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ABSTRACT

INVESTIGATING PELAGIC FISH LARVAL DISPERSAL ANDECOLOGIC
CONNECTIVITY IN THE BLACK SEA USING LAGRANGIAN DRIFTER

MODELING
¢ aj OBalut
Master of ScienceDceanography
SupervisorAssoc. Prof. DrBet t i na Fach Salihojlu

September 201966 pages

In order to understand fish population dynamics, understanding the physical
interaction of the current systems wtlagicfish larvaeis necessary. Using a Black
Sea circulation modeadutput to undertake Lagrangian drifter stucd@sbedded with
a Lagrangan Flow Network the connectivity metrics; onshore transport, offshore
transport, local retention and self recruitmeare calculated for six different
commercially important fish species in the Black Sea: anchdwygraulis
encrasicolus ponticQssprat Sprattus sprattys red mullet Mullus barbatu}, horse
mackerel Trachurus mediterraneus pontiqudluefish Pomatomus saltatr)xand
turbot Scophthalmus maeotiqusSimulationsare taking interannual and seasonal
variationsas well as pelagic larval dations and spawning timed the targetfish
speciesnto accountResults show thatffshore transport is inverseproportional to
local retention and self recruitment atitht longer pelagic larval duration times
effected local retention negatively. kter seasoshowsthe lowest retention values
and highest offshore transport followed closely by autumn while sghogvsthe
highest local retention followed closely by summer with both seasximibiting the
lowest offshore transport values. Timthen part of thenorth western shelthesouth
eastern coast of Turkey and the entrance of the Azost®seretentionin all seasons
The eastern and westegyres show potential retention sites for spring and summer
while the remaining areas were susceptiblsttong transport facilitated by tmam
currentthat is dependent ogseasonal and interannual variations of Black Sea
circulation.

Keywords:Black Sea, Pelagic Larval Duration, Local Retention, Offshore Transport
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Oz
KARADENIZDE LAGRANC PARCACIK MODELLEMESIKULLANARAK

PELAJIK BALIKLARVA DAJ | LYH®I EKOLOJI K BAJLI LI K
ARAKTI RMASI

¢ aj OBalut
Yuksek LisansOk i nogr af i
Tez DanRo raBred&:t i na Fach Salihojlu

Eylil 2019 166 sayfa

Bal ek pop¢l asyonu dinami kl erini anl a
| arval arénén akenteée sistemleriyle olan e
Akent é Ajéodéna sahip Karadeniz akéenté mod:
kull ankEékek dhfetl eri olan kéyéya dojru
muhafazavé z st okl anma, Karadeni z6in ekonomik
(Engraulis encrasicolus ponticyszaca Sprattus sprattys barbun Mullus barbatu,

istavrit (Trachuius mediterraneus ponticydlifer (Pomatomus saltatr)xve kalkan

(Scophthalmus maeotiqus i - i n hesapl anméxkt ér . Yapél
farkl el ékl ar , mevsimler araseé farkl él ékl
ureme surelerihesabaat é | mé kK taé-réej aSodhauj-rltart ak €nmanén
©z stoklanma il eveenyeret amudlad acalad wjeur?
uzun pelajik larval surelerdem| umsuz et kil endijini g°ster
d¢kéek muhafweaenmeyegkdsekia-éeja takénma de
dejer |l taraféndan yakéndan takip edil me
muhafaza dejerlerini g°stermekte olup yaz
mevsiminin ikiégjia dtakémad kejkerd-eri ne sat
bl gesinin kuzey tarafé, Te¢rkiyednin gé
bl gesi b¢teéen mevsimlerde muhafaza i htin

bahar ve yaz mevsimlerinde muhafaza ihtimaktgémektedir, geriye kalan bdlgeler
gucli rim akt ént eéséna mar uz kal dej éndan Kar a
farkl el ekl aréna bajlée kal maktader .

Anahtar KelimelerKar adeni z, Pelaji k Larva Sg¢gresi,
Takénma
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CHAPTER 1
INTRODUCTION

In order to understandnarine ecosysters) the interactions between the
physicalenvironmentand biologi@l processes need to be taken into account. Unlike
on land where the landscape&ith which biology interactschanges on large time
scalesthe seascape is fluid and the constantly changing currents are always interacting
with biology, the water is continuolystransported, mixed and rearranged by the
currentsandthus the timescale of these interactions are significantly shorter than on
land (Levy et al., 2012, Woodson and Litvin, 2015, McGillicuddy Jr, 2016, Lehahn et
al., 2017).

Fine scale processes likeonts andeddies are important for redistribution of
physical properties, however the horizontal stirring process that spreads physical
properties creates long and convoluted water filaments that make observation of such
fine scale process difficult for ghhuman eye (Baudena, 2018). With the advent of
satellite tracking since the 19906s it
horizontal velocity information of the surface currents which in turn raised the
adoption rate of the Lagrangian Flow NetwdLFN) implementations that allow for
accurate physical flow assessment between neighbouring nodes on the network
(Baudena, 2018).

The wind driven circulatiorof the Black Sedhat consists of a cyclonic rim
current is thought to act as a biochemicariearfor the exchange between onshore,
nutrient rich waters and open ocean waters (Oguz et al,) @4 may hence also
influence fish distributionHowever, the rim current exhibits meanders and eross
stream jets and these together with mesoscale edsBesiated with the flow may

facilitate exchange acrossdlfront (Oguz et al., 1994D0guz 2017).

The unique water column structure of the Black 84t strong stratification
traps oxygernn the approximateld50 mdeepsurface layerwhile the deepr layers
are anoxic This leads fishin the Black Sedo live and spawn in this surface layer
whereas in other seghey may be found over a much wider depth raiMpgny of the
commercially important Black Sea fish spawn on the nomtistern shelf (STECF,
2017), the large, shallow shelf area in the nevdst of the Black Sea where also the

large rivers Danube, Dniestr and Dnieper enter onto.
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This study aims tanvestigatethe interaction between the unique physical
current system of the BlacReaand thelife cycle of commercially important fish
specieausing theirpelagic arvd duration.Specifically to analyze the seasonal and
interannual variabilityof acrossshelf transport and local retentiaf six different
commercial fish specian the entire Bdck Sea.

For that purposkagrangian drifter simulations are undertakensidering the
different life history traitandconnectivity metrics such as Local Retention (LB|f
Recruitment (SR) an@ffshordOnshoreTransport Probability (OFTBnd ONTR are
calculated from the result§Vhile there have been many studies that are aimed on
guantifying transport and connectivity patterns of larvedifierent parts of the world
oceanssuch aghe CarribeanSea(Cowen et al., 2006jhe Mediterranean Sea (Rossi
et al., 2014)North Sea Erftemeijer et al.,, 200%r Australia (Condie et al., 2Q;
2011 Roughan et al, 20}50 name a few, to date only few studies have focused on
the Black Sea (Fach, 201@zturk et al., 201,/Guraslaret al., 2017). However, these
studies in the Black Sea have considered only the dispersion and migration of one
species, anchovy, from their knavgpawning grounds (Fach, 2Q1@uraslan et al,
2017)and did not look into acrosshelf transport or retention mechanisms and other

fish species. The current studydithis gap.

This thesis is structured as follow3he introduction section contains
information regarding the unique physical system oBlaek Seatheinformation on
commercially important fish species of the Black Sea and their behaljaiterns
and lastly information regardinthe concepts of.agrangian Flow Networksnd
connectivity. The thesis continues wiihformation onthe Lagrangian particle
tracking methodused in this studydetails theresultsof the simulations undertaken

andafter adiscussiorof the results concludes with a summary and conclusenios.

1.1 Physical Properties of the Black Sea

The Black Seds locatedbetween latitudes 41° N and 47° N, longitudes 27° E
and 42° Ecovers an area of 423000 kand has a maximum depth of 2200 m (Oguz
et al., 2004). It is connected to the Marmara Sea through the Bosphorous Strait to the
south west and thereby connectedi® Mediterranean Sea by way of the Dardanelles

Strait and the Aegean Seahile to the north another connection exists to the Azov
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Sea via Kerch Strait (Oguz et al., 2004). The only major shelf structure iexibes
north west of the Black Sea and makps20% of the total area, the remainsitelf
areasarenarrovand st eep. Three of Eur aheeodls | ar g
western shelf,the Danube, Dnester and Dnieper. While the south Sakarya,
Kézel érmak and Yecki |ItBowmtathe BlacksSeanot abl e r i

There are three layers presénthe watercolumn the deep water below the
thermocline at 100 to 150 m is vertically homogenous down to the abyssal plane
featuring temeratures of approximately 9°CA cold intermediate layer fovater
resides roughly around the 80 m depth during spring, summer and autumn then
disappears due to winter mixing. The surface layer continues down approximately 50
m with salinity of 18.5 to 18.8 and temperature around 280Quz et al, 19940guz
et d., 2004).

46°

42°

28° 31° 34° 37° 40°

Figure 1: The main features of the surface layer circulation in the Black Sea derived
using the hydrographic studies before 1990. Originally made by Oguz et al., 1993,
reproduced by Korotaev et al., 2003 and takem Korotaev et al., 2003.



The Black Sea surface circulation is primarily driven by wind forang
stirred by the bottom topographyhich creates a complicated system dominateal by
fast flowing rim current an@ddies that interact with one anotleed the two sub
basinscalegyres of the rim current anassociatedeatures (Korotaev et al., 2003).
The most notable permanent and semi permanent features of this circulation system
are the basin wide cyclonic rim current which circulates the entire &pam from the
north western shelf and the Georgian coast and its perigRguyre 1), the cyclonic
western and eastern gyres located inside the rim current, agdatsi@ermanenantk
cyclonic Bosphorus, Sakarya, Sinop, Kizilirmak eddies along the Turkish coast,
Batumi eddyon the Georgian coast, Caucasus eddy on the Caucasian coast, Crimea
and Sevastapol eddy on the Crimean coast and the Kaliakra eddy on the Romanian and
Bulgarian coasfOguz et al., 1994)

The general winter circulation features from January until Marchwstthe
two inner gyres separated from one another approximately aroundt@34EE, the
borders of the eastern gyre extetmwards the south east until the eastern coast as its
size reaches twice the size of the western gyre and the points whave theds meet
at the northern and southern coasts leads to the basin wide rim current system
(Korotaev et al., 2003). The severity of the winter weather is what drives the intensity
of the circulation system, the years with intense winter weather crsiatag cyclonic
rim current which in turn leads to strong acyclonic eddies along the coast whereas
years with weaker winter weather tend to create broader, weaker general circulation
(Korotaev et al., 2003).

Spring conditions from April until June shewhe two distinct inner gyres
weaken and transform into a single basin wide cyclonic cell creating a broader and
weaker rim current while the Batumi eddiidurel) starts forming along the Georgian

coast of the Black Sea (Korotaev et al., 2003).

During summer from July to September the inner gyres are further weakened
and they break down into small cyclonic eddies around typically 100 km, since these
small eddies are what effects the rim current, the general circulation during the summer
season is more susceptible to mesoscale variations and interannual variations from
year to year are more frequently observed for sumBesiktepe et al., 200Korotaev
et al., 2003).



The trend of weakening of the interior cells from summer continues into the
autumn season, from October to about 15 days into December the interior of the basin
continues to weaken, creating smaller scaled cyclonic eddies as it reaemessth
disorganized form of the entire year, the Batumi eddy weakens and the entire basin is
susceptible to horizontal variability (Korotaev et al., 2003). As winter approaches, the
circulation system starts to stabilize and the eddy dominated natuesaittrmn and
summer seasons disappear as the circulation turns into an organized and intense

structure starting at the second half of December (Korotaev et al., 2003).

The eddy structures located along the southern coast of the BlackiGe (
1) consist of serapermanent Bosphorus and Batumi eddies and thepeonanent
Sakarya, Sinop and Kizilirmak eddies. The Bosphorus eddy is present gkaest
round while the Batumi eddy starts forming around February, grows and expands
towards the interior cell during spring and finally disapp@&ar®ctober with 1 to 2
week shifts annually (Korotaev et al., 2003). While the Sakarya, Sinop and Kizilirmak
eddies mg form one or two times a year for the duration of a season, if both Sinop
and Kizilirmak eddies reach a sufficiently large size they can combine to create one
large eddy The existence of these three eddies depends entirely on the meanders
created by thepropagation of the rim current (Korotaev et al., 2003). Along the
Caucasian cost the rim current flows further away from the coast and this allows for a
much broader zone for the, almost always present, CaucasianFegighe () to arise
(Korotaev et al., 2003). The Crimean coast to the north features twepeamanent
Sevastapol and Crimean eelsl Figure 1). The rim current meandering controls the
formation of the Sevastapol eddy, one path located near the south western side tip of
the Crimea and another path located on the western Crimearattesnorthern fork
of the rim current (Korotaev et al., 2003). The circulation inside the north western shelf
is governed by the discharges of the rivers Danube, Dniepr and Dniestr and their
interactions with the rim current, while the outer zone ofdhelf is driven by the
interaction inner shelf current and the rim curreftte Kaliakra eddyFigure 1)
located near the Romanian and Bulgarian coast starts to emerge during the end of the
summer season and the beginning of autumn and is driven by the coastal currents by
high discharges (Korogx et al., 2003).



1.2 Commercially Important Fish Specieof the Black Sea

The Black Sea hosts a number of commercially important fish species for the
riparian countries (se@able 1). The most important fishery in the Black Sea is
anchovy Engraulis encrasicolyswith total landings of 157,462 tons in 2014 while
sprat is the second most important commercial fish with kdings of 58,380 tons
in 2014 (STECFL5-16, 2015. Following these species red mullgty(llus barbatu,
turbot Scophthalmus maeotiquluefish Pomatomus saltatrjxand horse mackerel
(Trachurus mediterraneugre of importance. All of these figpecies are known to
spawn preferably in shelf areas of the Black Sea, but differ significantly in their life
history traits such as their spawning times and pelagic larval stages, which are
considered in the simulatiod this study

Two subspecies ofnghovy exist in the basin, first is the Black Sea anchovy
(Engraulis encrasicolus ponticuand the second is the Azov Sea anch@&ngfaulis
encrasicolus maeticlyiglvanova et al., 2013). The Azov Sea anchovy feeds and breeds
in the Azov Sea then traved®wn to the Crimean and Caucasian coasts of the Black
Sea, while the Black Sea anchovy travels to wintering grounds located to the south,
along the Turkish and Caucasian coasigyre 2) around October and November
(lvanov and Beverton, 1985, Chashch#96 Chashchiret al., 2015) where they stay
until March and form dense hibernating concentrations during which they are
subjected to intense fishing (STE-17-14, 2017). The Black Sea anchovy is known
to spawn in the north western shelf and open waters with temperatures higher than 20
C° during the months of June and August with a pelagic larval duration (PLD), the
time required for the larvae to obtairethbility to swim on their own without relying
on the whim ofoceanic currents, of about 36 days (Niermann et al., 1994, Lisovenko
and Adrianov, 1996, Sorokin, 2002, Dulcic, 1997). This study focuses on the Black

Sea anchovy.



Figure 2: Black Sea anchovyefgraulis encrasicolus ponticuand Azov Sea anchovy
(Engraulis encrasicolus maeticuspawning (red), feeding (green) and wintering
(blue) areas and migration routes to theRedrawnfrom STECF17-14 (2017).

Sprat Sprattus sprattysis another important fish species of the Black Sea.
Fishing of this species is executed on the north western shelf from April until October
and fishing along the rivers of Kizilirmak and Yesilirmak on the southern shelf became
common ar ound t-h7€4, 20Q7). Uhee Jurkistscateh©®fsprat is used
as fish food and for oil industry in the countigngdsen and Zengir006. Sprat
prefers spawning inshore areas of the Black Sea about 100 km away from the coast
and near xier deltas Figure3) between autumn and sprirgreferably in winterand
has a PLD of about 70 days (Ojaveer, 1981, Houde,, 1@#8v and Beverton,9B5).



Figure 3: Sprat (Sprattus sprattus) spawning (red), feeding (green) and wintering
(blue) areas and migration routes to themadrawn fromSTECF17-14 (2017). Note
that feeding areas for sprate all located onshoref the rim current

In the northern and eastern parts of the Black Sea, near the Crimean and
Caucasian coasts, two different forms of red mulMail{us barbatu} exist and can be
identified as settled and migratory forms (STECF14, 2017). Thanigratory red
mullet travels to the regions of Azov Sea and Kerch Strait in spring time for feeding
and spawning and returns to Crimean coasts for wintefiggie4), while the settled
form does not take part in this migration behaviour to the Azov Sea (STECE,

2017). Along the western coasts of the Black Sea, the coasts of Romania and Bulgaria,
the red mullet migrates down to the Turkish waterdtseast and the Marmara Sea

for wintering between the months of September and Novenitiguré4) (STECF

17-14, 2017). Red mullet isnownto spawn in tk north western shelf and near the
Kerch Strait during the summer season and has a PLD of 28 to 35dairi6 et al.,
2003,Macpherson and Raverst, 2006,Galarza et al., 2008 TECF15-16, 2015.



27 29 S1 53 35 S/ 39 41

Figure 4: Red mullet (Mullus barbatus) spawning (red), feeding (green) and
wintering (blue) areas and migration routes to théedrawn fronSTECF17-14
(2017.

The Black Sea horse mackerétgchurus mediterraneus pontigusxists as a
subspecies of the Mediterramehorse mackerel fachurus mediterraneli$STECF
17-14, 2017. This species spawns mostly near the north western shelf and the Kerch
Strait and travels to the Crimean coast and the Marmara Sea for wintagogeb).
The PLD for the red mullet is believed to be between 28 to 35 &adngis et al.,
2003,Macpherson and Raverst, 2006,Galarza et alSTECF15-16, 2015.
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47

Q]

Figure 5: Horse mackerel (Trachurus mediterraneus ponticus) spawning (red),
feeding (green) and wintering (blue) areas and migration routes to. tRedrawn
from STECF17-14 (2017).

In addition, Bluefish (Pomatomus saltatrjx and Turbot (Scophthalmus
maeoticuyare important commercially in the Black Sea. Both species spawn in spring,
with Bluefishspawning in oastal regionalong theTurkish, UkrainianandBulgarian
coastsand larvae experiencing a pelagic larval duration cR38days(Table 1)
(Gordina and Klimoval996 Hare and Cowerl997, Satilmis et al.2003 Satilmis et
al., 2014 Ceyhan et al2007). Turbot larvae experience lanaurations of 29889 days
(Haynes et al.2011, Satilmis et al.2014).
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Tablel. Important commercial fish species with pelagic larval stages in the Black

Sea used as target species in this study.

Species Spawning | Spawning Area | PLD Reference
Time
Anchovy JuneAugust | North-western shelf ~36 Niermann et al.
(Engraulis and open days (1994), Lisovenko
encrasicolus and Adrianov (1996),
i water > 20C Sorokin (2002),
n
ponticus) Dulcic (1997)
Sprat(Sprattus | autumn Inshore areas of | ~70 Ojaveer (1981),
sprattus) spring Black Sea until days Houde (1989),
~100 km offshore, Ivanov and Beverton
river deltas (1985)
Red mullet Summer North-western shelff 28-35 Satilmis et al. (2003),
(Mullus barbatus| (after May) | and off Kerch Straif days Macpherson and
ponticus) Raventés (2006),
Galarza et al. (2009),
STECF1516, (2015)
Bluefish Spring- Coastal regions 1825 Satilmis et al(2003;
(Pomatomus summer (Turkish, days 2014, Ceyhan et
saltatrix) Ukrainian, all(dz?él)'ny Go{fg];@
: and Klimova :
Bulgarian coasts) HareandCouen
(1997)
Turbot Spring- 29-39 Satilmis et al. (2014),
(Scophthalmus | summer days Haynes et al(201])
maeoticus)
Horse mackerel | summer Coastal areas ~25 Satilmis etal. (2003,
(Trachurus days 2014)
mediterraneus
ponticus)

1.3 Larval Dispersal and Connectivity

Larval exchange between marine enviroc
popul ation dynamics and spawning sites o
expect an experimeshalawageoéspeacdIi hyg fc
(Covwdn a20m6 prder tothecunaeebygtsomdpf | a
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very useful tool .

1.4 LagFlaowgi Met wor k

A technigue empl oyleadg riam gti lains fd towd yn eit svotr Kk
which essentially diinvtnod eassvot keoénnhodesBktaokebt
one anot her viihansdtiwoerck eadf Inokespr eseergt | vat hel
transfer bet ween di fhf ewheenetreyr elgiinokn sb eotfweteme na
simul ates mass transport bet ween the two not
given model time stdapi ¢ Moeddywiwgt et dle. ,st2a@Yy7)
par tiinctlersacting with the simul atwaysuirment s
order to gain insight albtouitstpmesdsir@nsfteo tods
indi fferent seagonfsuyt upg esetpryedared temD i g
di fferent regions of the sea for potential z
and studying most of these scenarios can b
someti mes both using a research wvecshsel, thus
studies including fish | arvae or any particl

The accuracyaloftsidmddgagéemds on t he numbe

particles used in the model, the depth where
duwmrt i on of the( Manrnady |l et tHilgbdl2®h7uymber of par
t he model hel ps increase the accuracy of the
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CHAPTER 2
METHODS

In this chapter, the thredimensional circulation model used in this model to
obtainthe Black Sea circulation field is briefly described. The details of the Lagrangian
drifter simulations used to simulate pelagic larvae connectivity within the Black Sea
is detailed, as well as the statistical analysis used for investigating differeatsaspe

this connectivity

2.1 Circulation Model

The Black Sea circulation was modelled using the Stony Brook Parallel
Princeton Ocean Model (sbPOM) which itself is a parallel version of the Princeton
Ocean Model (POM) and which has been used in preatudies (Salihoglu et al.,
2017). The model was used to provide the circulation field of the Black Sea required
to be able to calculate the drifter paths in this study. This model spans the entirety of
the Black Sea, excluding the Sea of Azov, with a 4xdr&solution horizontal and 35
layers of terrain following sigma coordinate vertical grids. The turbulence
parameterization was done using Melamada 2.5 turbulence parameterization
(Blumberg and Mellor, 1987). The model includes the water flux of tspBorus and
the nine largest rivers of the Black Sea. Using the World Ocean Atlas fields (Locarini
et al., 2013Zweng et al., 2013) monthly climatology as initial conditions the model

was spun up for 5 years and run for 21 years from 1990 to 2010 (Paldial., 2017).

In previous studies the circulation model was validated extensively comparing
temperature, salinity to in situ observations from Bieck Sea- Temperature and
salinity observation collection V2B(ack Sea, 2015Simoncelli et al., 205) using
univariate metrics such as root mean square error, bias, unbiased root mean square
error and Pearson Correlation Coefficielmt addition,the reliability of reproducing
observable parameters were checkgdomparing model results gatellitedata of
SeaSurface Temperature and satellite derived Sea Level Anomadies usedo
validate themodel producedirculation fields.The modelwas found toresolve the

Black Sea circulation with itgim current and anticyclonic eddies as well as
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interannual variabilityin the current fieldwell (Allen et al., 2013, Salihoglu et al.,
2017)

2.2 Lagrangian Particle Tracking

To undertake Lagrangian drifter analysis, in therety of the Black Sewirtual
drifters were positionedn the surface circulatioat 10 m deptlof the Black Seat 1
km spacing in both latitudinal and longitudinal directidrith this choicet is assumed
that larvaere to be homogeneously distributeche surface mixed laydn this study
anyverticalmovements of larvais ignored, which has been shown to beasonable
assumption because most particles remain in the selected layer over shedaliese
(O 2 months) since horizontal velocities are

vertical onegDovidio et al., 2004).

Making use of a landea mask the coastal grids did not have any drifters placed on
top of the land portions. In the end a totad©0478drifters were placed in the entirety

of the Black SeaDrifters were advected using faist-order accurate Lagrangian
particle tracking scheme in which the 2D velocity field is interpolated to the particles
position and then carries the particle to a new position with each time (tagh,
2014) However,it is a common problem tharoceses smaller than the grgpacing

of the model cannot be resolved by such velocity fig¢tgceit was necessary to add
the effect ofsubgrid scale turbulenceia a numerical techniqudhis was achieved
using a random walk process described and testddtail in Xwe et al. (2008) and
Roughan et al. (2011} scales thsimulatedurbulent diffusion terms with a Gaussian
random process that has a mean of 0 and a standard deviation of 1 between subsequent

random events, resulting in a diffusivity coefficient of ca. 5*&@¢s™.

These410478drifters arereleasedeach year from @01 to 2010,at the 13h of
January, April, July and September representing diffeseasongTable 3. In each
of these simulationdrifters are used to simulate pelagic fish larvae of commercially
important fish species detailed above angltracked fortheir different pelagic larva
duratiors (20-70 days) That means that in total 200 simulations wittD478drifters
each were undertaken for this studgable 2).Each drifter was individually tracked,
recordingits position as latitude and gitude information every hour of every day

along with velocity, temperature, diffusion and other model specific parameters
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Table2. List of simulations undertaken in this study. A total of 200 simulations were
undertaken, eactvith 410478 drifters.

Simulations Parameters changed

Pelagic larvaturatiors | 20 days 30days 35days 40days 70 days

Spawning time Spring Summer Fall Winter
Years 2001- 2010
TOTAL 200

2.3Lagrangian Flow Network

To investigate connectivity within the Black Sea in detail, a Lagrangian Flow
Network (SerGiacomi et al., 2019Monroy et al., 201ywasestablished by dividing
the entire Black Sea into 10x10 km grids nodes each containing 100 Lagrangian
drifters at 1 km spacing. A total of 7786deswere established this way, however it
should be noted that coast@ldesmay contain less than 100 drifters depending on the

location in the Black Sea

Using the positionnformation alongside the grid system it was possible to
calculate metrics defining the probability for drifters experiencawossshelf
transport, particularly Onshore Transport Probability (ONTP) and Offshore Transport
probability (OFTP), as well asocal Retention (LR)and Self Recruitment (SR
certain areasywhich aregood indicators of larval connectiviifonroy et al, 2017,
Condie et al., 2001

In order to calculate thprobability of particles originating anywhere in the
Black Sea to be transported into waters shallower or deeper than a specified depth
within a specified timeframe corresponding to respective PLDs were calculated. This
is a measure of larvae that may getnsported oishelf or offshelf from their
respective spawning sites during their pelagic larval duration times. The specified
depth here was chosen to be 20@s this is a good indicator of thkelfedge Using
the bathymetry information provided fro t h e mo d e | each grid
bathymetry was calculated and any cell deeper than 200 m was labelled as offshore.
Onshore grids which had transported drifters to any offshore grid were considered to
have made an offshore transport, if the drifteragmd in an onshore grid then it was

considered to have made an onshore transport. The opposite is also true for offshore
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grids, any transport made to an onshore grid is considered an onshore transport and if
the drifter remains in an offshore grid thensitconsidered as an offshore transport.
Tracking all of the drifters for the desired PLD we are able to obtain the total onshore
transport count (ONTC) and offshore transport count (OFTC) for every grid in our

flow network. ONTP and OFTP are then calcethfor every grid as follows.

00 "Y) — (1) 6 OY) — (2)

Ot her comeltescits glcoicyals Ret ention (LR) and Se

(SR) are also calculated with the LFN. Here
to stay in the same grid area that they star
the ability afont e Isdaal impopgilthleatsame zone. S
| arvae that stays in the same grid area that
inside this grid on a per grid basis, it IS
popul atioinnrtemaiagrnindg while taking into accou

from other grid sources via currents.
SR and LR are calculated similarly by tracking every drifter for the desired PLD
following SerGiacomi et al.(2015 and Monroy et al.(2017) For ea&h grid the
number of drifters that start initially insidej\nthe number of drifters that are inside
the same cell at the end of the desired PLIp émd the number of drifters that are
retained in this cell @hare tracked. LR is the ratio of overn;, representing the ratio
of larvae remaining in the given grid at the end of the PLD to those that originated in
the grid at the start of the PLD. The final metric is SR, which is the ratioovenn
representing the ratio of original larvae thle grid retained there over the total

population of the grid at the end of the PLD with migrations from other grids.

O'Y — 3) YY — (4)

All of these metricsare then categorized and plottddr the different siralations
(Table 2).
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2 4 Statistical Analysis

To reduce the uncertainties associated with the dispersal calcsldteled
aboveand to account for the fact that many of the commercial marine fishes are
multiple spawners, dispersal probability (or acrslslf transportLocal Retention
and Self Recruitmentjs calculated based on a larger number of drifters created by an
ensembleun. This means that not only the probability of 410478 drifters released at
the beginning of each season and yeaiconsidered, but the probability distribution
of all drifters during the entire simulation time (90 dagrgcalculated from day 1 of
the simulation to day T, then from day 2 to day T+1, etc. until reaching the last day of
each90-daysimulation, thereby creating an ensemble of probabilities (Condie et al.,
2011). These probabilitieare further averaged to give the probabildigtribution of
each season (averaged over thal@@ period), each year (averaged over 365 days), or

over the entire time (averaged across all years) or subsets thereof.
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CHAPTER 3
RESULTS

In this chaptethe results of different connectivity measurements are presented,
starting withONTP, OFTR LR and thenSR In all sections the impact of different
larval durations and spawning times are assessed and interannual variability described.

3.10nshore and Ofshore Transport Probabilities

Lagrangian drifteresultsareanalysedo account forariation ofPelagic Larval
Durations P L D)pirgterannual variation, seasonal variation and years ehigtinct
distributions In order topresent the data easier the Black Sea has been separated into
13 different regionsasfollows: the Sevastapol Eddyhe north westernshelf coast
center of the north western shelfie Kaliakra eddythe westerncoast coasts from
Romania to Bulgarissouthwesterncoastc o a st s f r o metad@ solitHerar e | |
coast coasts from Sakarya to Singgouth easterooast coasts fronSamsun to Rize
coasts of Georgjaasterrcoast coasts othe Caucasusnortherncoast the Azov Sea

entrancethe Eastern Gyre and the Western Gyre.

3.1.1 The Impact of Different Pelagic Larval Durations

The effect of di ffer ent beBthbBebvedwhem ONT P
simulation results are averabever all10 years andll 4 seasongFigure6, Table 3.
Averaging simulations over the emtitime frame gives the most rabuesults.The
generapattern othesesimulation results shasthat OFTP inshallow areas less than
200 m depth are lowncreasing towarde shelf break and being highareaddeeper
than 200 m depth. ONTP values are the inverse of OFTP.

Starting with the Sevastapol Eddy region OFTP increases in the eddy as
simulationschangefrom 20 day PLD(Figure6A) to 70 day PLO(Figure6D). OFTP
valuesaverage around 0.3 20 daygFigure6A), increase t@n average of 0.dt 30
(Figure6B) and 35 daysHigure 6C) then reach 0.55 at 46igure6D) and 70 days
(Figure6E). Conversely ONTP in the region decreaSesn 20 day PLD Figure7A)
to 70day PLD (Figure 7E). Looking at the ONTP values in the Sevastapol region
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starting at 20 day${gure7A) the average is around 0.65 then decreasabadat0.6

for 30 (Figure7B) and 35 daysHigure7C), finally reaches 0.45 at 4Figure7D) and

70 dayPLDs (Figure7E, Table 3) Thissymmetry in valuess due to the way ONTP

and OFTP are calculated. Since the total transport is the sum of ONTP and OFTP as
they are calculated, the ONTP and ORJlets end up becoming inversely coloured
versions of one another. From this point on we will only focus on OFTP plots for
convenience, the ONTP plots can be found inAppendixSectionB.

Thecoastal and central regions of therth western shelf starait for having
the lowest OFTP values for all PbDgFigure 6,Table 3. The Kaliakra eddythe
western coasts from Romania to Bulgasauth eastern coast of Turkey and the
entrance to the Azov Sea located at the northern coast of the BlaakeSdbegions
with lower OFTP values than the rest of the Black Sea even with PLD increases are
taken into accountT@ble 3. The general OFTP patterns show that as the PLD
increases from 20 days to 70 dajgyre6) the OFTP values in the shallow regions
start increasing while the OFTP values in the deep regions start decreasing. The OFTP
decrease in the deep regions can be observed in the inner gyres and the steep coastal
regions that are close to the rim currestiphery like theGeorgian coast and the
Caucasus coasfFable 3.
Table 3. Offshore Transport Probability(OFTP) averages of different regions for

different Pelagic Larval Durations (PLDJeduced from simulation results of 10 years
(2001-2010)and 4 seasons averaged

20012010
4 Seasons 20 days 30 days 35 days 40 days 70 days
OFTP Averages

Sevastapol Eddy | 0.35 0.4 0.4 0.55 0.55

NW Shelf Coast | 0.1 0.1 0.1 0.1 0.2

NW Shelf Center | 0,15 0.2 0.2 0.3 0.35
Kaliakra Eddy 0.1 0.2 0.2 0.2 0.25

W Coast 0.2 0.3 0.3 0.3 0.4

SW Coast 0.2 0.3 0.3 0.3 0.4

S Coast 0.85 0.7 0.7 0.7 0.55

SE Coast 0.2 0.2 0.2 0.2 0.2
GeorgianCoast | 0.8 0.7 0.7 0.7 0.6

E Coast 0.8 0.8 0.7 0.7 0.6

N Coast 0.35 0.35 0.4 0.45 0.6

West Gyre 0.95 0.95 0.95 0.95 0.85

East Gyre 0.95 0.95 0.95 0.95 0.85
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As the 35 daysPLD is representinganchovy andthe 70 daysPLD is
representative afprat,which aretwo of the most economically important fish species
in the Black Sea, from now on all comparisons will be made between 35 day and 70
day PRPPEPDD6s fr om r2laéively doseddoneaanaher thererage
differencesbetween thenare smalTable 3, hence the choice &5 daysis a good

representative akpresent the 20, 3@nd 40daysimulation results.
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Figure 6. Simulation results of 10 years (20@010) and four seasons averaged to
calculate the Offshore Transpdprobability (OFTP) depending on different Pelagic
Larval Durations (PLD). A: 20 day PLD, B: 30 day PLD, C: 35 day PLD, D: 40 day
PLD, and E: 70 day PLD.
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Figure 7: Simulation results of 10 years (20Q010) and four seasons aaged to
calculate the Onshore Transport Probability (ONTP) depending on different Pelagic
Larval Durations (PLD). A: 20 day PLD, B: 30 day PLD, C: 35 day PLD, D: 40 day
PLD, and E: 70 day PLD.
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3.1.2 Seasonal Variability

Seasonablariability in the Lagrangian drifter simulationare investigatedby
averaging 10 years adimulation resultsfor eachof the four seasoa In these
simulationsJanuary appears to have the highest overall OFTP values in shallow areas
and has lower values in deep aavith October very similar to January while April
and January have the lowest OFTP values in shallow areas andhést Mglues in

deep areas.

A detailed look at the OFTP values for 35 dalygy(re 8, Tablet) shows the
previously mentionedreas of low OFTP like theorth western shelivestern coast,
south eastern coast of Turkey, remain the same for all seasons. Season to season
variation(Figure 8,Table 4 shows that for shallow areas January tends to have the
highest OFTP values follosd closely by October then by a significant decrease with
April and finally with the lowest values in July. The deep areas close to the steep
coastal regions effected by the rim currée the southern coast of Turkey, Georgian
coast and the Caucasus sbhave minimum OFTP values in January, OFTP values
reach maximum in April and second highest values are seen in July and October. This
however is not the case for the inner Gyres which are also considered to be a deep
region, they are at maximum valueslanuary and October and reach their minimum

values in April and JulyTable 4, similar to the shallow regions.

The 35 day PLD shoswthat OFTP values for January and October tend to be
similar and April and July also tend to be similar as \{Edible 4. In general OFTP
starts at maximum values in January then decreases in April and reaches minimum

values in July then increases back to maximum values in October.

23



Table4. Offshore Transport ProbabilitfOFTP) averages of different regions for
each season deduced from simulation results of 10 years-@@) averaged &35
day Pelagic Larval Duration (PLD).

20012010
35 Day PLD OFTP January April July October
Averages
Sevastapol Eddy 0.55 0.35 0.4 0.55
NW Shelf Coast 0.1 0.0 0.0 0.1
NW Shelf Center 0.4 0.25 0.25 0.4
Kaliakra Eddy 0.35 0.0 0.0 0.35
W Coast 0.3 0.25 0.25 0.3
SW Coast 0.35 0.25 0.25 0.35
S Coast 0.5 0.9 0.7 0.7
SE Coast 0.45 0.45 0.45 0.45
Georgian Coast 0.6 0.75 0.55 0.6
E Coast 0.7 0.8 0.7 0.7
N Coast 0.65 0.55 0.65 0.65
West Gyre 0.95 0.8 0.8 0.95
East Gyre 0.95 0.8 0.8 0.95

OFTP overall is lower in coastal areas and higher inside the inner gyres with the
coastal values decreasing from the maximum values of January untiladdly
increasing again in October while the inner gyre has the maximum values during April
and July and decreases until January and reaches the minimum values. The north
western shelf coast shows almost no OFTP regardless of the season. The southern coast
has the maximum and minimum values inverted for the seasons, January has the
minimum OFTP while April has the maximum which then it decreases in July and
October. OFTP in the south eastern coast of Turkey seems to be not effected by the

seasonal changes.
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70 day pelagic larval duration (PLOD calculate the @shore Transport Probability
(OFTP). A: January, B: April, C: July, DOctober.

The sameimulations using 70 day PLD show overall the same spatial patterns
(Figure9) as the 35 day simulationBigure8) in the different seasons investigated
here The main difference is that regions at the shelf edge, where the rim current is
located show wider bands of low OFTP indicating higher chances of transport
onshore due to thenger transport times. Regions on tlweth westerrshelf show a
slight increase in OFTP, indicating that these regions have a higher probability of

offshore transportT{able5).

The seasonal 70 daymulations Figure9) show the north western shelf starts
with the highest OFTRalues in Januaryyhich decrease in April, reach minimum
values in July and finally increesto higher values i@ctober.The rim current
OFTP values are the lowest around ¢bass in January, increase to maximum
values and area coverbg April thendecrease in July and finally reach minimum

values in October. In all seasons OFTP values in the south eashstiom
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Samsun to Rize and the northeoastat the Azov Sea entrance do not significantly
change from season to seasOmerall OFTP valueshows that January and October
are similar to one another and April and July seem to be simitado otheas well
(Table 4 Table5).

Table5. Offshore Transport ProbabilitfOFTP) averages of different regions for
each season deduced from simulation results of 10 years-@I@) averaged at0
day Pelagic Larval Duration (PLD).

20012010
70 Day PLDOFTP | January April July October
Averages
Sevastapol Eddy 0.55 0.45 0.4 0.5
NW Shelf Coast 0.2 0.1 0.1 0.2
NW Shelf Center 04 0.2 0.2 0.4
Kaliakra Eddy 0.3 0.1 0.1 0.4
W Coast 0.4 0.6 0.4 0.3
SW Coast 0.4 0.6 04 0.4
S Coast 0.5 0.8 0.7 0.6
SE Coast 0.3 0.4 0.5 0.4
Georgian Coast 0.6 0.7 0.6 0.6
E Coast 0.6 0.65 0.55 0.65
N Coast 0.55 0.5 0.55 0.7
West Gyre 0.8 0.9 0.9 0.8
East Gyre 0.8 0.9 0.9 0.8

3.1.3 Interannual Variability

January and July are the two opposite extreme examples of owrsdatad
above in section 3.2. In addition, the 1€ear averagedpril simulationsshow
similar features tothe averagedluly simulations while the average@ctober
simulations showsimilar features tahe averagedanuarysimulations Becausehe
commerciallyimportant Black Seafish speciesanchovyspawrs in summer while
sprat spawns winter, the January and Jusimulationswill be the main focugrom

here onto investigate interannual variability
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Table6. Offshore Transport Probability (OFTP) averages of January for different
regions from years 2001 to 2010 with Pelagic Larval Duration (PLD) average of 35
days.

January
35 Day

PLD 2001 | 2002 | 2003 | 2004 | 2005| 2006 | 2007 | 2008| 2009| 2010
OFTP
Averages

Sevastapoll 0.7 | 0.4 | 0.8 | 0.65| 0.2 | 04 | 04 | 0.8 | 0.7 | 0.4
Eddy

NWSheif | 01| 01| 01| 01| 01| 01| 01| 01| 01] 0.1

Coast

NW Sheif | 0.4 | 0.1 | 055 05| 0.1 | 04 | 0.1 | 05 | 055| 05

Center

Kaliakra 02 02| 02| 02| 02]|03]|]02]02] 02| 0.3
Eddy

WcCoast | 0.2 | 0.2 | 03| 03| 02| 02| 01| 04| 03] 04
SWcCoast| 0.2 | 0.2 | 0.2 | 03| 04| 05| 05| 03| 03| 04
SCoast | 05| 05| 05| 06| 07| 06 | 06 | 05| 05| 0.7
SECoast | 01 | 02| 01| 01| 0201|012 02| 02 01
Georgian | 05 | 05| 0.6 | 0.6 | 0.7 | 0.6 | 0.6 | 0.5 | 0.7 | 0.7

Coast
E Coast 0.6 0.7 | 0.8 0.8 0.6 | 0.7 0.6 0.7 0.9 0.8
NCoast | (.6 05| 05 0.7 04| 05 0.5 0.7 0.7 0.5

West 08 0909, 08| 08| 08| 09| 07| 08| 0.8
Gyre

EastGyre | 0.8 | 08 | 0.8 | 08 | 0.8 | 08 | 0.7 | 0.8 | 0.9 | 0.9

Simulation resultor individual yearghat are also separated fodividual
seasonsrepresent the mostvariable picture of onshore and offshore transport
dynamics Even when comparing the same season with the same PLD some years can
differ quite significantly fromother yearss the circulation patterns between years and
seasons varyHereare some examples of the broad differencedliffexrent circulation
patternscreate and some of the outliers in gmulations the years 2002, 2005 and
2007 for Januargpawning and@5 dayPLD (Table6) have 0.1 to 0.2 OFTP for the
entiretynorth westernshelf, lower than the rest of the years which have between 0.4
to 0.8 OFTPR(Figure 10), the 70 day data likewise shows a similar result with 2002,
2005 and 2007 at 0.1 to 0.2 and the rest of the years between 0.4Rig@x&811). In
2008 January 35 days the Western Gyreobs
0.4 to 0.9 range and the Gyre is less pronounced at south west compared to the rest of

the years with vaies between 0.6 and (Rigure10).
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Table7. Offshore Transport Probability (OFTP) averages of January for different
regions from years 2001 to 2010 with Pelagic Larval Duration (PLD) average of 70
days.

January
70 Day

PLD 2001 | 2002 | 2003 | 2004 | 2005| 2006 | 2007 | 2008| 2009| 2010
OFTP
Averages

Sevastapoll 0.6 | 0.4 | 0.8 | 09 | 0.2 | 06 | 04 | 0.7 | 0.7 | 0.6
Eddy

NW Sheif | 0.2 | 01| 02| 02| 01| 01| 01| 02| 02 0.1

Coast

NW Sheif | 05 | 0.3 | 06 | 06 | 0.2 | 04 | 0.2 | 06 | 06 | 05

Center

Kaliakra 02 020302 01|02|01] 03] 02| 0.3
Eddy

WcCoast | 0.3 | 0.2 | 03] 02| 03] 02| 02| 03| 03] 04
SWcCoast| 0.3 | 0.3 | 0.3 | 04| 04| 03| 04| 03| 03| 04
SCoast | 04 | 04| 04 | 05| 05| 04| 05| 04| 06 | 0.6
SECoast | 01 | 03] 0101|0212, 01|02 01| 01| 0.2
Georgian | 05 | 05| 06 | 05 | 05| 0.6 | 05 | 0.6 | 0.7 | 0.7

Coast

ECoast | 05| 06 | 0.7 | 0.7 | 04| O5 | 04 | 0.7 | 0.7 | 0.7
NCoast | 05 | 05| 06 | 0.7 | 04| 04| 03| 0.7 ] 08| 05

West 06 | 07| 06 | 06| 07| 06| 0.7 | 06 | 0.7 | 0.6
Gyre

EastGyre | 0.8 | 06 | 0.7 | 08| 0.8 | 08| 0.7 | 08| 0.9 | 0.9

TheJanuarysimulation with70 days represents the maximum OFTP values of
the entire datasefFigure 11,Table7). The nhcrease of PLD to 70 days in January
(Table7) showsanincreasen OFTP values in the shallow areas compared to January
35 days Table 6) while the yars 2002 Rigure 11B), 2005 fFigure 11E) and 2007
(Figure11G) remain outliers with their lower OFTP values in the north western shelf
region. In addition the inner gyres start showing meandering patterns not present in 35

days.
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Figure 10: Simulation results of fishore Transport Probability (BTP) for
simulations with January spawning timesd 35 day Pelagic Larval Duratioior A-
J: 2001-2010.
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Figure 11. Simulation results of fishore Transport Probability (BTP) for
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The July simulation with35 day (Figure 12) results in contrast tthe January
simulation with70 days Figurel1l) represergthe lowest overall OFF values for all
seasons.The 35day July results Rigure 12) show that areas of low retention
previously mentionedsuch aghe north western shelfnd south easterrwoast of
Turkeystill remain The remaining areas show a reduction in overall values compared

to January.

Table8. Offshore Transport Probability (OFTP) averages of July for different
regions from years 2001 to 2010 with Pelagieuad Duration (PLD) average of 35
days.

July
35 Day
PLD 2001 | 2002 | 2003 | 2004 | 2005| 2006 | 2007 | 2008| 2009| 2010
OFTP
Averages

Sevastapoll 0.7 | 0.4 | 04 | 03 | 05| 0.2 | 04 | 05| 0.2 | 0.7
Eddy

NWSheif | 01| 01| 01| 01| 01| 01| 01| 01| 01 ] 0.2

Coast

NW Sheif | 0.2 | 0.2 | 01 | 04| 03] 01| 01| 01| 02| 0.3

Center

Ka'?;fa 61,0101 01}0201| 02| 01| 01 01
Eddy

WcCoast | 0.3 | 0.3 | 02| 02| 03] 02| 01| 02| 03] 0.3
SWcCoast| 0.1 | 0.2 | 0.2 | 04| 04| 01| 04| 02| 02| 04
SCoast | 08 | 09| 09| 08| 08| 07| 05| 05| 09 | 0.7
SECoast | 04 | 03| 0.3 | 04| 04| 03| 04| 04| 04| 04
Georgian | 0.6 | 0.7 | 04 | 06 | 05| 05| 04 | 04 | 0.7 | 0.7

Coast
E Coast 0.8 0.7 | 0.6 0.5 0.8 | 0.7 0.6 0.8 | 0.6 | 0.6
NCoast | 0.3 0.3 | 0.3 0.3 05| 0.7 0.3 0.3 | 0.6 | 0.7

West 09, 08| 08| 07| 08| 09| 09| 09| 09] 0.8
Gyre

EastGyre| 09 | 09| 09 | 09| 09| 09| 0.8 | 08| 0.8 | 0.8

At first glance going from July 35 day to 70 day results show a continuation of
the specific features in a given region for that year for example the high OFTP values
in the Sevastapol region for 2001 at 35 ddjigyre 11A) become more pronounced
at 70 daysKigure 13A) with high OFTP spreading towards the north western shelf
Unique features for July are the high ORetrusionsaround the north western shelf
and the Sevastapol eddy at 206ig(re 13A), 2004 Figure 13D) and 2006 Figure

13F), the unique lower OFTP of the rim current periphery, causing almost bending
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shapes of the inner gyre, for 200gure 13D) compared to all other years, the high
western coast OFTP values only present in 200&u¢e 13E) and the higher OFTP
values at the Azov Sea entrance in 208§re13E), 2009 Figurel13l), 2010 Figure
13J) compared to remaining years.

Table9. OffshoreTransport Probability (OFTP) averages of July for different regions
from years 2001 to 2010 with Pelagic Larval Duration (PLD) average of 70 days.

July
70 Day
PLD 2001 | 2002 | 2003 | 2004 | 2005| 2006 | 2007 | 2008| 2009| 2010
OFTP
Averages

Sevastapoll 0.8 | 0.4 | 003 | 0.3 | 05| 05| 04 | 0.7 | 04 | 05
Eddy

NW Sheif | 0.2 | 0.2 | 01| 02| 01| 01| 01| 01| 02| 0.3

Coast

NW Shelf | 04 | 003 | 0.2 | 05| 04 | 04 | 03| 04 | 02 | 04

Center

Kaliakra 03010103 02|01|01]02] 01| 0.3
Eddy

WcCoast | 05| 04| 02| 03| 05| 04| 03| 02| 02| 0.2
SWcCoast| 0.3 | 0.2 | 0.3 | 04| 06 | 02| 04| 02| 0.2 | 05
SCoast | 06 | 05| 0.7 | 05| 06 | 0.7 | 0.7 | 05| 0.8 | 0.7
SECoast | 05 | 03| 04| 04| 05| 03| 03| 03| 05| 05
Georgian | 0.6 | 06 | 0.6 | 05 | 0.7 | 0.6 | 05 | 0.7 | 0.5 | 05

Coast
E Coast 0.8 05 | 0.7 0.5 0.6 | 05 0.5 05| 0.6 | 0.7
NCoast | (0.5 04 | 05 0.5 0.7 | 05 0.3 04 | 0.6 | 0.7

West o707 08| 06| 07) 08| 08| 07| 07 ] 0.6
Gyre

EastGyre | 0.8 | 0.7 | 0.7 | 0.7 | 0.7 | 08 | 0.7 | 0.8 | 0.8 | 0.7

The Western Gyra the 35 daysimulationconsistently shows a flat distribution
of cells ranging from 0.5 to 0.8 at tkeass and 0.8 to 1.0 at the center of the Gyre
(Figurel?2). The years 2004 and 2010 show cells of 0.8 OFTP almost connecting with
one another forming a circular structundnile 2009 has a small eddy shaped structure
just south of the Sevastapol reqiin the Western Gyréhat is made up of cells
averaging at 0.8 OFTB®uring the70 daysimulations aneandering structure of cells
protrude from the outeroastof the gyre with lower OFTP values between 0.3 and 0.5
these features are more visible onrgg04, and 201QFigure13). In general these

aforementioned years have these lower valued cells and meandering structures in the
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inner cell as wellCells just south of the Sevastapol region see a decrease in OFTP
down to 0.4 and 0.5 in 2002 and 20@dso the eddy like structures present in the

years 2002, 2004, 2006 and 2008e Eastern Gyren the 35 day PLDsimulations

sees a mostly consisten®@o 1.0 OFTP distribution at the center anddbass. 2007

shows a band of cells north west of the gyre with an average value. &ri €h@ 70

day PLDsimulationon the other hanthe Eastern Gyreees a decrease of OFiFP

the outer cells of the Gyrenore notably to the southveraging around 0.5 and 0.6
OFTP values, the band structure is present at 0.8 value north and east of the gyre in
2004, north and east center of the gyre at an average of 0.7 in 2007 and with an average
of 0.6 east of the gyra 2010.

Simulated OFTP values iduly (Figure 12, Figure 13) compared to January
(Figure 10, Figure 11) appear lower in overall and shallow areas of high OFTP in
January results appear to have withdrawn in July resiiitthe same timthe deep
areas of low OFTP in January appear to have enlarged with higher values towards the
coasts. Apart from 2004-(gure 13D) and 2010 Figure 13J) the July results appear
more similar to each other with these two years having an inner gyre structure and rim

current periphery at lower OFTP values.
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Figure 14: BoxWhisker plots ofnterannual Offshore Transport Probabilities
derived fromTable6, Table7, Table 8 and Table.A: January 35 day PLD, B:
January 70 day PLD, C: July 35 day PLD, D: July 70 day PLBe circles denote
extreme values outside the range of the average.

The boxwhisker plots of thenterannualOFTP simulation resultgFigure 14

displaysthe average values and variation betwten differentyeas. The average
OFTPis 0.46 for theJanuarysimulations with 3slays(Figure 10)and0.44for the 70
day(Figure 11)simulation, while itis 0.45 for the July simulation with 35 dayé~igure

12) and 0.46 for the 70 dayFigure 13)simulation However he range of different

values for each year appears to be big, some 70 day PLD cases like January 2001
(Figure 11A) 2002(Figure 11B)or July 2002 Figure 13B, 2005(Figure 13E)show

closer grouped values.
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3.2 Local Retention and Self Recruitment

LR and SRdata are analyzedsimilarly to the ONTP and OFTP results,
accounting for PLD variability, seasonal changesiatetannual differences. The 13
regions previously established are also used in this section. It should also be noted that
the majority of results for LR and SR data are distributed between 0.0 and 0.001 range,
therefore in order to make plotting more coherent a logarithmic distribigtissed for
the plots rather than a linear distribution.

3.2.1 Impact of Different Larval Durations

Comparison ofthe effect of PLD orthe respective LRFigure 15) and SR
(Figure16) distributionshow almost near identical pldts both analysis. In general,
both show higher values in the 20 day simulation than in the 70 day simulation, highest
values are located on the north western shelf and coastalre@ashe Azov Sea
entrance In the location of the rim current no Local Retention or Self Recruitment is
found. The similarities between the two analysesdare to the fact that SR &)

derived from LR andb) probabilities have beeaveragd over 10 years and all 4

seasons.® only starts to deviate from LR in

data. Due to the almost imperceptible difference, only LR data is discussed in this
section. The calculations for LR and SR (section 2) both use the number of retained
particles whié SR uses the final number of particles in the grid cell as opposed to the
initial number of particles for LR on top of this the metrics are then logarithmically
scaled losing the resolution in the higher ranges. The end results shows very similar
plots far both metrics, with about 1 to 5 grid cells with different values comparing LR
and SR.

In general the high LR value&i@ure 16) are concentrated in the Sevastapol
eddy, the north western shelf, western coast, the Sakarya eddy, south eastern coast of
Turkey and the entrance to the Azov Sea. Increase in PLD sees tedueR drop

overall but the areas that hawgh LR remain the same.
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Figure 16: Simulation results of 10 years (26@010) and four seasons averaged to
calculate the Self Recruitmef8R) depending omlifferent Pelagic Larval Durations
(PLD). A: 20 day PLD, B: 30 day PLD, C: 35 day PLD, D: 40 day PLD, and E: 70
day PLD.

The effect of PLD length on LR can be seen in Figure 15 and average values are
listed in Table 10. The LR values show a sharp deer&gag0 days compared to the
rest while the LR values for 30, 35 and 40 days tend to be very similar to one another.
The inner gyres also show moderate to high LR values with the exception of 70 day
PLD (Table 10).
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Table10. Local Retention (LR) averageof different regions for different Pelagic
Larval Durations (PLD)deduced from simulation results of 10 years (22010)

and 4 seasons averaged

200%2010
4 Seasons
Local 20 days 30 days 35 days 40 days 70 days
Retention
Averages
Sevastapol 0.04 0.02 0.02 0.02 0.01
Eddy
NW Shelf 0.2 0.1 0.1 0.04 0.02
Coast
NW Shelf 0.02 0.02 0.01 0.01 0.003
Center
Kaliakra Eddy 0.04 0.02 0.02 0.02 0.003
W Coast 0.04 0.02 0.02 0.02 0.01
SW Coast 0.02 0.01 0.01 0.01 0.003
S Coast 0.02 0.02 0.01 0.01 0.002
SE Coast 0.2 0.2 0.2 0.2 0.1
Georgian 0.02 0.02 0.02 0.02 0.002
Coast
E Coast 0.02 0.003 0.003 0.003 0.001
N Coast 0.04 0.04 0.04 0.04 0.01
West Gyre 0.02 0.01 0.01 0.01 0.002
East Gyre 0.04 0.02 0.02 0.02 0.003

The spatial distribution shows highest values are located omotitle western
shelf and coastal areas of the Kerch Strait region. In the location of the rim current no
or minimal Local Retention is foun&ome regions like the Azov Sea are less effected
by the inceaseof PLD until the 70 day PLBimulation Nearly all coasts, excluding
the Caucasus coast, have high LR values in the range of 0.5 to 1.0 at all PLD values

including 70 days.

3.22 Seasonal Variability

In order to compare the LR seasonafaténces, results from 2001 to 2010 are
averaged within their respective seasons. Only the 35kgure 17) and 70 day
(Figurel8) results are compared as the commercially important fish spesieshese
P L Dd@nd35 dayresultscanreasonablyepresent 20, 30 and 40 daxlso thechange

from 35 days to 70 days provides contrast between high angetention areas
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The 35 day PLDTablell) in Januarsimulation resul{Figure17A) starts with
the lowest LR values, reaches tighest values in AprilRigure 17B) especially in
the north western shelf. In JuliziQure 17C) the LR values start to decrease then in
October Figure17D) decrease to the point of almost matching January vatigs.

LR areasarethe north western shelivestern coast, south eastern coast of Tuakely
the entrance to thé\zov Seafor all seasns The Sakarya eddgxhibits high LR in
January and April, Sevastapol eddyApril, July and October, Georgian coast in April
and finally the inner gyres in April and July with April covering a wider area

Table1l Local Retention (LR) averages of different regions for each season
deduced from simulation results of 10 years (22010) averaged at 35 day Pelagic
Larval Duration (PLD).

200%:2010
35 Day Local January April July October
Retention Averages
SevastapoEddy 0.002 0.01 0.01 0.002
NW Shelf Coast 0.01 0.03 0.01 0.01
NW Shelf Center 0.005 0.01 0.01 0.005
Kaliakra Eddy 0.005 0.01 0.01 0.005
W Coast 0.002 0.01 0.005 0.002
SW Coast 0.002 0.005 0.01 0.001
S Coast 0.001 0.002 0.0003 0.001
SE Coast 0.01 0.1 0.01 0.03
Georgian Coast 0.002 0.03 0.01 0.002
E Coast 0.0001 0.01 0.0001 0.0001
N Coast 0.005 0.01 0.01 0.005
West Gyre 0.001 0.001 0.01 0.01
East Gyre 0.001 0.01 0.03 0.01

At 70 day PLD Figure18) the seasons behave similar to 35 daysanuary
LR is minimum next in April reach maximum then in July decreasing finally in

October almost reaching the minimum values of January.
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Regional features are similar to 35 days with LR cells with values of 0.0 or
very close to 0.0 incesein areas covereth almost allregions at 70 daysiowever
the south eastern coast seems to be an

high LR average.

Table12 Local Retention (LR) averages of different regions for each season
deduced from simulation results of 10 years (22010) averaged at 70 day Pelagic
Larval Duration (PLD).

20012010
70 Day Local January April July October
Retention Averages
Sevastapol Eddy 0.0003 0.005 0.005 0.002
NW Shelf Coast 0.001 0.1 0.01 0.005
NW Shelf Center 0.002 0.005 0.001 0.002
Kaliakra Eddy 0.002 0.005 0.005 0.002
W Coast 0.001 0.002 0.002 0.002
SW Coast 0.0003 0.001 0.002 0.001
S Coast 0.001 0.0003 0.00002 0.00005
SE Coast 0.01 0.03 0.01 0.03
Georgian Coast 0.002 0.005 0.001 0.001
E Coast 0.0001 0.001 0.0003 0.0001
N Coast 0.002 0.005 0.005 0.002
West Gyre 0.0003 0.002 0.002 0.002
East Gyre 0.001 0.005 0.005 0.001
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3.2.3 Interannual Variability

January and April are included in the section as they contain the minimum and
maximum LR values respectively and July is included as anchovy spawn in that
season, October is omitted as it resembles January araldilablein the appendix.
The PLDOs are 35 and 70 days for anchovy

Table13. Local Retentior{LR) averages of Januafgr different regions from years
2001 to 2010 with Pelagic Larval Duration (PLD) average3bidays.

January
35 Day
PLD LR

Averages

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Sevastapol 0.001 0.005 0.002 0.001 0.002 0.002 0.002 | 0.0001 | 0.0001 0.01
Eddy

NW Shelf 0.1 0.1 0.05 0.05 0.1 0.1 0.1 0.2 0.1 0.1
Coast

NW Shelf 0.005 0.02 0.001 0.002 0.02 0.01 0.02 0.01 0.002 0.05
Center

Kaliakra 0.002 0.01 0.05 0.01 0.001 0.002 0.002 | 0.002 0.002 0.01
Eddy

W Coast 0.005 0.01 0.005 0.01 0.001 0.002 0.001 | 0.005 0.005 0.01

SW Coast 0.002 0.005 0.005 0.002 0.001 0.001 0.001 | 0.002 0.005 0.01

S Coast 0.002 0.002 0.002 0.002 0.0005 0.001 0.002 | 0.002 0.001 0.005

SE Coast 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.02 0.05

Georgian 0.01 0.005 0.01 0.005 0.002 0.002 0.002 0.002 0.002 0.002
Coast

E Coast 0.0005 | 0.0005 | 0.0005 | 0.0005 | 0.0005 0.0005 | 0.0005| 0.0005 | 0.0005| 0.0005

N Coast 0.002 0.005 0.005 0.005 0.002 0.002 0.002 | 0.002 0.001 0.02

West Gyre 0.001 0.002 0.002 0.002 0.001 0.002 0.002 | 0.005 0.002 0.005

East Gyre 0.005 0.005 0.005 0.005 0.005 0.005 0.005 | 0.005 0.005 0.005

The January 35 day LRalues Table 13 Figure 19) showsgenerally low LR
values in the Black Sea. Regions with higher LR values are the north western shelf,
western coast, south eastern stoaf Turkey and in some years the Kaliakra eddy

(Figure19C) and the entrance to the Azov SEay(rel19J).
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Figure 19: Simulation results of Local Retention (LR) using January spawning times

and 35 day Pelagic Larval Duration (PLD) for&A 200%:2010.
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The ®uth easterroasthas high LR averages at the coastal cells for both 35
(Figure 19)and 70 Figure20day PLDO6s ranging from 0.1 t
of offshore cells with 0.0 LR is increased at 70 déiyasble 14) GeorgiancoastLR
averages between 0.002 and 0.8@2r the coador 35 days Figure 19 and for 70
days(Figure 20 LR average drops close to 0.0. The easteastfor both 35 and 70
day PLDOGs averages close to 0.0 apart fr
coastat 35 day PLD the Azov Seatesmce averages between 0.005 and 0.01 with
some coastal cells between 0.1 and 1.0, with 70 day PLD the LR average drops near
0.0005.The western gyre at 35 déyigure 19)PLD has cells scattered around ranging
from 0.002 to 0.02, at 70 daysigure 20 there is almet no LR, notable exceptions
are2004(Figure 2@) with an LR average of 0.002 and 20Hgure 2d) 0.02.The
eastern gyre at 35 dayBigure19) LR averages 0.002 and 0.02 with pockets of cells
scattered in the region, at 70 daig(re 20 the average LR decreases close to 0.0
with very few cells around 0.001 and 0.002 LR.
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The LR results of thdanuarysimulation with70 dayPLD (Figure 20,Table 14
exhibitthe lowest LR values. The entire Black Sea has almost no retention apart from
a few coastal cells. Even the previously mentioned areas of high retention show a
significant decrease of LR value at this PObe western coaskigure20) appears as

the only semi consistent in all years that has moderate LR values.

Table14. Local Retention (LR) averages of January for different regions from years
2001to 2010 with Pelagic Larval Duration (PLD) average#tidays.

January
70 Day

PLD LR

Averages

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Sevastapol | 0.0001 | 0.0002 | 0.0002 | 0.0001 | 0.0005 0.0005 0.0005| 0.0001 | 0.0001 0.001
Eddy

NW Shelf 0.01 0.02 0.01 0.005 0.01 0.01 0.005 0.005 0.005 0.02
Coast

NW Shelf 0.002 0.01 0.001 0.0001 0.002 0.002 0.0001 | 0.0001 | 0.0001 0.001
Center

Kaliakra 0.001 0.001 0.002 0.005 0.0001 0.0001 | 0.0001 | 0.0001 | 0.002 0.0005
Eddy

W Coast 0.001 0.005 0.001 0.005 0.0001 0.005 0.0001 | 0.0005 | 0.002 0.002

SW Coast 0.001 0.001 0.002 0.002 0.0001 0.001 0.0001 | 0.001 0.002 0.002

S Coast 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001

SE Coast 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Georgian 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Coast

E Coast 0.001 0.001 0.001 0.001 0.001 0.001 0.001 | 0.001 0.001 0.001

N Coast 0.001 0.001 0.001 0.001 0.001 0.001 0.001 | 0.001 0.002 0.002

West Gyre | 0.0001 | 0.0001 | 0.0001 0.002 0.0001 0.0001 | 0.0001 | 0.0001 | 0.001 0.002

East Gyre 0.001 0.001 0.001 0.001 0.001 0.001 0.001 | 0.001 0.001 0.001
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Figure 20: Simulation results of Local Retention (LR)ngsiJanuary spawning times
and 70day Pelagic Larval Duration (PLD) forA: 200%:2010.
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The April 35 dayLR values Tale 15) representing the highest values create a
sharp contrast to January. Thigh LR areas ar8evastapol eddy, the north western
shelf, western coast, south eastern coast of Turkey, Georgidrandabke entrance to
the Azov Sea for all years, Sakarya eddy in all years except for E@s421E) and
2007 Figure21G) and finally the coasts of the Caucasus in all years except for 2001
(Figure21A) and 2002 Figure 21B). Compared to January the overall LR values in
April are increased and they cover much larger areas, they are also the highest values

compared to all other seasons

Table 15. Local Retention (LRaverages oRpril for different regions from years
2001 to 2010 with Pelagic Larval Duration (PLD) average3bdays.

April
35Day
PLD LR 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Averages
Sevastapol 0.01 0.01 0.01 0.02 0.01 0.01 0.05 0.05 0.01 0.05
Eddy
NW Shelf 0.1 0.05 0.05 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Coast
NW Shelf 0.005 0.005 0.005 0.005 0.01 0.01 0.005 0.005 0.01 0.005
Center
Kaliakra 0.01 0.005 0.005 0.002 0.005 0.002 0.002 0.005 0.01 0.01
Eddy
W Coast 0.02 0.01 0.005 0.005 0.005 0.01 0.02 0.02 0.01 0.005

SW Coast 0.005 0.005 0.001 0.01 0.001 0.005 0.001 | 0.001 0.001 0.02

S Coast 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 0.0001 | 0.0001| 0.0001 | 0.0001 | 0.0001

SE Coast 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Georgian 0.01 0.005 0.005 0005 0.002 0.005 0.005 0.01 0.01 0.005
Coast

E Coast 0.005 0.001 0.005 0.01 0.005 0.005 0.005 0.01 0.005 0.005

N Coast 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
West Gyre 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
East Gyre 0.005 0.05 0.05 0.02 0.02 0.05 0.005 0.02 0.005 0.005
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The results of thé/0 day PLDsimulation(Table16) startingin April shows the
expected decrease in LR values, however compared to the rest of the seasons April at
70 days shows a less sharp decrease from 35 to 7@slagtention is stilligibly seen
in noncoastalareas.Years 2006 Kigure 22F) and 2010 Kigure 22J) stand out with
very high LR values and area coverage of the north western Shelieffect of the

Sakarya eddy is almost gone with the exception of 2B@ai(e22D).

Tablel16. Local Retention (LR) averages of April fiifferent regions from years
2001 to 2010 with Pelagic Larval Duration (PLD) average of 70 days.

April

70 Day
PLD LR
Averages

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Sevastapol 0.001 0.002 0.001 0.01 0.005 0.005 0.001 0.001 0.001 0.005
Eddy

NW Shelf 0.1 0.05 0.05 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Coast

NW Shelf 0.001 0.002 0.005 0.002 0.002 0.01 0.001 0.001 0.001 0.005
Center

Kaliakra 0.005 0.005 0.005 0.001 0.001 0.0001 | 0.0001| 0.0001 | 0.005 0.01
Eddy

W Coast 0.005 0.005 0.002 0.001 0.001 0.001 0.001 | 0.005 0.005 0.001

SW Coast 0.0001 | 0.0001 | 0.0001 0.005 0.0001 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001

S Coast 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001

SE Coast 0.02 0.02 0.02 0.005 0.05 0.005 0.005 | 0.005 0.02 0.05

Georgian 0.002 0.001 0.002 0.002 0.001 0.001 0.002 0.001 0.002 0.001
Coast

E Coast 0.001 0.001 0.001 0.001 0.001 0.001 0.001 | 0.001 0.001 0.001

N Coast 0.005 0.005 0.001 0.005 0.002 0.002 0.002 | 0.005 0.002 0.001

West Gyre 0.0001 | 0.0001 0.005 0.005 0.002 0.0001 | 0.0001| 0.005 0.001 0.005

East Gyre 0.002 0.002 0.001 0.001 0.002 0.002 0.002 | 0.0001 | 0.0001 0.005

51



& .
N\ on § 2004 April
el 35 Days
o

%003 April | o |
pri 0.05 3
35 Days i :

%
2006 April
35 Days

Retention

I 7 e S i J
“Re, 2 0.2 “Res
| N 2009 April | | ) & 2010 April
2 35 Days ; & = S k39 Days

Loca
Retention

Figure 21. Simulation results of Local Retention (LR)ngsApril spawning times
and 35day Pelagic Larval Duration (PLD) forA: 200%:2010.
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Figure 22: Simulation results of Local Retention (LR)ngsApril spawning times
and 70day Pelagic Larval Duration (PLD) forA: 200%:2010.

53



July 35 day(Table17) results appear similar to ApB5 day Talde 15) results
but with lower LR values and area coverage. Some areas such as the Sevastapol region
disappears in all years except for 20E@Q(re23J). All years feature the high LR areas
of the Sevastapol eddy, north western shelf, the south eastern coast of Turkey and the
entrance to the Azov Sea, the areas at th€aucasus coashrink down considerably
compared to AprilBand like LR structures in the inner gyres start showing up and

covermoreareathan April.

Table17. Local Retention (LR) averagesily for different regions from years
2001 to 2010 with Pelagic Larval Duram (PLD) average o85days.

July
35Day
PLD LR
Averages

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Sevastapol 0.01 0.005 0.02 0.002 0.005 0.02 0.01 0.002 0.02 0.005
Eddy

NW Shelf 0.05 0.05 0.02 0.01 0.05 0.05 0.05 0.05 0.02 0.02
Coast

NW Shelf 0.005 0.001 0.005 0.001 0.005 0.001 0.005 0.001 0.02 0.001
Center

Kaliakra 0.002 0.001 0.01 0.001 0.002 0.001 0.005 | 0.005 0.002 0.001
Eddy

W Coast 0.005 0.002 0.005 0.002 0.002 0.001 0.005 | 0.005 0.001 0.002

SW Coast 0.001 0.001 0.001 0.001 0.001 0.001 0.001 | 0.001 0.001 0.001

S Coast 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001

SE Coast 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.02

Georgian 0.002 0.002 0.001 0.002 0.002 0.001 0.001 0.001 0.002 0.002
Coast

E Coast 0.001 0.001 0.001 0.001 0.001 0.001 0.001 | 0.001 0.001 0.001

N Coast 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.01 0.005
West Gyre 0.02 0.005 0.01 0.005 0.005 0.02 0.002 | 0.005 0.005 0.005
East Gyre 0.01 0.01 0.01 0.05 0.01 0.05 0.005 0.01 0.01 0.005

July 70days (Table 18) show a sharp decrease in overall LR values compared to
35 days (Table 17). The July 35 to 70 day decrease appears hayitéetApril 35to
70 day PLD decrease.
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Table18. Local Retention (LR) averages of July éniferent regions from years
2001 to 2010 with Pelagic Larval Duration (PLD) averager6tdays.

July
70 Day
PLD LR
Averages
Sevastapol 0.001 0.002 0.001 0.002 0.001 0.001 0.002 0.001 0.02 0.001
Eddy
NW Shelf 0.02 0.02 0.005 0.002 0.02 0.02 0.02 0.02 0.002 0.002
Coast
NW Shelf 0.001 0.002 0.002 0.002 0.005 0.002 0.005 0.002 0.005 0.005
Center
Kaliakra 0.001 0.001 0.001 0.001 0.002 0.001 0.002 0.001 0.002 0.001
Eddy
W Coast 0.002 0.001 0.005 0.001 0.001 0.002 0.002 0.001 0.002 0.001
SW Coast 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 0.0001 | 0.0001| 0.0001 | 0.0001 0.0001
S Coast 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 0.0001 | 0.0001| 0.0001 | 0.0001 0.0001

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

SE Coast 0.005 0.002 0.005 0.005 0.02 0.005 0.005 0.005 0.005 0.005

Georgian 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Coast

E Coast 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

N Coast 0.01 0.005 0.005 0.001 0.002 0.005 0.005 0.005 0.001 0.001

West Gyre 0.0001 0.001 0.001 0.001 0.0001 0.001 0.001 | 0.001 0.001 0.005
East Gyre 0.001 0.001 0.001 0.005 0.002 0.005 0.005 | 0.002 0.002 0.001

The July simulation results with70 days resemblethe 70 daysJanuary
simulationrather than Aprilsimulation The coastal areas are tlonly consistent
retention areaghat remain. While the area coverage of LR grid cells decrsase
compared to April, the non 0.0 values still remain high, especially for 35 day PLD,
therefore July still retains high LR value averages. The stand out feétiuky then
becomes the inner gyres which show high LR values in both 35 day and 70 day cases,

years such as 2002, 2006 and 2010 show the high LR values and area coverage.
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Figure 23. Simulation results of Local Retention (LR)ngsJuly spawning times and
35day Pelagic Larval Duration (PLD) for-A: 2001:2010.
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