in this region revealed apreferred depth of 160 m during daylight and of 60 m at night (Shoth and Tesh, 1982, 1984;Castonguay and MCleave, 1987). Most of the PP is produed over a 9-month period fromNovember to July. PP was integrated over this period in order to derive an average estimateof the annual prodution in the Sargasso Sea. Averaging over this period also aounts for thetime of transfer of PP in the �rst levels of the food hain. The hathing period that spansbetween Marh and June is inluded within these 9 months (MCleave, 1993; Wang and Tzeng,2000). Using these BATS data, we alulated PP time-series over the period 1989-2002.Sea temperature as a proxy of primary produtionIn order to investigate long-term regime shift and variations, temperature in the Sargasso Seawas used as an inverse proxy of PP. Indeed, plankton ommunities dynamis are driven bytheir physial environment and it has been shown that temperature an be a useful india-tor of nutrient availability in thermally strati�ed waters (Bouman et al., 2003; Behrenfeld etal., 2006; Doney, 2006). The marine prodution inreases with SST in ooler waters of theNortheast Atlanti, but it dereases as SST inreases in warmer waters (Rihardson and Shoe-man, 2004). National Aeronautis and Spae Administration (NASA) and MGilliuddy etal. (2001) on�rmed this inverse relationship exists in the warm waters of the Sargasso Sea(http://daa.gsf.nasa.gov/oeanolor/lous/tutorial_6.shtml). Warming inhibits indeed ver-tial mixing, reduing the upward nutrient supply and lowering marine prodution. Hene, inwarm waters of the Sargasso Sea, when sea temperature inreases, PP dereases.Temperature dataTemperature in the Sargasso Sea has been monitored at Hydrostation S of the Bermuda Bio-logial Station sine 1955. Sine PP was averaged over the 0-140 m layer and we onsideredthat sea temperature impats PP, we averaged sea temperature over the deepest layer wheredata were available, i.e. the 0-100 m layer whih is above the thermoline. Temperature datawere available on a monthly basis but were averaged per year to ompute a mean annual timeseries.Statistial modelsStatistial analyses were performed in two ways: i) First, the orrelation between the reruit-ment and environmental time-series was assessed; ii) Seond, the existene of regime shifts inthe time-series was investigated.Reruitment was log10 transformed before eah orrelation analysis with environmental vari-ables. Beause migration duration of larvae is not learly established and arouses ontroversy(van Ginneken and Maes, 2005), the orrelation between reruitment and environmental time-series was systematially tested onsidering a time-lag of +1, +2 or +3 year(s). Thus, reruit-6



ment indies, Xt, were then orrelated with environmental variable, Yt−d, where d = 1, 2 or 3.When onsidering oeani indies (TI, GSI) as the environmental variable Yt, we analysed theorrelation between reruitment Xt and Y ∗

t−d, where Y ∗

t−d is the average over the years t− d to
t.Testing time-series orrelationsProedures for statistial testing of the degree of orrelation between the reruitment andenvironmental series must aount for the autoorrelation in the time-series beause it mayresult in an arti�ial inrease in the statistially signi�ane of the orrelation test. FollowingPyper and Peterman (1998), we used methods spei�ally designed to study long-term andshort-term orrelations in the ase of auto-orrelated time-series.Testing short-term orrelationsTo assess orrelations between interannual variations of reruitment index and environmental(TI, GSI, PP, sea temperature) time-series, we removed the autoorrelation by prewhiteningthe data series prior to statistial testing. The aim is to transform the original data to elim-inate statistially signi�ant autoorrelation whilst retaining the high frequeny signal (Foxet al. 2000). After the transformation, standard orrelation tests an then be applied to theresultant series. Prewhitening of the reruitment and environmental time-series, both of initiallength N , was performed by �rst-order di�erening (Thompson and Page, 1989). The Pear-son oe�ients were used to test orrelations between the �rst-order di�erened reruitmentand environmental time-series. The p-value was assessed by omparing the Pearson oe�ientagainst its theoretial distribution with (N -1)-2 degrees of freedom (d.f.) where (N -1) is thelength of the �rst-di�erened time-series.Testing long-term orrelationsTo analyse long-term patterns between reruitment indies and environmental (GSI, TI, seatemperature) time-series, we �rst smoothed data with a 5-year moving average. Then weadjusted the d.f. in the statistial tests to ompensate for autoorrelation in order to analyselow-frequeny soures of ovariation (Pyper and Peterman, 1998). To adjust d.f., we appliedthe equation proposed by Chelton (1984) and modi�ed by Pyper and Peterman (1998):
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rxx(j).ryy(j) (1)where N* is the orreted sample size that interprets as the number of independent jointobservations on the two time-series X (reruitment data) and Y (environmental data), N isthe length of the initial time-series and rxx(j), and ryy(j) are the autoorrelation of X and Yat lag j. Estimators of autoorrelation r are obtained using the Box-Jenkins' equation (Box7



and Jenkins, 1976) modi�ed by Chat�eld (1989):
rxx(j) =

N

N − j
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(Xt −X)(Xt−j −X)

N∑

j=1

(Xt −X)2
(2)where X is the overall mean. Pyper and Peterman (1998) tested a variety of d.f. adjustmentmethods and found Eq. 1 to be robust and unbiased ompared to other methods. This methodis also robust to the number of lags applied in the d.f.-redution (Eq. 1). In the presentanalysis, we omputed autoorrelations until the 9th lag approximately equal to N/5, followingPyper and Peterman (1998). The orrelation was then assessed using Pearson oe�ients withd.f. orretion for autoorrelation as desribed above (Eq. 1). The p-value was assessed byomparing the Pearson oe�ient against its theoretial distribution with N* - 2 degrees offreedom.Regime shift detetionA sequential regime shift detetion method was performed following Rodionov and Overland(2005) to detet major hanges in trends of glass eel reruitment indies and sea temperature.Reruitment data were not log10 transformed prior to analysis to maintain a su�ient varianeand make the regime shift detetion more relevant. This method enables us to estimate themagnitude of the shift through a regime shift index (RSI). The algorithm has user-spei�edriteria, e.g. ut-o� time-sale (l) that determines the minimum duration to qualify as a regime.The key onept is that there must be signi�ant shifts in mean value relative to the within-regime variane in order to detet a new regime. In the present analysis, ut-o� length (l) wasset to 10 years and probability level at p = 0.01. We investigated, however, the sensitivity ofthe results to the parameters setting l to 15 and 20 years and p = 0.05.RESULTSNo orrelation between reruitment and transport-related desriptorsOn the short-term, no signi�ant orrelation was found between TI or GSI and reruitmenttime-series whatever the ICES data (not shown) or Loire reruitment index (Table 2) andwhatever the time-lag (not shown). On the long-term, no signi�ant orrelation was foundbetween TI or GSI and reruitment indies whatever the time-lag (not shown). Thus, thisstatistial analysis does not reveal any lear linear relationship between the position or thestrength of the Gulf Stream and the leptoephali survival rate.
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A strong short-term orrelation between reruitment in the Loire and PP inthe Sargasso SeaWe only reported results of the relation between PP and the Loire reruitment index. Resultsobtained with other ICES reruitment indies were not signi�ant or muh less signi�ant,exept for the Loire index from ICES.Reruitment index in Loire river and PP time-series exhibited a dereasing trend whih wasmore outstanding for our reruitment index (Fig. 2a). Cathes dropped from approximatively700 kg per �sherman per year in 1994 to approximatively 200 kg in 2004 in the Loire river.Test for synhrony showed a signi�ant positive orrelation between Loire reruitment and the3-year lagged time-series of PP (r = 0.81, p < 0.005; Table 2, Fig. 2b) whereas no signi�antorrelations were found with 1 or 2-year lagged time series (not shown). High (resp. low) PPduring �rst semester of year t was followed by a high (resp. low) reruitment index in Loireriver in winter of year t+3.Long-term relationships between sea temperature and glass eel reruitmentLong-term variations in sea temperature were used as a proxy of PP. The negative relationbetween sea temperature and PP has been well established for low and mid-latitudes (Behren-feld et al., 2006). In the Sargasso Sea, this relationship is on�rmed by the signi�ant negativerelationship between monthly time-series of PP and sea temperature over the period 1989-2002(r = -0.54, p = 0.02).Temperature in the Sargasso Sea dereased from 1960 to the early 1970s and subsequentlyinreased until the most reent reords (Fig. 3). Changes in Sargasso Sea temperature resultedin a warming of the upper oean layer (0-100 m), from less than 21.2 °C in 1971 to more than22.0 °C in the 2000s, indiating strong environmental hanges in the system over the last 40years. During the older phase, reruitment indies were high, varying around a long-termaverage omprised between 2 and 3, whereas it delined markedly during the warming period(after 1980) to reah a value omprised between 0 and 0.5. Glass eel reruitment indiesinreased in the early 1970s to reah a peak in the beginning of the 1980s. From then on,the reruitment began to derease. Then, glass eel reruitment indies dropped by more than90% in less than 25 years. A strong and signi�ant negative relationship was found between�utuations in sea temperature (3-year lagged) and in reruitment indies over the period1963-2002 (Fig. 4). Periods of low (resp. high) sea temperature were assoiated with periodsof high (resp. low) glass eel reruitment. Correlations were lower and less signi�ant whenusing 1 and 2-year time lags between time-series (not shown).Regime shift in glass eel reruitment indies and in sea temperature in theSargasso SeaThe results of the regime shift detetion show three main phases in the Sargasso Sea temper-ature, a older phase before 1980 (mean temperature of 21.4 °C), a warmer phase afterward9



(mean temperature of 22 °C), and a third, even warmer, after 1999. The sequential regime shiftdetetion showed a signi�ant positive shift in temperature in 1979 (RSI = 0.98) and a negativeshift in glass eel reruitment indies in 1982 for Ems (RSI = -1.44), Den Oever (RSI = -0.94),IJmuiden (RSI = -1.64) and Loire (RSI = -1.92), in 1983 for Vilaine (RSI = -1.41) and Nalon(RSI = -1.42) and in 1979 for IJzer (RSI = -1.93) (Fig. 3). A weaker shift ourred in 1998for the temperature (RSI = 0.89) but its onsequenes an not be deteted in that analysis asreruitment time-series stopped in 2003 due to the moving average. The shift in 1979 in IJzerreruitment index ould be explained by the shortness of the time-series that indued an earlierdetetion of the shift. Levels of reruitment have dropped again sine 2001 for most Europeanreruitment time-series (ICES, 2006) suggesting that another shift is just arising in glass eelreruitment. The main shifts desribed above were not sensitive to hanges in the value of land p.DISCUSSIONThis study reinfores the hypothesis that marine prodution within the European eel spawningarea a�ets its earliest life stages and subsequent glass eel reruitment on both short andlong time-sales. Based on the analysis of short-term interannual variability for the mostreent years (1994-2004) and long-term variations in the last deades (1960-2002), the negativeorrelation between glass eel reruitment and PP in the Sargasso Sea sustains the hypothesisthat variability in glass eel reruitment may be linked to food availability and/or ompositionin the Sargasso Sea. As PP is negatively orrelated with temperature in the Sargasso Sea(Bates, 2001; MGilliuddy et al., 2001), we onjeture that the inrease in temperature overthe last three deades has led to a derease in PP and hene to a signi�ant drop in glass eelreruitment. Our �ndings are reinfored by the detetion of a regime shift in temperature thatpreeded the start of the deline in glass eel reruitment in the early 1980s. By ontrast, oeanirulation does not seem to be a major driver of eel larvae survival on the basis of the indiesused and of linear relationships.Reruitment indiesThe most signi�ant short-term orrelation between reruitment and PP series was obtainedusing the original reruitment index series in the Loire river assessed from the Frenh glass eeltrader. This original reruitment series was partiularly relevant for the analysis of interannualvariability. Loire river is one of the main glass eel arrival basins in Europe. This index anbe onsidered robust and reliable to analyse interannual variability as �shing methods, �shingwedges of �shermen, �shing date, and duration remained onstant over the period 1994-2004.By ontrast, other European river indies were alulated using heterogeneous data that overdi�erent time intervals, various soures, and loation (ICES, 2006) and their use to analyseinterannual variations is debatable. The use of other European series produed less onsistentrelationships. We attribute these di�erenes to the quality of the European series desribedabove. However, they are of high interest for long-term analysis of reruitment �utuationsover a long period (1960-2003) and were used in several studies (e.g. Dekker, 1998; Knights,10



2003).Migration timeOur results ontribute to the study of the migration duration of European eel larvae. Mostof the signi�ant orrelations were found using a 3-year delay between reruitment and theenvironmental time-series. In our analysis, this time lag aounts for transatlanti migration,metamorphosis, and estuarine arrival. As PP is alulated from November to July and the�shing season is omprised between Deember and April, the time lag used is omprised between2 and 3 years. The time lag of 3 years between the regime shifts in temperature and most ofglass eel reruitment indies observed at the beginning of the 1980s also supports the samehypothesis about migration duration. Thus, in a ontext where unertainty about migrationduration between 1 and 3 years remains high, our results seem to be more onsistent with a 2to 3-year delay between hathing and glass eel reruitment. This is onsistent with estimates ofseveral authors (e.g. Shmidt, 1922; MCleave, 1993; Tesh, 2003). In partiular, a migrationduration longer than 2 years has been validated through Lagrangian modeling in the Atlantioean (Kettle and Haines, 2006). Still, this hypothesis of a 2 to 3-year migration durationremains ontroversial sine ages at reruitment bak-alulated by otolithometry ranged from7 to 15 months (Arai et al., 2000; Wang and Tzeng, 2000). However, studies based on dailygrowth inrements in glass eel otoliths have been largely ritiized sine it may be a period of nodeposition of daily rings between hathing and migration of glass eels into estuaries (Svedänget al., 1998; Cieri and MCleave, 2000).Impat of transport on glass eel reruitment suessThe relationships between TI, GSI and glass eel reruitment were not learly established. How-ever, other studies suggest that leptoephali may be a�eted by oeani features beause oftheir long larvae oeani phase (Knights, 2003). Reent analysis by Friedland et al. (2007)suggested that the in�uene of oean parameters suh as the shallowing of the mixed layerdepth induing a derease in primary prodution, drift onditions in larval transport area,and delining trends in winds have ontributed to delining reruitment as well. For instane,they show that �utuations in Den Oever Index are related to �utuations in North AtlantiOsillation (NAO) whih indiates reruitment may be in�uened by physial and biologialstruture of the North Atlanti. Miller et al. (in prep.) suggested that the hanges assoiatedwith these type of atmospheri foring ould alter the biologial harateristis of the surfaelayer where leptoephali feed. Although NAO has been widely used to investigate response ofmarine eosystems to limati ondition (e.g. Fromentin and Planque, 1996), we did not usethis integrative environmental index beause it does not allow diret analyses of the responsesof plankton ommunities to their loal environment as temperature does. However, large-saleatmospheri foring by the NAO modi�es winds and SST patterns that regulate mixing andstrati�ation and hene phytoplankton abundanes (Drinkwater et al., 2003).Friedland et al. (2007) also suggested that �utuations in latitude of the 22.5°C isotherm whihis a useful indiator of the northern limit of eel spawning area, may a�et both spawning loa-tion and transport of the leptoephali out of the Sargasso Sea by inreasing retention whithin11



the Sargasso Sea gyre. Moreover, the possibility to leave the Sargasso Sea may be altered byhanges in winds in the northern Sargasso Sea, whih have redued southward Ekman trans-ports and hene ontributed to inrease larval retention in the Sargasso Sea gyre. Suh hangesin larval retention might add up to the bottom-up ontrol proess suggested by our result andunderline the various and potential ombined e�ets of environmental hanges on eel reruit-ment. The mysteries of oeani life history of eel and the lak of information about eel biologyand eology (e.g. migration duration and routes, larvae diet) hinder to lear up links betweeneel larvae survival and these environmental hanges.Glass eel reruitment driven by environmental onditions in the Sargasso SeaOur analysis proposed a fous on the in�uene of the trophi onditions in the Sargasso Sea onthe subsequent reruitment of European glass eels. On the short-term, the highly signi�antorrelation between PP and glass eel reruitment in the Loire river suggests a dynami relation-ship between food availability and larvae survival rate. This indiates that a strong bottom-upontrol may drive the young life stage of European eel. To extend the link between PP andglass eel reruitment on a longer time-sale, we relied on the inverse relationship found betweensea temperature and PP and we used variations in temperature in the Sargasso Sea as a proxyof variations in PP in that area (Bates, 2001). Sea temperature is an important manifestationof limate hange and an be used as an environmental proxy assoiated with hanges in phyto-plankton ommunity struture (Beaugrand et al., 2002). Proesses implied inlude hanges invertial mixing, hanges in water mass harateristis, irulation of the subtropial gyre anddistribution of mesosale eddies (Bates, 2001). This omplex response of marine produtionto sea temperature probably arises beause temperature not only a�ets biota diretly, but isalso a proxy for other physial proesses regulating the size struture, taxonomi omposition,and abundane of phytoplankton ommunities (Li et al., 2002). In warmer and more strati�edwaters with limited nutrients, warming is likely to redue marine prodution beause inreasedheating an enhane existing strati�ation, thereby reduing the availability of nutrients tophytoplankton in the surfae layer and leading to a mirobial-dominated ommunity (Roem-mih and MGowan, 1995; Rihardson and Shoeman, 2004; Behrenfeld et al., 2006).We foused on the main patterns of eel reruitment and sea temperature to investigate thesynhronism of their �utuations. The use of robust statistial test for orrelation analysisaounts for autoorrelation in time-series. Using linear models allows us to point out therelationships between patterns of eel reruitment and those of sea temperature but the use ofother models is beyond the sope of this paper.The shift in sea temperature in 1979 pointed out the beginning of hanges in the SargassoSea environment and was followed by a shift in eel reruitment deteted in 1982 in most ofEuropean rivers we analysed. The drop in reruitment in northern European rivers (e.g. GötaAlv in Sweeden) was observed before that year. Our results indiate that temperature may bethe main governing fator in�uening eel larvae survival by dereasing food availability in theSargasso Sea.
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CONCLUSIONIn this study, we foused on the impat of environmental onditions in the Sargasso Sea on glasseel reruitment. Our �ndings suggest that trophi onditions in the Sargasso Sea may a�etglass eel reruitment several years later and thousands of kilometers distant. Further studieshave to be engaged to improve our knowledge on the oeani stages of eel. However, in lightof the European stok deline observed for 25 years, many environmental and anthropogenifators ating at di�erent stages in the life yle are involved. Moreover, the strong demandof Asian markets has maintained strong harvest pressure on eel stoks. In this ontext, eelmanagement learly needs to be integrated within an eosystem approah in order to aountfor the di�erent fators impating eel whether eologial or eonomi. Further studies must beengaged onerning other eel speies to on�rm the trophodynami linkages observed for A.anguilla.ACKNOWLEDGEMENTSThe authors would like to express sinere thanks to the �shermen and the trader who kindlyprovided ath data, to R. Curry (Woods Hole) for the TI data, R. Johnson (Bermuda BiologialStation for Researh) for PP and temperature data and T. Dikey (University of California).We are grateful to J. Guitton (Agroampus) for mapping tools, O. Le Pape (Agroampus), D.Gasuel (Agroampus), Y. Désaunay (Ifremer), and L. Pequerie (Ifremer) for helpful ommentson an earlier version of the manusript. We thank Amanda Caskenette and Camille Manfredifor English orretions. Many thanks to B. Planque (Ifremer) for advies in statistial analysis.We thank P. Prouzet and B. Knights for their produtive reviews of the manusript.
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Table 1: Summary of biologial and environmental data. Gulf Stream Index (GSI), Transport Index (TI),Primary Prodution (PP), Temperature (T), and European sampling sites. Bermuda Atlanti Time-series Studywebsite is http://bats.bbsr.edu.Data Period Soure Proxy for:GSI 1969-2005 sienti� (Taylor and Stephens, 1994) Latitude of Gulf StreamTI 1958-2005 sienti� (Curry and MCartney, 2001) Intensity of Gulf StreamPP 1988-2002 sienti� (BATS website) Eel larvae foodT 1958-2005 sienti� (BATS website) Primary ProdutionEms 1960-1999 sienti� (ICES, 2006)Den Oever 1960-2005 sienti� (ICES, 2006)IJmuiden 1969-2005 sienti� (ICES, 2006)IJzer 1964-2005 sienti� (ICES, 2006)Loire 1960-2005 ath data (ICES, 2006)Vilaine 1971-2005 ath data (ICES, 2006)Nalon 1960-2005 ath data (ICES, 2006)Loire 1994-2004 ath data (Frenh trader, pers. omm.)Table 2: Summary of relationships between Loire reruitment index and Gulf Stream Index (GSI), TransportIndex (TI), Primary Prodution (PP) and Sargasso Sea Temperature (T) on short-term with a 3-year lag. Nindiates the sample size, r the orrelation oe�ient, p the signi�ane level and N* the mean orreted samplesize. N r p-valueGSI 11 -0.21 n.s.TI 11 -0.57 n.s.PP 10 0.81 <0.005T 11 0.20 n.s.Table 3: Summary of relationships between reruitment indies and Transport Index (TI) and Gulf StreamIndex (GSI) on long-term with a 3-year lag. r indiates the orrelation oe�ient, N∗ the mean orretedsample size, p the signi�ane level with N∗

− 2 d.f.Transport Index (TI) Gulf Stream Index (GSI)Site N N* r p N N* r pEms 39 6.05 -0.63 0.088 29 5.17 -0.82 0.038Den Oever 42 5.88 -0.69 >0.1 33 5.94 -0.56 >0.1IJmuiden 33 4.98 -0.67 >0.1 33 5.90 -0.59 >0.1IJzer 36 4.90 -0.71 0.092 33 6.00 -0.60 >0.1Loire 42 5.26 -0.75 0.062 33 5.22 -0.69 0.091Vilaine 31 4.77 -0.71 >0.1 31 5.15 -0.65 >0.1Nalon 42 6.20 -0.66 0.07 33 5.92 -0.58 >0.1
24


