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Black Sea anchovy Engraulis encrasicolujundertake extensive overwintering migrations
every fall from nursery grounds to warmer overwintering aes located on the
south-eastern coast of the Black Sea. During migration and @rticularly upon arrival at the
Anatolian coast, they support an important shery and valuble source of income for the
regional community. Black Sea anchovy have undergone sigeant stock uctuations
partly related to climatic conditions; for example, migramg anchovy schools arrived late
or failed to arrive at the Anatolian coast when fall temperates increased. It is therefore of
importance to understand the conditions required for succesful overwintering migration
and explore different migration routes. This study invokes Lagrangian modeling
approach applied to satellite derived circulation and temerature data as a rst attempt
to model anchovy migration dynamics in the Black Sea. This nieling approach takes
the in uence of the physical environment into account, whé the quality of overwintering
grounds, adaptive, schooling, and homing behavior is neglgted. The model is used to
investigate the possible in uence of interannual and seaswal variability of temperature
and surface currents, as well as the in uence of migration bleavior on the success of
anchovy overwintering migration for both the Black Sea and 2ov Sea anchovy. The
results of the present work show the possibility that overwitering anchovy shed along
the Turkish Eastern Anatolian coast may not exclusively ginate from the northwestern
shelf, but mainly from the eastern Black Sea basin. Migratiopathways are identi ed for
both Black Sea and Azov Sea anchovy, which are of importanceof the national sheries
efforts of riparian countries. The modeling results are ingreement with general patterns
of anchovy migration given in the literature indicating thahe physical environment may
be a major factor in shaping general migration patterns. Sialation results are used to
hypothesize about alternatives to previously determined igration routes and provide
potential reasons that explain the inability of the Bulgam anchovy shery to recover.
Results show that the intensity and timing of autumnal coaly, coupled with current
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strength, can be of signi cant importance in determining anual and seasonal variability
of migration success. Considering the need for sheries maagement to account for the

variability in shable overwintering anchovy stocks a modéng approach as developed

in the current study may provide such a tool.

Keywords: Black Sea, anchovy ( Engraulis encrasicolus ), overwintering migration, climate variability, Common
Fisheries Policy

INTRODUCTION or 14 C (Panov and Spiridonova, 199%r between 12 and 1€
(Panov and Chashchin, 1990Chashchin et al. (2015uggest
The key to estimating the available species in an ecosysteqfult Black Sea anchovy start to form migrating schools vthen
requires an understanding of their geographical distriboti \vater temperature drops below 16—8 It has also been found
(Harte, 200%. Movement can aect sh populations through that the adult anchovy rst start migration, and later whehet
changes in population density, modifying interspecic temperature drops further, the juveniles start migratichucu
interactions or through genetic reorganizationsTu(chin et al., 201y, In addition, an internal stimulus driving migration
and Omland, 1999 In sheries assessment and managementjs thought to be the body fat contenfiulman, 2002
the patterns of sh movement can be used to explain stock The strong variability in anchovy catches in the Black Sea
uctuations (Pelletier and Parma, 19p4The way that marine ndicates strong spatial and temporal variability in anchovy
organisms disperse depends on the species, species behavior, gdmass. As anchovy is a fast-growing and short-lived specie
currents (Viarinone et al., 2008 Considering the long-distance the in uence of environmental drivers may regulate surVisgte
migration that anchovy in the Black Sea undergo every yeagf the early life stagess(iraslan et al., 2014; Gucu et al., 2016
studying movement of populations can provide valuable insightof these factors, eutrophication, climate variabili§ouz et al.,

for sheries scienceGoodwin etal., 2006 Therefore, simulation  2008a,) and the invasion of an alien ctenophor®liemiopsis
of movement of individual particles in a dynamic environment|ejdyj have been stated to be of crucial in uence.

is an important tool for investigating ecological processethe Two anchovy subspecies are found in the Black Sea, the
marine environment Kleath and Gallego, 1998; Miller et al., Black Sea anchovyEfigraulis encrasicolus pontipasd Azov
1998; Hare et al., 1999 anchovy E. encrasicolus maetigu@likolsky, 201} Azov Sea

Models are very useful tools for understanding and simufgtin anchovy spawning grounds are located in the Azov Seaute 1;
sh movement under changing environmental conditions Chashchin et al., 20)5Black Sea anchovy eggs and larvae have
(Goodwin et al., 2006 However, modeling the movement of peen found in much of the Black Sea, but based on extensive
sh is challenging as the mechanisms that cause the movemeghnual surveys of the Soviet Union from the 1970's to early¥)399
are often not well-known\(Vatkins and Rose, 20)&nd data  of the entire northern part of the Black Sea it was concluded
is scarcelflaas et al., 2004; Roth et al., 2p0@odeling studies  that the main spawning ground of Black Sea anchoy is located
have regularly reported close relationships between smaljjpsl  on the northwestern shelf, rather than the northeasterrioeg
abundance and distribution patterns and sea surface temperat (jvanov and Beverton, 1985; Chashchin, 1996; Lisovenko and
distributions, i.e., in herring in the Barents Seajgsaeter, 1998; Andrianov, 1996; Chashchin et al., 2018nfortunately, this
Gjoseeter et al., 1998; Huse et al., Jptapelin in the Barents data set does not continue past the solution of the Soviet Union
Seapommasnes and Rattingen, 1984; Ozhigin and Luka, ),985_ater, international studies covering the entire Black Bethe
sardine in the Paci c (west) coast of the USA and Canada anglg91 and 1992 spawning seasons revealed that in 1992 most
the seas around Japare(meishi, 1996; Huse and Ellingsen, 2008anchovy eggs were found in the southern Black Sea, with kighe
Zwolinski et al., 2011, 20)and mackerel in the Norwegian Sea egg densities (1,167 ind rR) found in the Samsun region and
(Iversen, 200r Modeling results also point out that, changes inhjghest larvae densities in the southwestern Black Seao(6p t
the physical environment sh are exposed to may eventualgralt ind. m 2) (Niermann et al., 1994 This pattern of egg and larvae
migration pathways\(Vang et al., 2013 distribution was further con rmed by later surveys alongeth

Anchovy migration in the Black Sea is mainly driven bysouthern Black Sea coast in 1993 and 1996dys et al., 1999
ambient temperatureqthashchin and Akselev, 1990; Panov andResults from a recent ichthyoplankton survey in the southern
Chashchin, 1990; Panov and Spiridonova, 1998; Berdnikdy, et aBlack Sea in 2013 revealed egg densities (6-3,051 ina) m
1999; Shulman, 2002; Shulman et al., J0With the approach  and larvae densities (3—-359 ind. §) to be considerably higher
of cold temperatures, anchovy adults and juveniles aggeeigat than in previous studiesfucu et al., 20706 Unfortunately, these
form dense schools and start wintering migration towardmar  surveys were not conducted continuously and over longer time
waters located in the southern Black Sea. The upper temperatuseales, however they suggest anchovy spawning is not tedtric
thresholds for Black Sea anchovy to start forming schoots anto the northwestern shelf but occurs over much of the Black Se
begin migration vary. Furthermore, estimates of the tempem  with more or less success.
threshold at which anchovy start migrating di er ranging fro Adult anchovy densities along the entire southern coast
10.5-13.5C for juveniles and 11.5-150 for adults Shulman during fall and winter have been determined to be variable
et al., 2008 minimum of 12 C (Chashchin and Akselev, 1990 during the years 2011-2014, measured as between 3 and 900
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Nasc n? nmi2 (Nautical Acoustic Scattering Coe cient) with the determine from which regions in the Black Sea anchovy can
highest overwintering densities of 244-949 Nascomi2 in the  successfully migrate. The information gained on the valigbi
southwestern coastal waters in fall 2014 and hotspots of highf migration success between years and seasons due to the
anchovy densities far o shore waters of the southeastem@sto intensity and timing of cooling in fall, as well as the strength
(Gucu et al., 2007 Gucu et al. (2016hypothesize that there is of currents, is of signi cant importance when establishingya
a southern stock of anchovy that reproduces in the area and isheries management practices. Fisheries management ieeds
non-migrating. account for changes in the physical environment when targgetin
The overwintering grounds of Black Sea anchovy are locatedh stocks (Hofmann and Powell, 1998; Xu et al., 2013; Constable
along the southeastern Black Sea co&gjure 1) as recorded etal., 2014; Checkley etal., 2D17
by Chashchin (1996and recon rmed with recent, multi-year
acoustic and landing surveyS&(cu et al., 2017 To reach these .
overwintering grounds, anchovy must migrate long distanceAN Overview of the Black Sea Anchovy
across the Black Sea from the northern shelf spawning andishery Characteristics
nursery grounds. Black Sea anchovy overwintering mignatioln recent years, the Black Sea shery was dominated mainly
takes place after the onset of autumnal cooling either at thby small pelagics, such as anchovy and sp&tHCF, 2015
beginning of October Iyanov and Beverton, 1985; LisovenkoApplying a Common Fisheries Policy (CFP) to the Black Sea is
and Andrianov, 1996; Shulman, 200@r by mid-November a challenging endeavor due to the fact that of the six riparian
(Chashchin, 1996 Migrating Black Sea anchovy leaving thecountries, only two are members of the EU (Romania, Bulgaria)
spawning grounds in the northwestern shelf have been de ed twith large legal, economic, political, and institutionaletences
move south along the Romanian and Bulgarian coasts followingcross the basin and diverse sheries interests and capsciti
the rim current eastward along the southwestern Black Sasatco Despite attempts to improve sheries management, there iska lac
(lvanov and Beverton, 1985; Chashchin, I9@6d/or move of e ective regional cooperation by the riparian countries tatel
toward the west coast of Crimea and then southwards to thand stocks remain overexploited in the Black Sea(lding et al.,
Anatolian coast midway between the Eastern and WestermBas?019.
(Figure 1). In Turkey, the Black Sea sheries play an important role
Likewise, Azov anchovy leave their spawning and nurserloth in supplying the increasing protein demand of the growing
grounds in the Sea of Azov and migrate to the Black Sepopulation and by contributing to the gross domestic product
overwintering grounds Chashchin, 1996 They follow the through local employment. In 2013, the Black Sea catch
Crimean coast migrating across its central basin midwawbet corresponded to 62% of the total catch from Turkish seas
western and eastern gyres or migrate along the Caucasiat coéincluding the Sea of Marmara, the Aegean and the Eastern
(Figure 1) to overwinter there or they may rarely migrate along Mediterranean) with 15,000 shermen corresponding to 45% of
the Georgian coast even reaching the Turkish bor@#reshchin, the total employmentin marine sherie§(UIK, 2013. The most
1996and references therein). Azov anchovy are mainly shed bymportant shery in the Black Sea is anchovy and in 2013 with
the Ukrainian, Russian and Georgian shing eets, while Blackthe relatively low catch of 154 ktons amounted to 58% of the
Sea anchovy are shed almost exclusively by the Turkishnghi total water resources catch within the Turkish Black Sea EEZ
eet. contributing 249 million Turkish Liras (TRY) to the national
This paper aims to explore the in uence of climatic variability income.
in the form of temperature variations and changes in geostroph ~ Anchovy catches vary greatly from year to yeBig(re 2).
surface currents on anchovy distribution in the Black Seal-ollowing over-exploitation of large pelagic shes, dolphins,
particularly looking at how this variability a ects the migian  and demersals at the end of the 1960s, anchovy became the
pathways and success of anchovy moving toward the soutlmost abundant and commercially important target species,
eastern coast where they are shed in the late fall and wintefollowed by sprat $prattus sprattysthe second in abundance
This is achieved by including adult anchovy swimming bebavi (Daskalov, 2003 The total Black Sea anchovy catches in the
and the processes of decision-making into an existing Lagiean 1970's oscillated at around 250 ktons escalating in the 4980
Individual Based Model Hach, 201} to investigate possible to as high as 560 ktonsFigure 2). This high anchovy catch
anchovy overwintering migration routes from di erent nungse regime persisted for a decade due to the extensive bottom-up
grounds to the overwintering grounds located along the beut food supply rendered by the eutrophic ecosystem conditions,
eastern coast of the Black Sea in three climatically divésgears and ended with the abrupt collapse of the anchovy sheries
(2001-2003). This study represents a rst attempt at modelingn 1989-1990 (86 ktons). After the collapse, the Turkish
anchovy migration behavior in the Black Sea and the modednchovy sheries recovered within a few years and since the
results agree well with available data on migration pathwaysarly 1990's uctuated between the range of 120 and 370
and anchovy distribution during the overwinter season fromktons while the shing e ort remained much the samé&@uz
the literature, but should be validated with detailed syrdata et al., 2012; STECF, 2Q1iterestingly, other anchovy sheries
on anchovy distribution during migration when it becomes were not able to recover from the crash in the late 1980's
available. (Figures 2A,B.
The goal of this research is to understand the dierent The Turkish anchovy shery is based on shing schools
factors in uencing successful anchovy migration as weltas of overwintering anchovy along the Turkish coast during
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winter time with purse seiners. The shing season o cially
begins on 1st September until mid-April after which industria | |A

shing is banned for 4.5 months. However, this time period| || paiyscaon |™epolaton ontol pgipy spacn VDT ona 7 kangrid < ko
. . . . o —L) 1/16 x 1/10°
exceeds the actual availability of anchovy in the area which || & s Sty e | | Gorotevetal. 2003 |~ "ADT

usually peaks between November and December, and therefore
is not thought to impact the strong variability of catches. |B

L . . . . . Calculation of phi —
Fishing is rest_rlcted t(_) nlght time only in an e ort to control_ curtnts s, v field)from | SW“;’{,“O‘fo‘e‘n"‘gf}‘,’f,id°f Diterdisplacement
harvest and light shing is not permitted, however there is ADV;‘QION BEHAVIOR

no Total Allowable Catch (TAC) in place. In an eort to
reduce shing pressure, the licensing of new shing boats
has been halted since 2015 and a periodic, vquntary ShingFlGURE3|Schematic diagram of data processing and drifter (anchovy)
vessel decommissioning program has been applied since 2Clt§splacement calculation performed in this study(A) Daily Sea Level Anomaly
G | 2017 High . | f th hi (SLA) elds provided by AVIS@ were interpolated spatially onto a 7 8 km
( ucu et al., ]) g .operatlona costs of the s Ing eet grid. The mean dynamic topography (MDT) compiled bilorotaev et al. (2003)
lead to shermen targeting only large schools of anchovyt tha was added to the SLA elds to obtain Absolute Dynamic Topograiry (ADT)

enable them to land large amounts of sh in one operation elds from which geostrophic currents were computed. (B) Anchovy swimming
(Gucu et al., 2007 rendering targeting scattered anchovies behavior added to advection by currents results in net driér displacement.
non-pro table. Georgias shing eet is much smalleCgstilla-

Espino et al., 20)4and Georgian shery enterprises hire a

limited number of Turkish purse seiners each year. The faat th Using surface currents in this model is a valid assumption,
anchovy aggregate to form dense schools when overwinterirggnCe anchovy are known to occupy the warm, upper mixed
makes them speci cally vulnerable to exploitation and potahti layer and avoid low temperatures of the Cold Intermediate
overexploitation Quckland and Reid, 1998; Petitgas et al'Layer below Niermann et al., 1994; Kideys et al., 2000;

2009. Satilmis et al., 2003 Chashchin et al. (2015)uggested
that factors such as wind direction, sea surface temperature
METHODS distribution and currents are the most critical factors for
) _ Black Sea anchovy migration. The Black Sea circulation is
In this study, surface geostrophic currents of the Black Saaw highly variable and dominated by mesoscale eddies, meander
calculated from satellite derived Sea Level Anomaly (Sla% d g4 |aments ©Oguz et al., 1994; Oguz and Besiktepe, 1999
and the mean topography of the Sea. Using these geostrophigrotaev et al. 2003). Incorporating this variability intairo
currents, a Lagrangian individual based model of a”ChOVYnodeling approach by using SSH satellite-derived currents
transport was used to simulate anchovy advection across th@yers most of the e ect of winds, salinity, eddy formatiordan
Black Sea including swimming behavior. frontal features that are of important features of the Blaela S

Satellite Data circulation.
To account for temperature in the surface layer, sea surface

Black Sea surface circulation elds were calculated usmﬂemperature data obtained from Gruppo di Oceanograa da
the A.‘VISCC (Archiving, Validation, and Intgrpretation of Satellite (GOS) was compiled and used in the model. This
Satellite Oceanographic dat8pa Level Anomalies (SLA) and daily temperature product for the Black Sea was created

geostrophic velocity anomalies_regional prpduct fpr t_he_ Blacusing Advanced Very High Resolution Radiometer (AVHRR)
Sea. They are level 4 delayed time (DT) daily multi-missiea s data optimally interpolated onto a 1/16  1/16 grid

surface heights apomaligs dat.a on.a regular 1/81/8 grid (http://gosweb.artov.isac.cnr.it/). This data was theleipolated
created by a multi-satellite altimetric g[ognd segmgnt mhw. to the same 1/16 1/10 (7 8km) model grid resolution as
SSALTO/DUACS %egment Sol ALTimétrie et Orbltograph|e}he AVISO data and during transport simulations the ambient

system operating under Centre National d'Etudes Spatialessea surface temperature was extracted from this data set.
(CNES) and made available for use via AVIS@atalog (http://

www.aviso.altimetry.fr/en/data/products/sea-surfaesght- Fish Movement in the Model
products/regional/msla-black-sea.html). This daily AQi8lata  |n this study, drifters released in the surface current esdemble
was then interpolated spatially onto a 1/16 /10 (7 8 km)  adult anchovy schools and a single drifter in the Lagrangian
grid and the mean sea surface height (SSH) providedidsptaev  particle Tracking algorithm follows the Eulerian time igtation:

et al. (2003was added to these elds to compute the absolute

dynamic topography (ADT) of the Black Sea. The geostrophic @X

surface currents were computed from these eldsg(re 3. @ DV.X.U @)
Velocities calculated as0.5 cm/s were assigned to 0.5 cm/s

in order to reduce erroneous satellite data at the boundarie where the particle location is denoted Kyat a certain time and
However, it should be noted that this process smooths outhe velocity at locatioiX is represented by.

o shore jets that are known to extend 100 km from the shelf Compared to the previous particle tracking study of Black Sea
break and reach velocities of about 70 cni¥si(iov et al., 1988s  anchovy byFach (2014)the present study not only considers
cited inOguz et al., 1994 advection of anchovy but also the swimming behavior of
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anchovy, such as migration, is included. This is achieved byigration is considered to be a non-feeding migratiéGn(Iman,

extending Equation 1 with a behavioral movement term: 2002; Shulman et al., 2008
Anchovy behavior in the form of movement following
dX temperature gradients was incorporated into the Lagrangian
dt D Va(X,t) C Vb(X.1) 2) model following the parameterization ofu et al. (2013where

anchovy pursue a food gradient. Parameterizing sh movement
where displacement by advectiovi{) and behavioral swimming  following gradients is a valid method applied in many di erent
(Vb) both in uence the velocity of a particle at locatiod and  studies, such asguse et al. (2004for capelin and codJu et al.
time t. When total velocity {) acting on the particle is the sum (2012) for the spawning migration of Japanese anchovy and
of both behavioral and advective velocities, the integraf  \Wang et al. (2013for Japanese anchovy in the Yellow Sea. To

equation 2 gives: implement this approach, the daily distance an adult anchovy can
Z swim was calculated and the temperature distribution withie t
Xt DX t" C t"V.Xt/dt (3) radius of this distance surrounding the drifter locationextked

for the warmest temperature. The model anchovy swim in that
direction and the displacement of the drifter is obtained by

Here the time stepdt) is equal tat"®! t" wheren is the index - -
for time chosen as one minute in this study. Forward EulerianaOIOIIng the behavioral movement vector to that caused by the

et wes used o gt ecuaton G o, 2003, Syeenen Y STETE ST o e s ) s,
Guizien et al., 2006; Lett et al., 20@nd applied as: 9 P

and advection is a reasonable assumption supported by anrearlie
sensitivity study done bitu et al. (2013)
X"C1p X" ¢ v(X", t")dt (4) Internal fat storage accumulated during the pre-wintering
season is suggested to be preparing anchovy for overwintering
One major benet of using this method is that it required migration (Shulman, 2002; Shulman et al., 20Eherefore, we
only the position K,) and one velocity eld at the current assume for the model purpose that only those anchovy that
time stepV(X, t") to estimate the new positiotX"“! of the accumulate enough reserves are able to start migrationh Wit
drifter. Another advantage of this scheme was its lower CPUhe onset of cooling, Black Sea and Azov Sea anchovy stop
requirements compared to the fourth order Runge Kutta schemdeeding, aggregate in large schools and then begin migratio
The main disadvantage of choosing this rst order (Chashchin et al., 20)5In this study, the actual schooling
di erencing scheme is reduced accuracy which may eventuallgehavior is not incorporated in the model. We assume that
lead to divergence from real drifter trajectorieBefinett and each drifter that is released represents an already agegukgat
Clites, 198Y. To counteract such errors, the time step should beschool of anchovy with the necessary fat levels enabling the
minimal. Here, the choice of a 60 s time step was small enooigh to perform the long-distance overwintering migration. Sénc
ensure accuracy comparable to a second-order accurate schetfis study focuses on modeling the overwintering migratioin

(Fach, 201y adult anchovy schools (from here on they will be referred $o a
o _ “drifters”) to the overwintering grounds, all drifters relaing the
Parameterization of Anchovy Behavior narrow shelf region of the southern Black Sed (500 m) east of

Anchovy are known to be sensitive to temperature, it being 85 E longitude Figure 1, gray shaded area) were considered as
key trigger for the onset of migrationChashchin and Akselev, drifters which achieved a successful migration.

1990; Panov and Chashchin, 1990; Panov and Spiridonova;, 1998

Berdnikov et al., 1999; Shulman, 2002; Shulman et al.)20@B8 Design of Simulations

are likely to follow temperature gradients to move towardmar  To understand the impact of climatic variability on anchovy
water in overwintering groundsihashchin, 1996 Temperature migration success, several sets of simulations were st
plays a critical role because of the special climatic featfire @ total of 7,176 Lagrangian drifters resembling anchovyosth
the Black Sea, where an exceptionally large zonal west-eastre released in the surface circulation eld of the Black Se
temperature gradient exists with fall-winter temperatuneshe  on October 30th of three dierent years (2001-2003) and
southeastern region being4d—5 C higher than the northwestern tracked for 2 months. Of these, 1,026 drifters were released
region Buongiorno Nardelli et al., 2010; Capet et al., 2012 the northwestern shelf (NWS), 179 o Kerch Strait, and the
Anchovy can swim at high speeds of up to ve body-lengths/sest in the entire Black Sea. To test di erent environmental
(bl/s) for long periods of time, as observed in Peruvian arvgho conditions in consecutive years, the years 2001 to 2003 were
(Peraltilla and Bertrand, 20)4and similar swimming speeds chosen after the analysis of satellite data spanning two @scad
have also been observed in the Black Sea anchovy (A.C. Guthe 1990's and 2000's. The data sets revealed that 2001 was an
pers. comm.). Hence, simulations including anchovy movingxceptionally warm year, particularly in summer, with strong
along temperature gradients with swimming speeds of 5 bl/strati cation mainly because of reduced wind stress in thieter
were performed. The mean length of individual adult anchovyof 2000-2001 NicQuatters-Gollop et al., 2008; Buongiorno
in the school is thereby assumed to be 10chilgin et al., Nardelli et al., 2010 The year 2002 was average in terms of
2018. In this individual based modeling approach, sh feedingtemperature distribution and 2003 was remarkably cold when
and metabolism are not included, as Black Sea overwinteringpmpared to the mean conditions, with signi cantly higher
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wind stress IficQuatters-Gollop et al., 20D8Based on this swimming speeds of 1, 3, 5 and 6.65 bl/s in the temperature
analysis and to compare results with the previous study ofradient simulation setup. Results of this analysis showedth
anchovy larval dispersalFfch, 201)Yithe years 2001 to 2003 di erence in migration success between the simulation resul
were chosen in order to investigate the upper and lower exteemevith 7,888 vs. 1,026 drifters to be very low: 0.1, 0.5 and 0% wi
of environmental variability in the Black Sea, respectivelya swimming speed of 1 bl/s, 0.3, 0.1, and 0.2% at 3 bl/s and 1.4,
Incidentally, 2001-2003 also correspond to high anchowhest 0, 0.5% at 5 bl/s in the years 2001, 2002, and 2003, respgctivel
of around 300 ktonFigure 2A). (Table 2. It was found that the results between both simulations
Two sets of simulations in which particle displacementdo notdi er signi cantly. In addition, the mean distance traled
is due to (a) only horizontal advection by surface currentdy drifters was examined with the di erence between high and
and (b) movement toward the highest temperature with 5low numbers of drifters betweer 1 km to 30 km, which is
bl/ls coupled with advection were run for each of the 3rather small considering the total distances traveled (8.2%).
years Table 1), enabling the model to assess the impacts oHence, tracking small numbers of anchovy in the simulatigns
merely physics and of speci ¢ behavior on migration success reasonable choice helping reduce CPU requirements and run
For model sensitivity analysis, additional simulationsings time.
1, 3 and 6.65 bl/s swimming speeds were undertaken. In Model results are compared to available data on anchovy
the simulations presented here, it is dierentiated betweeroverwintering migration Chashchin, 1996; Chashchin et al.,
Black Sea anchovy, as the dominant species shed by TurkistD1 as well as anchovy distribution along the Black Sea
sheries assumed to spawn mainly on the NWS of the Blackoast from recent, multi-year, acoustic and landing susvey
Sea, and Azov Anchovy that spawns in the Azov Sea ar(ucu et al., 2016, 20.However, the lack of available, long-
enters the Black Sea for overwintering through the Kerchierm anchovy spatial distribution data and anchovy migratio
strait. observations make it di cult to perform an in-depth model
Anchovy most likely begin overwintering migration validation.
depending on the temperatures in OctoberCHashchin
and Akselev, 1990; Panov and Chashchin, 1990; Panov a SULTS
Spiridonova, 1998; Berdnikov et al., 1999; Shulman, 2002,
Shulman et al., 2008nd body fat content $hulman, 2002; Environmental Conditions of the Black Sea
Shulman et al., 200®&ut may start migration much earlier than The year 2001 was exceptionally warm, with a mild winter
October, as early as mid-September (A. C. Gucu, pers. commfdpllowed by a very warm summer compared to other years
Therefore, in a second set of simulations, drifters wereasdd in the 1990s and 2000s$/¢Quatters-Gollop et al., 2008; Fach,
at three di erent times, September 15th and 30th and Octobep014. High mean SST's of 28 in the eastern Black Sea were
15th of 2003 to explore seasonal variability. The choice ef thobserved in July—August and decreased only slightly in Asgus
year 2003 was made as migration success was the highess of elleptember 2001 (24-26C). The year 2002 was average in terms
years and the pathways showed a diverse pattern encompassofgemperature distribution 2003 was the coldest year inghisly
a larger geographical area from where drifters could reactvith SST's lower throughout most of the year than the mean
the overwintering area compared to the results of the otheSST's of the years 1997-200&cQuatters-Gollop et al., 2008
simulated years. Maximum temperatures in July-August were signi cantly lower
To ensure a su cient number of drifters were tracked from than the previous years (23—253 and August-September SST's
di erent areas of the Black Sea in each simulation for reasonsere similar to those in 2002 (22-25@, but with colder
of impartiality, a statistical reliability test was perforchéResults temperatures moving in from the nortt=ach, 201y
obtained by tracking 1,026 drifters released from the NW&we  In an e ort to explore the environmental conditions observed
compared with similar simulations that released 7,888 @rifin by migrating anchovy and how they may in uence migration
the same region on October 30th of 2001, 2002, and 2003 wittehavior and success, a summary of the SST and geostrophic
surface currents in combination with SSH during November of
all 3 years is presented. November is the most important month
TABLE 1] List of model simulations. for migrating anchovy in this modeling study when directiof
movement is shaping the migration routes. Further analy$is o

fnterannual variabiity-start October 30t Flgure/Table September and December is not presented here but can be found
Advection only Figures 7, 8A-F, 9A-C in Guraslan (2016)
Temperature gradient following with 1, 3, 5, Table 2 Analysis of mean SST's over the entire Black Sea indicated
and 6.65 bl/s distinct di erences in the cooling process among the years of
Temperature gradient following with 5 bl/s Figures 7, 8G-L, 9D-F, interest, in terms of timing (onset) and rates (development
Tables 2, 3 over time) that had implications for the migration of anchovy
o Mean SST's in 2001 were highest in September (230781 C)
Seasonal varaniiy-siart Seprember and October (19.9 0.94C) with respect to 2002 and 2003
o whereas December 2001 (10.00.99 C) displayed the lowest
Advection only Figures 10G-L , Table 4 SST's among all years. A sharp drop in the monthly mean SST
Temperature gradient following with 5 bl/s Figures 10A-F, M-R , occurred between October and November equivalent to,5.5
Table 4 4.5, and 5.1C in the years 2001, 2002, and 2003, respectively.
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TABLE 2 | The results of the statistical reliability study releasin 026 vs. 7,888 drifters from the northwestern Shelf on Octber 30th in years 2001, 2002, and 2003 in
the temperature gradient simulations with 1-6.65 bl/s swimnmg speed for anchovy of 10 cm size.

1,026 Drifter 7,888 Drifter
Swimming Year Arrival Total Success Mean distance Swimming Year Arrival Total Success Mean distance
Speed (bl/s) numbers (%) traveled (km) Speed (bl/s) numbers (%) traveled (km)
2001 12 1.2 450.7 2219 2001 103 1.3 4515 2215
1 2002 3 0.3 584.8 250.9 1 2002 61 0.8 600.0 240.5
2003 0 0.0 632.1 2364 2003 1 0.0 6519 2158
2001 40 39 664.1 484.1 2001 330 4.2 686.2 488.7
3 2002 278 27.1 927.3 5255 3 2002 2129 27.0 9440 511.1
2003 10 1.0 918.2 5924 2003 63 0.8 948.0 582.1
2001 125 12.2 421.0 315.8 2001 1071 13.6 4348 3154
5 2002 0 0.0 631.2 3465 5 2002 2 0.0 644.4 340.7
2003 157 15.3 7432 499.1 2003 1165 14.8 748.6 483.1
2001 13 1.3 300.0 223.1 2001 98 1.2 307.3 2223
6.65 2002 0 0 471.0 313.7 6.65 2002 0 0 477.0 3254
2003 17 1.7 549.7 335.4 2003 141 1.8 556.4 331.6

This is of importance as the main external trigger for anchtavy continued cooling in the western basin, creating a northwes

start migration is the cooling (i.e., sudden drop of temperat  southeast temperature gradienFigure 6) similar to 2001.

Chashchin and Akselev, 1990; Panov and Chashchin, 199The Batumi gyre was not well-de ned and characterized with

Shulman et al., 2008However, not only the onset of cooling lower temperatures than in the other 2 years. This year was

but the cooling patterns may also have an e ect on the fateharacterized by high mesoscale variability, especialhimie

of migration as it is assumed that anchovy follow temperaturevestern basin. The occurrence of the Sevastopol eddy at ¢ie sh

gradients toward warmer regions. break zone and the anticyclone southeast of Crimea should be
In November 2001, after autumnal cooling commenced, theoted. In addition, the Sinop anticyclone generated a jetciwh

temperature distribution in the Black Sea showed a cold SSaxtended into the inner basin from the south coast especially i

signal expanding over the basin excluding the Batumi Gyra arewveeks 3 and 4 of NovembéFigure 6).

and southern coastal areaBidure 4). The inner basin thereby

displayed cooler temperatures (around ©) than the NWS. e . .

The cooling resulted in a northwest-southeast gradient dlve Inf[erar_mual Variability in Overwintering

basin. Simultaneously, November 2001 was also charaaterizMigration

by mesoscale variability in the ow resulting in the formati  Black Sea anchovy

of many mesoscale eddiefidure 4. Most importantly for When drifters representing Black Sea anchovy were reledsed a

migrating anchovy, the Sevastopol anticyclone formed on ththe end of October on the NWS and tracked for 2 months in the

NWS, an anticyclone occurred southeast of Crimea and advection only simulation, the results showed that the $port

warm jet formed in the southern coast extending from theof anchovy from the NWS to the overwintering grounds is

overwintering area to the inner basin. not possible given the variability by currents alone and hence
In 2002, cooling started on the NWS in the second weeknigration fails in years 2001, 2002, and 20B@gj(res 7A-H.

of November and spread across the entire western basin, However, simulation results with anchovy swimming along

thereby creating a temperature gradient that was locatettmperature gradients showed that successful migration is

almost in a W-E direction Eigure 5). Later in that month, possible in 2001 and 2003, but fails in 200g(res 7G-).

warmer waters reached the southern and northern coasts ofi 2001, simulated anchovy followed an almost diagonal path

the basin and the Batumi eddy strengthened exhibiting highrom the northern area of the NWS to nal destinations near

( 20 C) temperatures. The surface geostrophic currents wergSinop and Samsun in the western region of the overwintering

characterized by very structured ow with little mesoscalearea. A total of 125 drifters (12.2%) completed successful

variability, indicating a strong rim current system around migration in this period and amongst those, 96 drifters from

a large cyclonic cell with minor formation of mesoscalethe northern part of the NWS reached the overwintering area

eddies. in 4 weeks Figures 7J-_Table 3. The successful drifters are
The temperature distribution for 2003 showed coldseen to follow the northern edge of the Sevastopol anticyclone

temperatures on the NWS and o the Sea of Azov thatand then another anticyclone located in the southeasterrezon

warmed a little in the second week of November and therof the Sevastopol anticyclongigure 7G). Drifters approach the
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FIGURE 4 | Weekly mean sea surface temperature (left) and sea surfaceight elds (right) overlaid with geostrophic currents (wke arrows) during week 1(A,B), 2
(C,D), 3 (E,F), and 4 (G,H) of November 2001.

southern basin following the south-eastward front forméd 45 In 2002, none of the drifters completed successful migration
nm o shore Sinop region during the second and third weeksto the overwintering area even with application of swimming
of November to reach the Sinop region. Subsequently, songpeed 5 bl/sKigure 7H) due to particularly cold temperatures
drifters follow the warm Rim Current eastwards and reach thg19.0-21.0C) in the second week of November which covered
Samsun region in the last week of November. Many driftershe western basin, leaving a slightly warmer region at the
from the NWS still fail successful migration in this simutat, southern edgeKRigure 5C). Hence, the drifters originating from
because of persistently cold temperatures in the interioirbasthe Danube and Constansa area followed the warmer Rim
which guide them to the warmer western coastal waters regchi Current along the Anatolian coast, reached the closest warm
only the Istanbul and Adapazari regions of the west Anatoliammegions between the Bosphorus and Eregli and stayed there.
coast. The remaining drifters crossed the basin or followed thaeras
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FIGURE 5 | Weekly mean sea surface temperature (left) and sea surfaceight elds (right) overlaid with geostrophic currents (wke arrows) during week 1(A,B), 2
(C,D), 3 (E,F), and 4 (G,H) of November 2002.

edge of the western gyre and also reached the Inebolu redion drifters reached the overwintering aregigures 71,1). Among
western Anatolia. In this year, strong ow around the intens those, most drifters originated from the areas located & th
western and eastern cyclonic gyres was observed with loguter shelf between 31.8 and 3¥E3longitudes on the western
mesoscale variability in the surface currents. This fatéid the side of Sevastopol, completing migration in 4 weekab(e 3.
e cient southward transport of drifters within the westerrasin, Those drifters initially moved south along the warmer edde o
but the regional temperature distribution oriented the magjion  the cyclonic formation at the Sevastopol coast in the rst ek
toward the warm patch o the southwestern coast and thereforé&November and reached the western edge of the warmer Crimea
no drifters reached the overwintering grounds. eddy Figure 6). In the second week, they followed the outer edge
In 2003, temperature gradient following drifters had theof the Crimea eddy merging with the central inner basin front
highest success rate between all 3 years and a total of L3%4L5 carrying warmer waters of the southern basin northwardsrfro
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FIGURE 6 | Weekly mean sea surface temperature (left) sea surface héig elds (right) overlaid with geostrophic currents (white @ows) during week 1(A,B), 2 (C,D),
3 (E,F), and 4 (G,H) of November 2003.

the Sinop anticyclone to the Crimea anticyclone. On approaghinsouthern edge of the Sevastopol eddy at the shelf break and
the front at the northern region of the Sinop eddy, the dniie within the western gyre followed the front between the cpio
followed the warm waters of the Rim Current and moved alonggyres in the interior basin. These drifters reached the @heb
with it eastward. They nally completed their migration atéh region veering eastward at 42 and approached the warmest
Carsamba (Samsun) and Fatsa (Ordu) coasts. In additiongsomegions of the basin located in the southeastern corner ef th
of the drifters that reached the tip of Crimea were obserwed tBlack Sea, the Batumi Region, in 8 weeks. The intense cyclonic
move southeastward, then across the Eastern Gyre and proceattivity observed within the western basin, the increasadiibe

to the southern coast of the eastern basin. Drifters from thdresh water discharge ow and the strong western gyre are
northernmost areas of the NWS were able to reach the warmetie features that caused retention of the remaining driftar
parts of the overwintering area in 8 weeks. They followed théhe western basin, leading them toward the nearest warmer
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FIGURE 7 | Simulations of interannual variability: The path®\—C,G-I) and start points (D—F,J-L) of drifters released on the northwestern shelf at the end of Qober.
Drifters were advected by surface geostrophic currents alee (A—F) and followed temperature gradients(G-L) swimming 5 bl/s in 2001, 2002, and 2003 (left, middle,
and right column). The paths of drifters reaching the overwtering area in 2 months are marked blue, the ones that do noteach are marked green. The start points of
drifters that complete a successful migration in 2, 4, 6, and@ weeks are color-coded green, cyan, yellow and dark blue, rgpectively. The start points of the drifters
that fail to reach the overwintering grounds are marked red.

regions at the Bulgaria, Bosphorus and Zonguldak—Inebolin 2001 and 8 weeks in both 2002 and 20G3g(res 8D-F
coasts. Table 3.
Contrary to advection only simulation, in the temperature

gradient simulation, the pathway orientation, migrationcsess
Azov Anchovy and the location of the source regions of drifters that cortpke
When drifters representing Azov anchovy were released frorauccessful migration from Kerch region to the overwintgrarea
the Kerch Strait area in the advection only simulation,experienced signicant interannual variabilityrigures 8G-).
34.6, 43.5, and 20.6% of the drifters completed successiMigration success is very lowin 2001 (%7.8), low in 2002 (%24.5)
migration in 2001, 2002, and 2003, respectivefable 3. but very high in 2003 with a 92.7% success r&igyres 8J—I.
This indicates that currents in the eastern part of the basinJable 3. This strong variation is caused by the interannual
though variable from year to year, do actively support transporvariability in temperature distribution in the eastern basin
to overwintering grounds. The specic pathways were alongpparent when analyzing the pathways of successful drifters.
the western periphery of the eastern gyre in all years, In 2001, two possible pathways were identi ed: (i) midway
whereby the pathway moved slightly east from 2001 to 200Between western and eastern gyres from source regions dose t
(Figures 8A-Q depending on the location of the Eastern Crimea. Migration took only 2 week§igure 8, (ii) Movement
Gyre in that particular yearFigures 8A-C details how the along the east coast of the Black Sea to the Novorossyskiregio
currents on the western periphery of the cyclonic eastern gyrend further by o shore drift toward the Trabzon region andeh
connect the Kerch Strait region to the western region of thdo the Batumi region in 6 weeks. In 2002 the most successful
overwintering area. The average travel times were 6 to 8 sveedtrifters originated from the eastern sector of the releasa and
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TABLE 3 | Migration success of drifters released on October 30th in yars 2001, 2002, and 2003 from the northwestern shelf, Kerch 8ait exit region and the entire basin
in the advection only and the temperature gradient simulath with 5 bl/s swimming speed.

Simulation Release area Drifter Year Speed 2weeks 4weeks 6weeks 8weeks Totalarrival Succes s%
number

Advection only NW Shelf 1,026 2001 0 0 0 0 0 0 0
2002 0 0 0 0 0
2003 0 0 0 0 0

Temperature gradient following ~ NW Shelf 1,026 2001 5 29 96 0 0 125 12.2
2002 0 0 0 0 0 0
2003 0 121 4 32 157 15.3

Advection only Kerch exit 179 2001 0 0 0 7 55 62 34.6
2002 0 0 0 78 78 435
2003 0 0 0 37 37 20.6

Temperature gradient following ~ Kerch exit 179 2001 5 8 2 4 0 14 7.8
2002 5 37 0 2 44 245
2003 6 28 61 71 166 92.7

Advection only Entire basin 7,176 2001 0 104 191 204 851 1350 8.8
2002 72 30 3 369 474 6.6
2003 45 44 15 1,005 1,107 15.4

Temperature gradient following ~ Entire basin 7,176 2001 5 122 481 136 0 2,339 325
2002 1,975 711 7 2 2,695 375
2003 2,303 373 327 104 3,107 43.2

the majority completed migration in 4 weekEigure 8K). The around the interior basin which reduced retention in this
successful drifters followed a third (iii) diagonal open ac@ath  area.

from the Novorossysk region to the western (Bafra—Carsgmba In the temperature gradient simulation&igures 9D-F, the
section of the target area. They proceeded to move further eamigration success increased signi cantly (32.6-43%) arel th
toward the Batumi region at 42 latitude and approached the migration duration decreasedTéble 3. In these simulations,
warmest areas of the basin at the Turkish—Georgian border ithe eastern basin was the dominating source area for sdatess
4 weeks. In 2003, the western and eastern pathways previoustygration in all simulations. In particular, the southern paof
identi ed in 2001 (the year of moderate mesoscale varighili the eastern basin is seen to transport drifters in 2 weekslin al
reappeared with connections between theRig(re 81). More years Table 3. Successful drifters from the northern half of the
than half of the successful drifters migrated south along theastern basin completed migration in 4 to 6 weeks in 2001 and
eastern Black Sea coast, moving partially against the o0®002 simulations. However, in 2003, the majority of dritém
associated with the rim currents in this region. These drst the northern half of the eastern basin were faster, compietin
took 6—8 weeks to arrive in the overwintering region, whilese  migration in 2 weeks. It can be seen again, that only in the
migrating along the western periphery currents of the eastertemperature gradient simulations drifters originating finothe

gyre appeared in 2 to 4 weelEdure 8L). NWS were able to arrive at the overwintering area.
In 2001, the source areas supplying anchovy to the
Entire Basin overwintering area were located within the open sea regidns o

Analysis of drifters released throughout the entire Blaga S the eastern basirHgure 9D). The warmer coastal anticyclonic
in the advection only simulation portray the regions from €ddies were retention areas for drifters at the beginning of
where drifters can be advected to the overwintering area ddovember when the sites of very high temperatures retreated
the mouth of the Kerch Strait, along a longitudinal transectto the narrow area at the southeastern boundary of the Black
between the Sea of Azov and the Anatolian coast, the centr@ea. In 2002, drifters in the northern and southern regions
coast of Anatolia in 2001 and in addition the Batumi regionof the eastern basin migrated in 2 and 4 weeks. The W-E
in 2003 Figures 9A-Q. Migration took between 4 to 8 weeks SST gradient during November 2002 contributed to succéssfu
and varied signicantly between years, with most driftersmigration of drifters from the eastern basin. Moreover, low
arriving in 2001 (18.8%), 15% in 2003 and only 6.6% irmesoscale variability during this time, stronger ow asated
2002 after di erent migration timesTable 3. The low success With the rim current and around the cyclonic western and east

in 2002 is due to the well-organized cyclonic current ow gyre in this period established fast transport from north to
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FIGURE 8 | Simulations of interannual variability: The path®\—C,G-I)and start points (D—F,J-L) of drifters released at Kerch Strait exit area at the end of Qaber.
Drifters were advected by surface geostrophic currents alee (A—F) and followed temperature gradients(G-L) swimming 5 bl/s in 2001, 2002, and 2003 (left, middle,
and right column). The paths of drifters reaching the overwtering area in 2 months are marked blue, the ones that do noteach are marked green. The start points of
drifters that complete a successful migration in 2, 4, 6, and@ weeks are color-coded green, cyan, yellow and dark blue, rgpectively. The start points of the drifters
that fail to reach the overwintering grounds are marked red.

south between the gyres in November 2002. At the beginning oélease dateJéble 4, indicating that active swimming behavior
November 2003, the intense cooling that started in the sdconis a prerequisite for successful arrival at the overwinggrin
half of October resulted in decline of the highest temperatur areas. In the temperature gradient simulations a migration
regions toward the narrow coastal area in the Batumi regBut.  success rate of 13.3% for drifters starting in mid-September
in the second half of November, the region of high SST agaifFigures 10A,D Table 4 was observed, close to the 15% success
extended further westwards (3B) into the eastern inner basin, rate of the reference simulation (initiated on October 30).
enabling successful migration of the majority of driftemsinly 2  Successful drifters moved toward the warmer Crimean Peiénsu

weeks. region and approached the warmer southern regions in October
L . . by following the warm water margin between the southern

Seasonal Variability of Overwintering edge of Crimea eddy and the small anticyclone at the south.

Migration At the end of September, warm temperatures had reached the

The seasonal variability in migration success and pathwags wsoutheastern coast of Crimea whilst cool SST's approached in
explored by releasing drifters from both the NWS and KerchOctober from the northwest with the high SST's retreatingaod
Strait regions on three dierent dates (September 15, 30 anthe south coast. Warm water areas in the southeastern blasin t
October 15) 2003, the year in which the highest migratiorcess  began to retreat toward the eastern coastal areas at the fend o
was observed in the temperature gradient simulations. October.

Similar to the above results, drifters from the NWS However, the drifters that started migration at the end
representing Black Sea anchovy were unable to reach tloé SeptemberRigures 10B,E or mid-October igures 10C,F
overwintering area in the advection only simulation for asfghe ~ revealed a very low migration success of 0.2—21.P4bl¢ 4.
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FIGURE 9 | Simulations of interannual variability: The start pointsf@176 drifters released at the end of October in the advectio only simulation(A—C) and in the
temperature gradient simulation(D—F) in 2001, 2002, and 2003 (left, middle, and right column). Thatart points of drifters that complete successful migratia in 2, 4,
6, and 8 weeks are color-coded green, cyan, yellow, and dark lue, respectively. The start points of the drifters that do @t reach the overwintering grounds are

marked red.

TABLE 4 | Migration success of drifters released from the northweste shelf and the Kerch Strait exit region on September 15th, &h and October 15th 2003 in the
advection only and the temperature gradient simulations wh 5 bl/s swimming speed.

Simulation Release area Drifter Start date Speed 2weeks 4 weeks 6weeks 8weeks Total arrival S uccess %
number
Advection NWS 1026 SEPT 15 0 0 0 0
SEPT 30
OCT 30 0 0 0
Temperature gradient following ~ NWS 1026 SEPT 15 5 0 7 127 2 136 13.3
SEPT 30 5 0 12 0 0 12 1.2
OCT 15 5 0 0 2 0 2 0.2
Advection Kerch exit 179 SEPT 15 0 0 0 0 17 17 9.5
SEPT 30 0 0 0 0 14 14 7.8
OCT 15 0 0 0 0 90 90 50.3
Temperature gradient following  Kerch exit 179 SEPT 15 5 3 25 2 0 52 29.1
SEPT 30 5 0 58 19 1 78 43.6
OCT 15 5 1 96 6 0 103 57.5
Advection Entire basin 7176 SEPT 15 0 119 31 27 793 970 13.5
SEPT 30 0 45 41 63 572 721 10.0
OCT 15 0 87 33 55 661 836 11.6
Temperature following Entire basin 7176 SEPT 15 5 1640 997 88 3 3220 44.8
SEPT 30 5 1839 1163 77 5 3084 42.9
OCT 15 5 2265 774 58 2 3099 43.1

This was mainly due to the intense cooling in the secondn the southeastern part of the western basin which was
half of October (weeks 3 and 4) that produced a stronghen the only accessible warm area in the western basin.
northwest-southeast temperature gradient, remnants ofctvhi Concurrently, the warm temperatures at the southern coast
remained until the rst week of Novembeir{gure 6A). Drifters  further retreated toward the Anatolian coastline and deit
released then therefore did not move toward Crimea and thearrived either at the central (Zonguldak—Inebolu) or wester
further south, but headed toward the warmer SST regionglstanbul) coasts of Anatolia outside the overwintering aare
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FIGURE 10 | Simulations of seasonal variability: The pathA—C) and start points (D—F) of drifters released on the northwestern shelf in temperate gradient
simulations. Further, the paths of drifterdG—I) and start points (J-L) released at Kerch Strait exit area in the advection only sinfations and the paths(M—-0O) and start
points (P-R) of drifters released at Kerch Strait exit area in the tempetare gradient simulations. Release times were September 16, 30th and October 15th in 2003
(left, middle, and right column). The paths of drifters reddng the overwintering area in 2 months are marked blue, ther@s that do not reach are in green. The start
points of drifters that complete a successful migration in 24, 6, and 8 weeks are color-coded green, cyan, yellow, and dek blue, respectively. The start points of the
drifters that do not reach the overwintering grounds are méed red.

Only very few drifters from the tip of the Crimean Peninsulaapproach the warmer southern basin prior to the start of
completed successful migration then. Therefore, for drifte cooling in October arriving at the SST hotspots as the cooling
originating from the NWS in 2003, it was advantageous tgrogressed.
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When the drifters representing Azov anchovy were releasedovember and migrate along the east coast to warmer areas,
from the Kerch region in mid and late September and mid-overwintering along the Georgian coast in cold years.
October in 2003 with only advection by currents, successful
drifters followed a direct southward path completing migratio Model Sensitivity
in 8 weeks Figures 10G—-L. Table 4. Migration success was To analyze the sensitivity of model results to the body length
7.8-9.5% for drifters discharged in mid/late September, lesd 10 cm specied in this study, a sensitivity analysis of how
than half the success rate of the reference simulation t(statheir migration success from the NWS is a ected by body size
date October 30). However, drifters released in mid-Octobewas undertaken. The average length of migrating adult amgho
displayed a 5-fold increased success rate with 50% readiéng is known to be between 8.3cm (if O age class is assumed to
overwintering area, 30% higher than the results of the mfee  start migration) and 13.3cmHElgin et al., 2016 The model
simulation. simulations presented in the reliability teJeple 2 where a total

The inclusion of temperature gradient following behavior inof 1026 drifters were released over the North-western delf
the seasonal variability analysis of drifters releaseohfk@erch  October 30th in 2001, 2002, and 2003 therefore cover theeenti
exitregion revealed a series of pathways for successfididrifue  range of speeds that these di erent sized anchovies may be able
to the variability of SST distributiorHigures 10M—R. Migration  to swim. Migration success of the smallest size (8.3 cm) theze
time decreased to 6 and 4 weeksigures 10P-R Table 4. may vary between 0 and 1% when assuming 1 bl/s swimming
Although decreased success rate occurred for those rdleaspeed, as it is unable to swim to the overwintering grounds as
mid- (29.1%) and late-September (43.6%), elevated migratidast as the 10 cm anchovyable 2 0-1.2% success). In addition,
success was found in the simulation starting mid-Octobehwi when traveling at 5 bl/s this anchovy class travels aboutefi/§,
over half of the drifters (57.5%) completing migration to thewhich is in between the success of 10 cm anchovy at the speeds of
overwintering area. However, that was still 35.2% less than 3 and 5 bl/s (30-50 cm/s, 0—-27.1% success). The largestéesho
reference simulation (92.7%). This comparatively low succesnay reach 13.3 cm in length and hence their swimming ability
rate was again due to the cooling event at the end of Octobesurpasses the 10 cm anchovy. Despite the logical assumption tha
which caused the high SST regions in the southern basin tihis makes the larger anchovy likely to be more successful tha
withdraw toward the Anatolian coastline and those in thetdou the 10 cm anchovy at 1 bl/s and at 5 bl/s, simulations showed
eastern basin to retreat further. Drifters released on Sep&  that moving at 66.5 cm/s instead of 50cm/s actually severely
15th followed a single pathwalfigure 10M) moving southwards decreased migration success to 0-1.7%, comparable with the 1
to the eastern inner basin through and around the Crimeanyeddbl/s simulation for the 10 cm anchovyéble 2. This is because
that carries warm waters northwards around its western edgef the cooling event in November starting on the NWS in each
Drifters completed migration in 4 weeks following warm SST'sear of the simulations whereby the ability to swim fast led
extending from the Anatolian coast to the inner basin amiyi drifters toward higher temperatures in the southwesterncBla
at the western part of the overwintering area between Sinap anSea coast, which were then isolated from the warmer waters in
Samsun. the southeastern Black Sea and hence missed the opportunity to

Following discharge on September 30th, the majority ofmigrate toward the warmest waters located in the southweste
successful drifters completed migration in 4 weeks origntat Black Sea coast/Batumi region.
from the southwestern shelf region at the exit of Kerch $trai It can be concluded that the model is sensitive to the size
(Figure 10Q). These drifters initially accumulated in the Crimean of anchovy migrating as it translates e ectively into migost
eddy region where they approached the inner basin. With thepeed. A smaller sized anchovy may be slightly less sudcessfu
onset of cold SSTs approaching from the northwestern basimeaching overwintering grounds from the NWS, while a larger
a retreat of warm SSTs to the coasts of Rize and Batumahimal can possibly reach the grounds faster. However, as
occurred thereby some drifters followed this gradient nmgvi mentioned above, it is important to note that swimming speed
eastward toward the Caucasus coast (Sochi—Sukhumi) regiatone does not determine migration success rate in the muoutel
and continued southwards from Sukhumi to Rize coast (bylargely the temperature distribution in the Black Sea, asagdlhe
passing the Batumi coast) to reach the eastern region Trabzonprevailing currents at the time of migration. In 2001, the sess
Rize, of the overwintering area. Other drifters moved towdwel rate was 1.2, 3.9, 12.2, and 1.3 % with 1, 3, 5, and 6.65 body-
Sinop—Fatsa region. lengths per second swimming spe€khifle 2 respectively and

Successful drifters released on October 15, 2003 eitheednovsimilarly, in 2003, the success rate was 0, 1, 15.3, and 1ith% w
eastward toward Sochi, following a southward route along thspeeds of 1, 3, 5, and 6.65 bl/s, respectively. During thesa® ye
coast to the overwintering area or alternatively directligrated  which at the same time are also characterized by moderatd Y200
south arriving in the Sinop regiorH{gures 10M,Q. In addition,  and high (2003) mesoscale variability in currents, the iaign
a few drifters moved westward along #Blatitude to the western success increased with accelerating swimming speeds. Hgpecia
basin deviating southeastward toward the overwinteringaar increasing swimming speed from 3 to 5 bl/s improves the success
to arrive at the Samsun—Carsamba region. This pattern waste by 8.3 (2001) and 14.3% (2003). The key to successful
also previously observed liyhashchin et al. (2015%tating that  migration here was the timing and the extent of the northwest
in winter, a larger portion of the Azov anchovy stock occupysoutheast temperature gradient developing in the Black Sea
the northeastern basin, while the rest of the stock form @ensduring October due to cooling on the NWSFigures 4 6).
aggregations in response to the northern wind observed itlowever, in 2002, the year with lowest observed variabilitg
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application of 1 and 5 bl/s swimming speeds reveal 0.3 and [0
% migration success, respectively, whereas 3 bl/s resultbe i
highest migration success of 27.1% among all simulations in
which the drifters were released from the NWS. Atthe sametim
the mean distance traveled increased by 213.4, 342.5, &t 28
km for all simulations using 3 bl/s. In 2002 the entire wester
basin cooled signi cantlyKigures 5A,Q and a strong west-east
temperature gradient formed, rendering warm regions in the
western basin unreachable by anchovy, no matter how high the
swimming speedTable 2. Therefore, while migration success
in this model is sensitive to swimming speed which may also he
dependent on body length, temperature distribution in thed&la
Sea as well as current ow can override this in uence.

DISCUSSION

Source of Anchovy Reaching

Overwintering Region
In this study, model simulations were undertaken to elutédhe
impact of environmental factors, such as sea surface temperat
distribution and geostrophic surface ow on the overwintegi
migration of anchovy in the Black Sea. Simulations including
anchovy behavior in the form of swimming along temperature
gradients clearly showed that even with speeds of 5 bl/s,aych
migration success rates for all 3 years studied were onlyewest
0 and 15.3%, indicating that the spawning and nursery areas
on the NWS are not likely to play a major role in supplying
anchovy to overwintering grounds in this modeling approach
within the time frame of the present study. Calculations for
all three years of simulations revealed only 4.3% of anchovy
originated from the NWS, 2.8% originating from a small aréa a
the very north of the NWS and 1.5% from a larger area to the
south. Simulations showed that 95.7% of anchovy arrivingeit
overwintering area originated from elsewhere in the Blaek,S
more speci cally from the eastern Black Sea (75%), the nonther
area of the eastern Black Sea including the Kerch Straibmegi
(16%), and east of Crimea (4.7%)idure 11A). These ndings
suggest that anchovy overwintering at the eastern Anataieast FIGURE 11 | Conceptual gure of (A) the regions from where anchovy can
originate mainly from the eastern Black Sea. These regiens successfully reach the overwintering area when swimming @hg temperature
outside the traditiona”y accepted main Spawning and nursery gradients indicating the success rate of migration (%) froreach region,
ground in the Black SeaF(gure 1), however Spawning in showing the migration pathways identi ed for(B) Black Sea anchovy released
. from the northwestern shelf and(C) Azov anchovy released from the Kerch
the northeastern Black Sea is well-documentédar{ov and exit region.
Beverton, 1985; Chashchin, 1996; Chashchin et al.,)201é
hypothesize that if anchovy from the NWS cannot migrate
successfully to the overwintering area in great numberg, bu
aggregations of migrating anchovy continue to arrive and arbetween the western and eastern cyclonic gyres (in 2001 and
shed annually, this may mean that anchovy in the easterr?003) and (2) through the western gyre (in 2003). An addiibon
Black Sea spawn successful enough to be able to sustain th@hway (3) was identi ed within the eastern basin in which
overwintering population. This is also supported by studieginchovy rsttraveled in the Crimea eddy, reaching the sauth
indicating anchovy spawn successfully over much of the smath  waters of the eastern basin by migrating across the easyeen g
Black SeaHinarsson and Giirtiirk, 1960; Niermann et al., 1994(in 2003). Variations of these pathways appeared due to théyyear

D

Kideys et al., 1999; Gucu et al., 2p16 variability in gyres and eddie§igure 11B dashed lines). Except
) ) for the direct transport pathway between the eastern and weste
Anchovy Migration Pathways gyre, the identi ed pathways were seen to change on a yeaslg ba

For those anchovy schools that migrated successfully fraen thand were more complex than the migration routes suggested
NWS, three di erent pathways were identi ed~{gure 11B: (1)  earlier bylvanov and Beverton (198&andChashchin (1996(see
movement from Crimea to the southern Black Sea coast midwaligure 1).
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It is important to note that migration along the againstthe ow of the rim current (that carries warm waters o
Bulgarian/Romanian coasts did not appear in any of thdhe south northwards) (in 2001 and 2003). However, depending
temperature gradient simulations for di erent years and star on the proximity of the Rim Current to the east coast, in 2001
dates, in contrast ttvanov and Beverton (198%@nd Chashchin  the pathway is shifted o shore whereas in 2003 the pathway runs
et al. (2015who state that the most important fall migration close to the shore and reaches the Georgian coast. Thesegadi
route is the one following the western coast of the Black Seare in agreement with observations ©hashchin et al. (2015)
Anchovy landing data Kigure 2 shows that the anchovy who state thatin cold years anchovy aggregations move alang
sheries in Bulgaria and Romania collapsed alongside otheCaucasian coast and approach the Turkish—Georgian border. In
anchovy sheries in the Black Sea in 1989/90AQ, 2014; addition, migration toward the Crimean Peninsula is observe
STECF, 2015 Whilst the Turkish anchovy shery recovered although it is thought to be less frequent and as a consequence
within a few years to reach pre-collapse stock levels, so éaeth more anchovy may be found at the Caucasus coast than the
are no reported recovery signs for the Bulgarian/RomaniaiCrimean Chashchin et al., 20)53However, our modeling results
anchovy sheries. It has been acknowledged the lack of mxgyov suggest that this pathway is dependent on the occurrence of
of the Bulgarian/Romanian sheries may be in part due toa strong temperature gradient at the Kerch Strait region and
reduced shing e orts by those countries after becoming EUthe extension of warm water along the east coast and hence
member states in 2007 and the subsequent application of Etid not occur very frequently. Instead, southward migration
shing regulations ETECF, 2015; Gucu et al., 2).1However, the inner basin between the two cyclonic gyres (pathway 1,
the complete lack of recovery prior to 2007 has also beeRigure 11Q was observed in both 2001 and 2003, as well as
hypothesized to be partly due to either a change in spawningy the seasonal simulations. However, the suggested rograt
areas or changes in migration routesTECF, 2015; Gucu et al., toward the tip of the Crimean Peninsula by anchovy released
2017. from the Kerch Strait region was observed in most simulation

The results of this study indicate that the environmentalof this study within the time frame considered, though was
conditions of temperature and surface circulation duringeth not marked as successful migration in the context of this
study period (2001-2003) caused anchovy not to migratstudy.
along the Bulgarian-Romanian coasts at all when following
temperature gradients, providing the temperature distribntin ~ Importance of Cooling Events
the Black Sea during autumnal cooling as possible explanatidn the simulations of movement following temperature gradie
for why this route may be chosen less by migrating anchovy. lthe average travel time of anchovy schools starting mignati
may even be possible that a shift in temperature distribution$rom the NWS was found to be 2—4 weeks in 2001 but about
or currents in response to cooling events prevents recovery @8 weeks in 2003. In both years, the SST gradient followed
this shery since it caused anchovy to migrate to overwiittgr a northwest-southeast pattern that helps successful magrati
regions via open ocean pathways. However, to verify thi® the overwintering area, whereas in 2002 a more west-east
hypothesis an investigation of long-term satellite data isdeazl. SST gradient resulted in failure of migration. That was doe t
Furthermore, in warm years, anchovy overwintering along th the short cooling period that took place in the second week of
Crimean coast or other northern areas on the shelf has beedovember 2002, when cold temperatures approached from the
reported Chashchin, 1996; Bingel and Gucu, 2010; Chashchiwest and prevailed over the entire western basin (exceptiag th
et al., 201 Gucu et al. (2017%peculate that apart from inter- west coast of Anatolia). This incident ultimately decreatiesl
speci ¢ population dynamics, the actual reason for the “colééps anchovy's opportunity to nd warm areas in the southwestern
of the anchovy shery (in 1989/90, 2007, and 2014) might kz th basin. Additionally, the presence of the Sevastopol eddyet th
by overwintering outside the known grounds and spending theshelf break in 2001 and 2003 facilitated transport of drifterthe
winter further north in the Black Sea the anchovy was unadé  overwintering area by increasing thermal gradients in fhosital
tothe sheryinthe southern basin. This points to the urgeiad  region. In 2003, the occurrence of unstable jets and laments
to clarify the prevailing physical conditions during the speci along the southern coast extending into the inner basintart
time of migration to be able to manage such uctuations as haicreased successful migration.
also been suggested Gyashchin (1996) It should be noted that in the simulations, anchovy migratio

Anchovy originating o the Kerch Strait, assumed to bewas facilitated mainly by currents associated with mesescal
representing Azov anchovy in this study, were able to beddies along the coastal regions such as the Sevastopol eddy,
transported to the overwintering area by currents alone felllg  the Crimean eddy and the anticyclonic eddy southeast of the
paths midway between the eastern and western gyre, whicksagreéCrimean eddy, Sinop eddy, Kizilirmak eddy, and Batumi eddy,
well with previous studiesqach, 2014; Ozturk et al., 2Q1From  as opposed to strong currents associated with the rim current.
temperature gradient simulations, three major pathways @Az Often an increase in biological activity along such frontsalied
anchovy were identi edFigure 11Q: (1) parallel to the eastern the “edge-e ect’” and most sh have been found to accumulate
Crimean coast and then following the Eastern Gyre reachieg t at fronts (Roberts, 1980; Kleckner and McCleave, 1988; Castillo
western region of the overwintering area (in 2001 and 2003kt al., 1996; Reese et al., 20Eish accumulations along fronts
(2) diagonally from the eastern zone of the Kerch exit area tare driven by two factors, optimum temperature conditions and
the western section of the overwintering area (across tis¢effia  increased prey availability at the fronO(en, 1981; Largier,
Gyre) (in 2002), and a third path (3) parallel to the east coast993.
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The simulation results suggest that the most important fexto It should be noted that the model applied in this study
shaping migration pathways, and their success, are the iityenshas uncertainties associated with it, such as those regulti
and timing of cooling events more than the intensity of curte  from a xed swimming speed of 5bl/s during the entire
around eddies and the rim current because of their contrideuit  migration. Anchovy swimming speeds may vary depending
to the formation of temperature gradients across the Black Seon conditions during migration. Or anchovy may swim on
which determine the pathways chosen by the anchovy. Thaverage 3 bl/s for extended periods of tintgeuCu et al., 2017
analysis showed that the onset of migration long beforeris¢e however the model results discussed above do not change
cooling in October/November may increase migration suscessigni cantly in simulations considering this lower swimngn
from the NWS region. When anchovy start migration later,speed Guraslan, 2016 In addition, simulations were run
direct pathways to the southeastern overwintering groundym for 2 months, overlooking longer migration times. While
be inaccessible hence migration success decreases aighji.c this is a valid assumption, as it has been shown that Black
Cold winters caused by successive cold, dry wind outbreal®ea anchovy migration times lie well within that time frame
blowing from the northern sector of Euro-Asia associatethwi (Gucu et al., 201)7 variability in migration times is likely. In
strong positive modes of NAOFplonsky et al., 2007; Valchev addition, lack of data on the cues that in uence migration is
et al., 201pand EA-WR Kazmin et al., 200)0lead to cold air a big factor creating uncertainties in sh movement models
temperatures and sea-water temperatures of beloW @ the (Haas et al., 2004; Roth et al., 2p@¢hich is especially true
shelf Mihailov et al., 2016 for Black Sea anchovy migrationVatkins and Rose (2013)

The timing of the onset of cooling together with its suggest in their study evaluating di erent animal movement
distribution across the Black Sea may therefore be one of theodels that gradient following behavior, as implemented in
mechanisms that can explain the large uctuations in anchovyhe current study, produced the best sh movement analysis
landings in addition to the e ects of over shing, such as teos in all tested environments, also con rmed Hbyolitikos et al.
observed in 2005 and 201RBigure 2A) when catches were below (2015) This approach has also been proven successful in other
120 ktons, close to the dramatic decline in catch levels ef thstudies (e.g.Railsback et al., 1999; Xu et al., 201 Bowever,
1989/1990 period. In 20057hashchin et al. (2015)eported Watkins and Rose (2013also note that the assumptions
accumulations of Black Sea anchovy south of Crimea durieg ththat sh are able to sense environmental conditions in the
relatively warm winter, which could help explain low catclies neighboring model cells are sometimes questionable. Taaed
the south. Corresponding movement toward south Crimea isincertainties in the modeling approach, it is of importance to
observed in all model simulations and when no warm waterdeadvalidate the model in greater detail than possible within the
the anchovy south-ward, the model anchovy similarly statyhia  current study, including detailed density distributions ofcovy
region. Regular observation of this migration pathway supportsluring di erent seasons. However, at this time the modeling
the hypothesis that stock uctuations may partially be caused@ommunity is limited by the lack of available data. One fetur
by shifts in environmental conditions and consequently jlass development may be to include genetic algorithms in an e ort
shifts in overwintering areas. to adaptively optimize parameters known to in uence migration

The ongoing warming trend in the oceanic environment will using arti cial evolution Gtrand et al., 2002; Utne and Huse,
inevitably impact species distribution and migratory pathway 2012; Watkins and Rose, 2013
that are dependent on temperature as an external stimulus. A
shift in species distribution has already been observeddores
sh species in the world's ocean®((lvy et al., 2000; Genner CONCLUSION
et al., 2004; Perry et al., 2005; Nye et al., 2009; Punzon and
Villamor, 2009; Simpson et al., 2011; Sunday et al., 2Fdr  In this study, we demonstrate that the Lagrangian modeling
Black Sea and Azov Sea anchovy this may mean two thinggpproach including sh behavior applied to satellite derived
(1) a shift in spawning grounds to previously unsuitable region circulation and temperature data can be used to explore the
or (2) a delay in the start of overwintering migration or evenmigration of complex organisms such as sh in the marine
a halt of migration if the intensity and/or duration of coaljy environment. The modeled anchovy migration pathways are in
events do not decrease the temperature to a level su cientlagreement with general patterns of anchovy migration given i
low to commence migration. In this case, it is likely thatthe literature indicating that the physical environment mag b
school formation would cease and anchovy remain dispersed im major factor in shaping general migration patterns. Results
spawning/nursery areas. This would result in a shift in shin of model simulations suggest that most anchovy reaching
grounds and shing e ort as dispersed anchovy becomes ndhe overwintering area along the eastern Anatolian coast
longer a pro table target for exploitation by industrial shies. may originate from the eastern Black Sea and not from
Gucu et al. (2016already suggest the existence of local, nonthe northwestern shelf, which has been traditionally assdm
migrating anchovy populations in the southern Black Sea hasito be the main source of overwintering anchovy in the
an area that was previously thought less suitable for spawningoutheastern shelf area. Migration simulation results aedito
However, the response of sh populations to continued warminghypothesize that there may be alternative migration routes t
is rather complex and non-linearQuraslan et al.,, 20)4as those traditionally accepted, that are caused by envirorialen
anchovy metabolism, spawning and recruitment success arvariability in the Black Sea, such as the timing and progoessf
temperature dependent. autumnal cooling together with current strength. Suchadtgive
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routes can help explain the low catch of the Bulgarian andHowever, the modeling community is limited by dependable

Romanian sheries. observations. Reliable data on anchovy distribution for mode
The present work shows in detail, how physical processes sughlidation as well as data on cues that may in uence migratio

as the timing of fall cooling and the intensity of currentsdan and selection of preferable habitat is crucial in order touesl

mesoscale eddies can play a critical role in modifying thallsig the uncertainty of this modeling approach and of future sh

variable small pelagic sh migratory pathways, their migrati movement models to be developed to propose management

success and their availability to sheries given the intenaal schemes.

and seasonal variability. Physical dynamics may be an import
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