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Investigating the impact of
cross-shelf transport and local
retention in the Black Sea
Rim Current system on
small pelagic fishes
Bettina A. Fach*, Bulut Cagdas, Sinan S. Arkin,
Baris Salihoglu and Devrim Tezcan

Middle East Technical University, Institute of Marine Sciences, Erdemli, Türkiye
Advection of pelagic fish larvae through ocean currents is a source of dispersal

that is known to structure marine populations by directly impacting population

success and persistence. To be able to understand fish population dynamics and

manage existing fisheries it is therefore of importance to assess the extent of

exchange between populations and determine the factors that drive it, which is

still a challenge in fisheries research today. In this study, the output of a high-

resolution basin-scale circulation model is used to calculate the dispersal

probability from spawning areas and the remaining Black Sea for a range of

commercially important fish such as anchovy, sprat, turbot, red mullet, and

bluefish under different environmental conditions. The common trait of many

commercially important species in the Black Sea is that they have pelagic larval

stages of different time scales which are simulated by tracking virtual drifters in

the simulated surface circulation of the Black Sea. Simulation results show that

the dynamic current structure of the Black Sea causes low local retention of

larvae. During spring and summer lower offshore transport and higher local

retention is observed than in fall and winter, which is directly related to the Rim

Current strength. The lowest offshore transport is observed on the northern

northwestern shelf, the main spawning area for pelagic fish with still 24-32% of

larvae transported offshore. Simulations show that pelagic fish species such as

anchovy and sprat adopted different reproductive strategies through their

species-specific traits. For the summer spawning species anchovy, timing, and

location of spawning together with its short pelagic larval stage is shown to

enhance retention on the northwestern shelf. Sprat with its long pelagic larval

stage and winter spawning is more adapted to high offshore transport, making it

unlikely that sprat is recruited to the same area as where it is spawned. This

modeling framework provides a basis for investigating recruitment variability of

pelagic fish species in the Black Sea specifically considering the impact of climate

variability and provides a useful guide to the potential connectivity of marine

populations or the spread of invasive pests in the Black Sea.
KEYWORDS

connectivity, larval dispersal and retention, Black Sea, cross-shelf transport, anchovy
(Engraulis encrasicolus), sprat (Sprat sprattus)
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1 Introduction

The dispersal of pelagic larvae in marine environments is one

mechanism of connecting fish populations across large distances and

structuring their population success and persistence. Ocean currents

and behavioral patterns can affect the supply of larvae and hence

determine the distribution and abundance of manymarine species. It is

mostly the planktonic stages that are affected by such ocean transport at

a time when directional swimming is not yet developed. The

importance of such transport has been shown in several studies

(Cowen et al., 2006; Condie et al., 2011; Wood et al., 2014; Torri

et al., 2018; Legrand et al., 2019; Patti et al., 2020) and is of importance

to be able to understand population dynamics as well as manage

fisheries today (Rossi et al., 2014; Dubois et al., 2016; Di Stefano et al.,

2022). In addition, it has been increasingly recognized that general

characterizations of marine connectivity via currents are of importance

to interpret marine biogeographic distributions (Hamilton et al., 2010),

assess risks of invasive species or contaminants (Jaspers et al., 2018;

Johnston & Purkis, 2011; Johnston & Purkis, 2014), and help with the

establishment and management of marine protected areas (Cowen

et al., 2006; Lester et al., 2009; Moffitt et al., 2009; Moffitt et al., 2011;

Clavel-Henry et al., 2024).

The Black Sea hosts a unique ecosystem that has undergone

many transformations over the last 50 years and supports diverse

multi-species fisheries dominated in recent decades by small pelagics

(Scientific, Technical and Economic Committee for Fisheries

(STECF), 2017). The general circulation is characterized by the

Rim Current, which is a permanent, basin-wide cyclonic circulation

situated over the continental slope zone (Oguz and Besiktepe, 1999).

Currents associated with the Rim Current move at speeds of well

exceeding 50 cm at the surface, decreasing to 10-20 cm/s between

150-300m depth (Oguz et al., 1993; Oguz and Besiktepe, 1999) and a

series of quasi-permanent anticyclonic eddies and meanders located

between the coast and the Rim Current (Blokhina and Afanasyev,

2003; Korotaev, 2003; Oguz et al., 2005; Capet et al., 2012). The

interior of the basin is composed of two or more interconnected

cyclonic gyres referred to as the western and eastern gyres. Apart

from the anticyclonic eddies, transient mesoscale activities in the

form of meanders, ubiquitous mesoscale eddies, dipoles and filaments

are observed on both sides of the Rim Current (Blokhina and

Afanasyev, 2003; Korotaev, 2003). These meanders and across-

stream filaments or offshore jets may serve as drivers of exchange

between the coastal region and the interior of the Black Sea (Oguz,

2017; Akpınar, 2024).

The most important fishery in the Black Sea is anchovy

(Engraulis encrasicolus) with total landings of 161,584 tons in

2016 while sprat is the second most important commercial fish

with total landings of 80,018 tons in 2016 (Scientific, Technical and

Economic Committee for Fisheries (STECF), 2017). Following these

species, red mullet (Mullus barbatus), turbot (Scophthalmus

maeoticus), Bluefish (Pomatomus saltatrix) and horse mackerel

(Trachurus mediterraneus) are of importance. All of these fish

species are known to spawn preferably in shelf areas of the Black

Sea (Figure 1) but differ significantly in their life history traits such
Frontiers in Marine Science 02
as their spawning times (spring to winter) and pelagic larval stages

(20 - 70 days), which are considered in this study.

One aspect of larval transport is the cross-shelf, onshore-

offshore transport that determines if species are transported away

from spawning sites and/or nursery grounds and how fast. Because

commercially important fishes in the Black Sea most spawn on the

northwestern shelf and other shelf areas (Figure 1), which are also

the main feeding grounds for these fish (Ivanov and Beverton, 1985;

Daskalov, 2003; Scientific, Technical and Economic Committee for

Fisheries (STECF), 2017) cross-shelf transport is an important

factor influencing larval survival. Hence offshore transport as well

as local retention are the two key processes that may influence

recruitment success of these fish species while onshore transport

with currents may carry larvae inshore to nursery regions.

While there have been many studies that aimed on quantifying

transport and connectivity patterns of larvae in different parts of

the world oceans such as the Mediterranean Sea (Rossi et al., 2014;

Torri et al., 2018; Legrand et al., 2019; Patti et al., 2020; Di Stefano

et al., 2022), North Sea (Bolle et al., 2009; Erftemeijer et al., 2009;

Romagnoni et al., 2020) or Australia (Condie et al., 2011, 2021;

Condie, 2022; Roughan et al., 2011) to name only a few, to date

only three studies have focused on the Black Sea connectivity

(Fach, 2014; Ozturk et al., 2017; Guraslan et al., 2017). Initially,

Fach (2014) tested the possibility of large-scale transport of

anchovy larvae via surface currents computed from satellite data

and found that the Rim Current is the main facilitator of basin-

wide transport. Guraslan et al. (2017) then modeled anchovy

overwintering migration in detail, while Ozturk et al. (2017)

considered the large-scale connectivity between different regions

of the Black Sea to help define suitable areas for the establishment

of Marine Protective Areas. However, these Black Sea studies have

focused on the transport and migration of only anchovy. It is

however necessary to look at specific mechanisms that may

facilitate transport or retention and also look at a much broader

range of fish species that are of importance commercially.

In this study, an analysis of general connectivity in the Black Sea

based on Lagrangian drifter pathways is presented that focuses on

across-shore transport probabilities and local retention. These two

characteristics are chosen to represent connectivity because the

cross-shelf transport determines if larvae are transported away from

the spawning sites that are in the case of the Black Sea also nursery

areas, to more or less favorable habitats, and recruitment success is

often influenced by retention (Almany et al., 2007; Condie et al.,

2011; Chashchin et al., 2015; Monroy et al., 2017). Six pelagic fish

species that are of commercial importance are identified and their

life history traits, pelagic larval duration and spawning times, are

considered. The study aims to characterize the seasonal and

interannual variability of cross-shelf transport and local retention

in the Black Sea in relation to the circulation patterns of the Black

Sea. Further, the study aims to understand how currents associated

with the Rim Current can facilitate cross-shelf transport or

retention through mesoscale features in different regions and how

these circulation features impact pelagic fish with different life traits

and with it the recruitment potential of exploitable fish resources.
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2 Methods

In this study, a hydrodynamic model is used to provide Black Sea

surface velocity fields for the years 2001 to 2010 and Lagrangian

particles are released in it and advected over time. The model used to

generate an eddy-resolving velocity field of the Black Sea is the Stony

Brook Parallel Ocean Model (sbPOM) (Jordi and Wang, 2012) based

on the Princeton Ocean Model using the Mellor-Yamada level 2.5

turbulence parameterization (POM; Blumberg and Mellor, 1987).

The model domain encompasses the entire Black Sea with a 5x5 km

horizontal grid and a 35 level, sigma-coordinate, vertical grid. The

model was forced using the atmospheric fields generated by the

HIRHAM5 model of Danish Meteorological Institute (DMI)

(Christensen et al., 2007) and river discharge rates obtained from

Ludwig et al. (2009) and the Black Sea Commission’s database (http://

www.blacksea-commission.org/Inf.%20and%20Resources/Data%

20Links/). The model was initialized using World Ocean Atlas fields

(WOA; Locarnini et al., 2013; Zweng et al., 2013), spun up for five

years and then a simulation was performed for the period 1990-

2010. The model results have been validated in Salihoglu et al.

(2017) against available data from the SeaDataCloud Temperature

and Salinity Historical Data Collection for the Black Sea V2 (https://

sextant.ifremer.fr/geonetwork/srv/api/records/b90d7650-a0d7-

409c-ba31-122a1f4f9c3f) and satellite derived circulation fields

using the AVISO+ (Archiving, Validation and Interpretation of

Satellite Oceanographic data) Sea Level Anomalies (SLA) regional

product for the Black Sea. (http://www.aviso.altimetry.fr/en/data/

products/sea-surface-height-products/regional/msla-black-
Frontiers in Marine Science 03
sea.html). Model data comparisons showed that the model can

reasonably well resolve the Black Sea circulation, including Rim

Current dynamics and anti-cyclonic eddies, as well as interannual

variability in temperature and salinity (Allen et al., 2014; Salihoglu

et al., 2017).
2.1 Lagrangian particle tracking

Passive Lagrangian drifters were released four times a year

(January, April, July and October) at 1 km intervals in surface

circulation fields at 10 m depth (410478 drifters per simulation)

during the years 2000 to 2010. Thereby it is assumed that larvae are

homogeneously distributed in the surface layer. Drifters were

moved individually at 1-hour intervals according to the locally

interpolated current velocity. This choice is representing the surface

mixed layer in which larvae are assumed to be homogeneously

distributed. Neglecting vertical movements of larvae situated in the

surface layer is a reasonable assumption here because most particles

remain in the selected layer over short timescales (≤ 2 months) since

horizontal velocities are several orders of magnitude higher than

vertical ones (d’Ovidio et al., 2004).

Drifters were advected using a first-order accurate Lagrangian

particle tracking scheme in which the 2D velocity field is interpolated

to the particles position, which then carries the particle to a new

position with each time step. However, processes smaller than the

grid-spacing of the model cannot be resolved by such velocity fields

and hence need to be added with a numerical technique simulating
FIGURE 1

Maps of the Black Sea showing the spawning (red), feeding (green), and overwintering regions (blue) of different pelagic fish species considered in
this study: (A) Black Sea anchovy (Engraulis encrasicolus ponticus) (B) Sprat (Sprattus sprattus) (C) Red mullet (Mullus barbatus) (D) Horse mackerel
(Trachurus mediterraneus ponticus). Maps drawn based on information from the STECF Report (Scientific, Technical and Economic Committee for
Fisheries (STECF), 2017).
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particle dispersion by sub-grid scale turbulence. In this study

dispersion is superimposed on the advection of particles using a

random walk process described and tested in detail in Xue et al.

(2008) and Roughan et al. (2011) that scales the turbulent 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*105 cm2s-1.
2.2 Trait-based parameters

In this study, pelagic fish species are not resolved individually in

detail, but rather characteristic features of their life (traits) are

modelled. Here two of the most important traits when investigating

the ecological consequences of dispersal and connectivity are

considered, which is the 1. release time, dependent on the

spawning time of each species, and 2. pelagic larval duration

(PLD), the length of time larvae of different species stays in the

water column. Hence, larval dispersal in this study is dependent on

duration of larvae in the surface water, the timing and location of

spawning and the seasonal and interannual variation in oceanic

circulation. We focus on six different fish species with different

pelagic larval phases to represent a wide variety of commercially

and/or ecologically important species in the Black Sea. These focus

species are (see also Table 1):
Fron
• Anchovy (Engraulis encrasicolus ponticus): Spawning

occurs most efficiently from June to August in water

temperatures higher than 20°C (Niermann et al., 1994;

Lisovenko and Andrianov, 1996; Sorokin, 2002). Pelagic

larval duration is approximately 36 days, the typical time

period of anchovy development into juveniles (Dulcic,

1997). Dominates ichtyoplankton in central south Black

Sea in summer (Satilmis et al., 2003; Satilmis et al., 2014).

Spawning takes place on the northwestern shelf in summer

and anchovy overwinter in warmer coastal areas in the

winter time, mainly along the Turkish coast (Chashchin
tiers in Marine Science 04
et al., 2015; Gucu et al., 2016) (see Figure 1A). Anchovy is

the most important commercial fish with total landings of

161,584 tons in 2016 (Scientific, Technical and Economic

Committee for Fisheries (STECF), 2017).

• Sprat (Sprattus sprattus): Sprat have been observed to

spawn in the Black Sea from autumn to spring (Satilmis

et al., 2003; Satilmis et al., 2014), but peak spawning is

between November and March (Ivanov and Beverton,

1985). Sprat spawn in surface waters of inshore areas

throughout the Black Sea basin until ~100 km offshore,

especially in river deltas and in the northwestern shelf area

(Ivanov and Beverton, 1985) (see Figure 1B). Pelagic larval

period until metamorphosis lasts ca. 70 days (Ojaveer, 1981;

Houde, 1989). Sprat is the second most important

commercial fish with total landings of 80,018 tons in 2016

(Scientific, Technical and Economic Committee for

Fisheries (STECF), 2017) and dominate ichtyoplankton

during fall, winter, and spring (Satilmis et al., 2003;

Satilmis et al., 2014).

• Red mullet (Mullus barbatus ponticus): Spawning takes

place in the Black Sea from May on mainly on the

northwestern shelf and further selected shelf areas (Satilmis

et al., 2003) (Figure 1C). Larvae stay pelagic for about 28-35

days in the Mediterranean (Macpherson and Raventós, 2006

and Galarza et al., 2009). According to Sabatés and Palomera

(1987), larvae are found strictly in surface waters mainly

between June and July in the Mediterranean Sea.

• Bluefish (Pomatomus saltatrix): This species has been

observed to spawn in the Black Sea during spring (Satilmis

et al., 2003) and summer (Satlimis et al., 2014; Ceyhan et al.,

2007; Gordina and Klimova, 1996). Hare and Cowen (1997)

found their pelagic larval duration to be on average 21.21

days (18-25 days). This species undergoes spawning

migration to the Black Sea from the Mediterranean via the

Aegean Sea in spring and then migrate south to return in

early autumn. Bluefish are found all along the Turkish coast

as well as on the Ukrainian and Bulgarian coasts.
TABLE 1 Important commercial fish species used as target species in this study and their pelagic larval durations (PLD) in the Black Sea.

Species Spawning
Time

Spawning Area PLD Reference

Anchovy (Engraulis
encrasicolus ponticus)

June-August North-western shelf and open water > 20°C ~36 days Niermann et al. (1994), Lisovenko and Andrianov (1996),
Sorokin (2002), Dulcic (1997)

Sprat (Sprattus sprattus) autumn-spring Inshore areas of Black Sea until ~100 km
offshore, river deltas

~70 days Ojaveer (1981), Houde (1989), Ivanov and
Beverton (1985)

Red mullet (Mullus
barbatus ponticus)

Summer
(after May)

North-western shelf and off Kerch Strait 28-35 days Satilmis et al. (2003), Macpherson and Raventós (2006),
Galarza et al. (2009), FAO (2016)

Bluefish
(Pomatomus saltatrix)

Spring
- summer

Coastal regions (Turkish, Ukrainian,
Bulgarian coasts)

18-25 days Satilmis et al. (2003, 2014); Ceyhan et al., 2007; Gordina
and Klimova, 1996; Hare and Cowen, 1997

Turbot
(Scophthalmus
maeoticus):

Spring
- summer

Continental shelf regions, Crimean region 29-39 days Satilmis et al. (2014), Haynes et al. (2011), Giragosov and
Khanaychenko (2012)

Horse mackerel
(Trachurus
mediterraneus)

summer Coastal areas ~25 days Satilmis et al. (2003, 2014)
frontiersin.org

https://doi.org/10.3389/fmars.2024.1435556
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Fach et al. 10.3389/fmars.2024.1435556

Fron
• Turbot (Scophthalmus maeoticus): Spawning of this

species has been observed from spring to summer

(Satlimis et al., 2014) and their pelagic larval stage lasts a

minimum of 4 weeks (Giragosov and Khanaychenko, 2012).

Turbot is distributed all over the Black Sea continental shelf

from 1 m depths to about 100 -110m and larvae are

distributed in the surface waters (Giragosov and

Khanaychenko, 2012).

• Horse mackerel (Trachurus mediterraneus ponticus): The
Black Sea horse mackerel (Trachurus mediterraneus

ponticus) exists as a subspecies of the Mediterranean

horse mackerel (Trachurus mediterraneus) (Scientific,

Technical and Economic Committee for Fisheries

(STECF), 2017). This species is found in the entire Black

Sea coastal regions and is known to spawn during summer

in coastal areas mostly near the northwestern shelf and the

Kerch Strait (Satilmis et al., 2003; Satilmis et al., 2014;

Scientific, Technical and Economic Committee for Fisheries

(STECF), 2017) and travels to the Crimean coast and the

Marmara Sea for wintering (see Figure 1D). Larvae have a

pelagic larval duration of ca. 25days.
Black Sea spawning locations and nursery areas for the above

listed species are defined as mainly the northwestern shelf region,

but also other shelf areas around the Black Sea (Figure 1). To cover

the traits of these species, simulations of winter, spring, summer

and falls spawning times (1st of January, 1st of April, 1st of July, and

1st of October) as well as three different PLD times (20, 35, and 70

days) for the years 2001 to 2010 were chosen. At each spawning

time and in each year a total of 410478 drifters at 1km spacing

covering the entire Black Sea were released. The Lagrangian model

moved particles individually at 1-hour intervals along the locally

interpolated velocity fields combined with sub-grid scale processes

and tracked for a total time of 90 days.
2.3 Statistical analysis

The connectivity in the Black Sea was evaluated via statistical

analyses of the simulated particles trajectories acquired in the runs

described above. To facilitate the statistical analysis, the Black Sea

was divided into geographical subareas or grids the size of 10x10km.

Different types of probability were calculated that represent

measures of retention and across-shelf transport in the entire

Black Sea:
2.3.1 Probability of cross-shelf transport
The probability of particles originating anywhere in the Black

Sea to be transported into waters shallower or deeper than a

specified depth (D) within a specified timeframe (T)

corresponding to respective PLDs were calculated. This is a

measure of the number of larvae (N) in a geographic grid of

10x10km that may get transported off-shelf (or on-shelf) from

their respective spawning sites during their pelagic larval duration

times. The specified depth (D) was chosen to be 200m as this is a
tiers in Marine Science 05
good indicator of the edge of the northwestern shelf and translates

into Equation 1 for offshore transport:

Pt0+T =  
Nfrom   grid   i   to   grid   k   (>D)

Ni
(1)

where t0 is the initial day of the calculation and Ni is the total

number of released particles from grid cell i

2.3.2 Relative local retention of the particles in
the Black Sea

The probability of local retention (LR) was computed separately

from the above calculations as the number of particles released

(Ninitialized) in a 10 x 10 km grid at the start of the simulation and

remained (Nretained) within an area nine times as large (30 x 30 km)

after each dispersal time (T). This dispersal time is directly related

to the pelagic larval duration of the pelagic fish species of interest to

this study (see Table 1).

LRi =
N  retained
Ninitialized

(2)

This method was chosen because it provides a consistent

relative measure of the percentage of larvae that remain close to

their spawning areas within the pelagic larval duration period and is

a widely used concept in larval transport studies of different seas

(Condie et al., 2011; Rossi et al., 2014; Dubois et al., 2016; Monroy

et al., 2017; Patti et al., 2020) because it is useful to identify the

proportion of local larval production that is retained on a site

(Carson et al., 2011; Condie et al., 2011; Monroy et al., 2017). The

choice of initial release area to retention area was chosen with

respect to the baroclinic Rossby Radius of deformation, which is 20-

30km in the Black Sea (Oguz et al., 1994; Besiktepe et al., 2001). A

choice of 10km grid cells was also large enough to have statistically

significant numbers of particles in each grid cell (100 particles).

2.3.3 Particle dispersal percentage from the
northwestern shelf

The dispersal percentage (DP) is quantified by dividing the

number of particles ending in different model grid cells (Ngrid i)

after each dispersal time (T) by the total number of particles

released in the spawning area at the beginning of each simulation.

This dispersal time is directly related to the pelagic larval duration

of the pelagic fish species of interest to this study (see Table 1).

DPt0+T =  
Ngrid i  

o N
(3)

To reduce the uncertainties associated with the dispersal

calculation and to account for the fact that many of the

commercial marine fishes are multiple spawners, the cross-shelf

transport (or dispersal) probability and local retention probability,

was calculated based on a larger number of drifters created by an

ensemble run. This means that not only the probability of 410478

drifters released at the beginning of each season and year were

considered, but the probability distribution of all drifters during the

entire simulation time (90 days) were calculated from day 1 of the

simulation to day T, then from day 2 to day T+1, etc. until reaching
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the last day of each simulation, thereby creating an ensemble of

probabilities (Condie et al., 2011). These probabilities were further

averaged to give the probability distribution of each season

(averaged over the 90-day period), each year (averaged over 365

days), or over the entire time (averaged across all years) or subsets

thereof. That means for the simulation with 35-day PLD a total of

56 ensembles were averaged to calculate the probability distribution

for that season instead of just one simulation.
3 Results

The circulation of the Black Sea is mainly driven by the wind

stress curl andmodulated by the steep bottom topography at the shelf

edge in addition to seasonal variation of the surface thermohaline

fluxes (Kubryakov et al., 2016). These factors form an intense, narrow

Rim Current flowing along the shelf edge and a number of

anticyclonic eddies along the coast (Oguz et al., 1993; Korotaev,

2003; Zatsepin, 2003) that is reproduced very well by the circulation

model. The mean simulated circulation field in the Black Sea over the

10-year simulation shows the mean location of the major current of

the Black Sea, the Rim Current, and the coastal anticyclonic eddies

associated with its flow (Figure 2). Clearly visible is the bifurcation of

the Rim Current on the northwestern shelf where the Rim Current
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divides into two branches, and the Sevastapol, Danube, Constanta

and Kaliakra eddies as well as the Sakarya, Sinop, and Kizilirmak

eddies. The seasonal variation of the Rim Current strength is

reproduced by the model with the Rim Current weakening in

spring and summer (Figures 2B, C) as a result of reduced wind

forcing (Besiktepe et al., 2001) and a strengthening of the Rim

Current in fall and winter (Figures 2A, D) related directly to

increased wind stress curl (Korotaev et al., 2001; Kara et al., 2005).

As discussed in Salihoglu et al. (2017) the model achieves high model

skill for the physical variables, T and S. However, the Rim Current in

the model is slightly faster in speed than the Rim Current derived

from satellite data and there is a discrepancy between model and

observations on the northern part of the shelf where the modelled

currents flow northward and eastward near the northwestern coast

instead offlowing south and west as in the satellite derived fields. This

was found to be due to a discrepancy between the observed and

modeled wind fields in the area and leads to an increase in model

uncertainty on the northwestern shelf.

The results of the connectivity study are presented here as maps

detailing the probability of cross-shore transport depending on the

dispersal time (T), which is identical to the pelagic larval durations

(PLD), the season and year. In addition, local retention maps are

presented to elucidate the possibility for larvae to be retained in the

local spawning area at different spawning times.
FIGURE 2

Simulated mean flow field of the model averaged over10 years (2001-2010) for (A) January, (B) April, (C) July and (D) October.
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3.1 Mean cross-shelf transport

The maps of 10-year mean offshore transport show that fish

larvae with short transport times of 20 days may face small

transport probabilities on the shelf regions of the northwestern

shelf and elsewhere (Figure 3A). There are however distinct

exceptions, such as a considerable probability (>0.3, which
Frontiers in Marine Science 07
translates to > 30%) of being transported offshore from areas on

the continental shelf at the Kerch Strait region that are up to 40 km

away from the shelf break at 200 m, as well as the northwestern shelf

up to 80 km inland on in the Sevastopol/Crimea region (Figure 3A).

This distance increases to up to 100 km on the northwestern shelf

for transport times of 35 days (Figure 3B) and 120-140 km for

simulations with 70-day transport times (Figure 3C). This suggests
FIGURE 3

Maps of the average probability of drifter released at 1km spacing everywhere in the Black Sea being transported offshore (> 200m) in (A) 20 days,
(B) 35 days and (C) 70 days Thick black line marks the 200m depth contour.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1435556
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Fach et al. 10.3389/fmars.2024.1435556
that the current dynamics at the shelf break downstream of Crimea

is of importance for the offshore transport of larvae in this

larger area.

Similarly, most offshore, inner Black Sea regions experience low

probabilities at 20-day onshore transport times (Supplementary

Figure S1A). However, considerable onshore transport probability

(> 0.3) from offshore regions up to 70 km away from the shelf break

is observed in the 70-day simulations in the western gyre

(Supplementary Figure S1C), while this transport is about 30 km

less in the 35-day simulation (Supplementary Figure S1B) and even

more reduced in the 20-day simulation (Supplementary Figure

S1A). Similar changes in onshore transport can be observed in

the eastern gyre as well. At the southern coast past Sinop, the area

from where onshore transport from the open sea can be facilitated

increases from about 50 km in the 20-day simulation to about 80

km in the 70-day simulation. In addition, the regions along the

Kizilirmak and Yesilirmak rivers in the southern Black Sea show

high probabilities of onshore transport for all simulation times

(Supplementary Figures S1A–C) which indicates high cross-shelf

exchange in the area. Because the onshore transport probabilities

are invers to the offshore probabilities and offshore transport is of

more interest concerning pelagic fish larvae, the following analysis

will only consider offshore transport probabilities.
3.2 Seasonal variability of cross-
shelf transport

Maps of seasonal transport averaged over 10 years show

considerable differences in the offshore transport probabilities and

reveal strong seasonal differences in transport patterns as well as

considerable differences between different PLDs (Figure 4). In an

effort to streamline the analysis of the multitude of simulations, only

35-day simulations, representing anchovy and possibly turbot or

red mullet, and 70-day simulations, representing sprat, are

considered in this analysis.

Simulations starting in January with a PLD of 35 days show a

high probability of offshore transport from the northwestern shelf

near the shelf edge, particularly near Sevastopol, due to the

meandering Sevastopol eddy (Figure 4A). Further downstream

following the Rim Current flow, areas up to 100 km from the

shelf break have over 0.4 probability of offshore transport. This area

increases when considering 70-day simulations, reaching up to 46 °

N, well onto the shelf towards the Danube outflow. These regions

overlap with spawning and nursery areas of key fish species. Along

the south coast Rim Current location, a 0.65 probability band for

offshore transport is observed, moving offshore in the western gyre

and off Sinop, indicating the possibility for more offshore transport

in winter away from the shelf break (Figure 4A). This band widens

to 30 km and shifts 60 km offshore in 70-day simulations

(Figure 4B), mainly in the western gyre and southern Black Sea.

In April, offshore transport probabilities are lower than in

January for 35-day simulations (Figure 4C). A 0.4 probability

extends 50 km onto the shelf and past Olenivka, and high

offshore transport continues along the 200 m depth contour, only

moving further offshore near the Kizilirmak and Yesilirmak deltas.
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In 70-day simulations, offshore transport from the northwestern

shelf and Kerch Strait increases slightly (Figure 4D). Bluefish and

turbot, with short to intermediate PLDs, are represented by the

spring simulations.

In July, offshore transport probabilities near Sevastopol are

lower than in April, but a high probability area exists

downstream at 44°N (Figure 4E). For 70-day simulations, offshore

transport affects larger regions on the northwestern shelf and Kerch

Strait (Figure 4F). This impacts summer-spawning species like

anchovy, red mullet, and horse mackerel. The 10-year averages

suggest strong interannual differences (Figure 4F) that are explored

in section 3.3.

In fall, offshore transport increases on the northwestern shelf,

reaching up to 150 km from the shelf break in 35-day simulations

(Figure 4G). This area expands in the 70-day simulations, affecting

much of the northwestern shelf up to 46°N. The Rim Current’s

interaction with Crimea causes it to bifurcate, increasing offshore

transport from the northwestern shelf.

Similar seasonal differences for medium and long pelagic larval

stages can be observed for 20-day pelagic larval stage simulations

(not shown here), with general probabilities of offshore transport

from the shelf being smaller due to the shorter simulation time.
3.3 Interannual variability of cross-
shelf transport

To examine the interannual variability in cross-shelf transport,

the following section focuses on the variability of the transport

probabilities over 10 years in the form of the standard deviation

over 10-year simulations. Of all possible seasons and PLDs the July

release with 35-day PLD is chosen as this best represents anchovy

(Figure 4E) and further the January release with 70-day PLD

representing sprat (Figure 4B), the fish species of main

commercial importance in the Black Sea.

The main areas of offshore transport variability in the 35-day

simulation are the regions of the Sevastopol eddy and bifurcation of

the Rim Current southwest of Crimea to the Kali-Akra anticyclonic

eddy on the southern part of the northwestern shelf and a narrow

band along southern Black Sea coast with the Yesilirmak eddy, as

well as the north coast near Kerch Strait (Figure 5A). In the 70-day

PLD winter spawning simulations, this variability (Figure 5B) is

higher and covers more regions than in the July simulation. The

northwestern shelf and the northern shelf show the highest

variability, while in the southern Black Sea high variability is

mainly seen in the open Black Sea. This is because the simulation

time is longer but also because during winter a stronger, more

developed Rim Current is circling the Black Sea which has been

observed (Kubryakov and Stanichny, 2015) and reproduced in

other modelling studies (Sadighrad et al., 2021).

For a more detailed analysis in interannual variability the

region-specific percentage of larvae transported offshore was

calculated for each year (Tables 2, 3), whereby the Black Sea was

divided into eleven regions (Figure 6). It should be noted that the

northwestern shelf area here is defined to not encompass the entire

shelf region down to 42S but encompasses the northern part of the
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shelf region only until 44.5S. The southern part of that shelf region

was separated into another region (West Coast), because of the

distinct difference in offshore transport probabilities between both

regions. The open ocean was divided into the two gyres that exist in

the Black Sea and the two regions are mentioned for completeness.
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They are however biologically not significant, as the analysis

concerns fish larvae spawned on the shelf.

The northwestern shelf shows a mean transport with almost a

quarter of the anchovy larvae (23.7%) being transported offshore in

35 days (Table 2). The area exhibits moderate variability in
FIGURE 4

Maps of the average probability of drifter released at 1km spacing everywhere in the Black Sea being transported in 35 days offshore (> 200m)
starting in (A) January, (C) April, (E) July, (G) October, and transported in 70 days offshore (> 200m) starting in (B) January, (D) April, (F) July,
(H) October. Probability for each season is averaged over 10 years. Thick black line marks the 200m depth contour.
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transport percentages, with values ranging from 14.0% in 2001 to

29.5% in 2009, while the Sevastopol eddy area exhibits significantly

higher transport percentages than the northwestern shelf ranging

from 46.3% in 2008 to 68.7% in 2010, which means values vary by

up to 22%. Further downstream, the East coast has the highest and

most consistent transport percentages of all shelf areas, ranging

from 62.5% in 2004 to 74.3% in 2001. Overall, the regions in the east
Frontiers in Marine Science 10
and north-east have the highest and most consistent offshore

transport percentages (Table 2), indicating strong and reliable

transport due to the narrow shelf and proximity of the Rim

Current. In contrast, the West Coast has the lowest transport

percentages after the northwestern shelf. The other regions show

varying degrees of transport efficiency, influenced by their local

environmental conditions, and currents dynamics. When analyzing
FIGURE 5

Maps of the standard deviation of offshore (> 200m) transport for drifter released at 1km spacing everywhere in the Black Sea in the years 2001-
2010 in the (A) 35-day simulations starting in July of 2001-2010 and (B) 70-day simulations starting in January. Thick black line marks the 200m
depth contour.
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transport variability between years, 2001 had the highest transport

offshore transport overall, with a mean transport percentage of

56.2% (Table 2, see Supplementary Figure S2). This was followed

closely by 2005 (54.0%). The year 2004 had the lowest transport

percentage with 48.1% (Table 2; Supplementary Figure S2). The

general trend shows fluctuations in transport efficiency from year to

year, depending on the varying environmental conditions.

For the 70-day simulations, the percentage of transport from all

shelf regions varied considerably between years (Table 3;

Supplementary Figure S3), more so than in the 35-Day
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simulations. Transport from the Northwestern shelf varied

strongly from a low of 12.2% in 2005 to a high of 53.7% in 2004,

a 41.5% range. The mean value over the period is 32.6% (Table 3)

which is more than in the 35-day simulations. The offshore

transport percentages in the Sevastopol Eddy area varied between

18.4% in 2005 and 78.8% in 2004 with a mean value of 56.6%.

Transport from the East Coast area was high, ranging from 36.7% in

2007 to 73.1% in 2009 with a mean value of 58.4% (Table 3) over the

ten-year period, which is less than in the 35-day simulations. The

Southwest Coast has shown the lowest transport percentages while
TABLE 2 Area specific (see Figure 6) analysis of the percentage of anchovy larvae spawned in July that are transported offshore each year of the
simulations and on average.

Years

Areas 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 mean

Sevastopol eddy 65.3 61.9 64.8 61.0 64.4 59.7 50.3 46.3 58.8 68.7 60.1

Northwestern shelf 14.0 29.5 22.9 22.1 19.3 24.5 22.6 25.4 29.2 27.1 23.7

West coast 41.5 28.3 27.0 20.2 35.1 35.3 29.5 29.5 26.1 17.8 29.0

Southwest coast 29.5 36.2 42.8 45.5 48.6 41.2 45.3 32.8 43.5 37.3 40.3

South coast 64.9 60.7 63.3 60.2 61.2 57.6 48.1 50.3 70.4 60.8 59.8

Southeast coast 64.6 59.7 50.5 48.8 57.6 59.6 53.8 52.6 56.8 60.3 56.4

East coast 74.3 71.5 70.0 62.5 68.9 70.7 69.4 72.2 64 63.8 68.7

Northeast coast 82.5 66.4 68.1 56.3 71.8 64.9 59.7 71.0 62.1 59.3 66.2

North coast 69.6 60.0 60.8 56.4 58.9 65.1 54.6 59.7 59.8 58.9 60.4

Western gyre 96.7 96.0 97.0 91.4 96.7 97.6 96.2 94.3 96.7 93.7 95.6

Eastern gyre 98.5 97.6 96.5 96.4 97.4 98.1 96.2 97.5 97.2 97.7 97.3

All shelves 56.4 52.7 52.3 48.1 54.0 53.2 48.1 48.9 52.3 50.44 51.6
fron
Mean values are provided in bold.
TABLE 3 Area specific (see Figure 6) analysis of the percentage of sprat larvae spawned in January that are transported offshore each year of the
simulations and on average.

Years

Areas 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 mean

Sevastopol eddy 58.9 38.08 77.6 78.8 18.4 59.6 32.5 67.1 73.3 61.9 56.6

Northwestern shelf 32.4 16.0 44.9 53.7 12.2 28.6 19.1 47.6 47.5 23.8 32.6

West coast 27 17.4 36.4 36.9 25.8 31.3 30.6 39.6 44.3 31.4 32.1

Southwestern shelf 23.8 28.2 24.8 37.4 31.1 32.3 43.1 16.5 27.5 39.3 30.4

South coast 37.5 36.8 33.8 32.4 37.7 21.4 40.3 25.1 41.2 36.6 34.3

Southeast coast 33.4 48.9 45.6 32.8 38.1 40.3 37.2 35.2 36.8 47.4 39.6

East coast 51.6 63.5 58.1 60.2 44.8 50.6 43.3 70.2 69.9 67.7 58.0

Northeast coast 65.3 48.5 68.1 63.9 42.8 51.8 36.7 66.2 73.1 67.3 58.4

North coast 59.6 41.1 77.1 71.3 39.8 62 33.2 82.9 82.1 61 61.0

Western gyre 69.4 80.1 71.8 73.2 76.7 73.5 83.4 63.2 79.5 81.2 75.2

Eastern gyre 83.2 84.9 86.9 88.1 83.1 84.7 77.8 82.9 88.9 91.7 85.2

All shelves 43.3 37.6 51.8 51.9 32.3 42.0 35.1 50.1 55.1 48.5 44.8
Mean values are provided in bold.
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the Northeast Coast and North Coast have the highest and most

consistent offshore transport percentages (Table 3). For these longer

simulations 2009 showed the highest offshore transport from shelf

regions overall, with a mean transport percentage of 55.1%. This

was followed closely by 2004 (51.9%). The year 2005 had the lowest

transport percentage (32.3%). Interestingly, different years are of

importance for high offshore percentages between the 35-day and

the 70-day simulation.
3.4 Local retention

It is important to note that in areas with zero offshore transport

probability found on the northwestern shelf and elsewhere (see

Figure 4) drifters are not necessarily retained. This analysis shows

they are not transported offshore into greater than 200m deep

waters but may still be transported long distances ending up on the

shelf elsewhere. Hence it is also necessary to look at the potential of

fish larvae in different areas for retention, which is explored below.

Local retention is calculated as the percentage of particles

released in a 10x10 km area at the start of the simulation and

remained within an area nine times as large and retention maps use

a logarithmic scale because of the extreme distribution of retention

values. The main retention areas calculated over the entire 10-year

simulations are present on the northwestern shelf, in the Sevastapol

and Sakarya eddies, along the southeastern coast of Turkey in the

Yesilirmak and Kizilirmak river region and near Kerch Strait

(Figure 7A). An increase in simulation time due to longer PLDs

results in an overall drop of local retention values but the areas of

high retention remain the same (Figure 7B). Most notable is the fact
Frontiers in Marine Science 12
that there are rather large areas of local retention inside the Eastern

and Western Gyre, sometimes connected throughout the entire

open sea (Figure 7). This is caused by the currents variability as

discussed above.

Seasonal variability in local retention on the shelf regions of the

Black Sea is lowest in January, reaches the highest values in April,

slightly decreases in July and again reach low values in October for

both 35 and 70day PLDs (Supplementary Figure S4). The

interannual variability of local retention reflects the results from

the above offshore transport probability analysis. There is

considerable variability of local retention during the 35-day

simulations between different years (Supplementary Figure S5). It

is notable that the Sevastapol eddy region exhibits high retention

rates in all years and a band of retention along the shelf break of the

northwestern shelf is visible (Supplementary Figure S5). The

Kizilirmak and Yesilirmak regions exhibit consistent local

retention which is pronounced in 2005 (Supplementary Figure

S5D) and 2009 (Supplementary Figure S5E). The western gyre

has consistently high retention rates, while retention in the

Eastern Gyre is more variable (Supplementary Figure S5).

Considering that the main spawning and nursery areas of most of

the five species considered in this study are on the shelf areas, the

open ocean retention spots are not biologically significant.
3.5 Implications for small pelagic fish

In section 3.3 it was shown that 23.7% and 32.6% of larvae are

transported offshore from the northwestern shelf in both 35-day

and 70-day simulations, respectively. This transport rate is higher
FIGURE 6

Map of the Black Sea divided into eleven areas used to calculate the percentage of different pelagic fish larvae to be advected offshore.
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than anticipated but remains lower compared to all other regions.

Retention regions were then identified in section 3.4. To further

understand the extent of larval dispersion from the spawning areas

based on life-history traits, finally the dispersal percentage of pelagic

fish larvae is examined. The spawning area is defined as the

combined Northwestern shelf and the Sevastopol eddy regions

(see Figure 6). Particles are released considering different

planktonic larval durations (PLDs).

Simulations results show that the final location of anchovy

spawning in summer with a 35-day PLD can be quite different

depending on the year. Overall, much of the larvae end up within

the northern part of the northwestern shelf (Figures 8A, C, E) which

is also the feeding or nursery area for anchovy larvae (see

Figure 1A). However, part of the drifters are transported

westward and south in 2001, 2003 and 2010 (Figures 8A, C, E)

while also moving slightly offshore from the northwestern shelf in

all three years, following the Rim Current path (Figure 2C).
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Offshore transport rates from the above defined spawning area

for these specific years vary from 24.0% in 2001 to 28.6% in 2003

and 25.3% in 2007. In 2001 a wide band of the larvae that end up

offshore is seen in the northern part, off the northwestern shelf as far

south as the Bosporus (Figure 8A). In contrast, more larvae are

reaching areas even further downstream in 2003 and a small

percentage of larvae is moved directly offshore into the western

gyre. In 2007 again a wide band of offshore larvae is observed while

in this year currents also transported larvae much further south in

the open Black Sea past the Bosporus (Figure 8E).

Sprat larvae with a 70-day PLD and release in winter show

marked differences in dispersal between years (Figures 8B, D, F).

Offshore transport rates vary from 39.1% in 2001 to 51.0% in 2003

and 19.5% in 2007. As expected sprat larvae travel much farther

distances than anchovy larvae with the main transport path each

year being towards south from the northwestern shelf, following the

western coast of the Black Sea, entering the Rim Current and
FIGURE 7

Maps of mean 10-year (2001-2010) local retention of drifter released at 1km spacing everywhere in the Black Sea in (A) the 35-day simulation
starting in July and (B) the 70-day simulation starting in January. Thick black line marks the 200m depth contour.
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moving as far as the southeastern coast like in all years 2001, 2003

and 2007 (Figures 8B, D, F). The farthest transport is possible in

2001, where larvae reach all the way to the Batumi region

(Figure 8B). While in 2001 many regions along the northwestern

shelf and along the west and south coasts retained larvae, the

currents in 2003, the year with one of the highest offshore

transports from the northwestern shelf (Table 3), transported

more larvae offshore into the western gyre. In 2007, the year with

low offshore transport, most larvae are transported towards the

southern coast and into the eastern gyre.

Like the cross-shelf transport and local retention analysis this

analysis shows that there is substantial interannual variability of

how far and where to pelagic fish larvae can be dispersed during

their individual pelagic larval duration time. It is also interesting to

see that many 70-day simulation particles are swept from the

northwestern shelf area but end up in different onshore regions
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downstream, such as along the narrow southern coast shelf regions.

That explains the lower offshore transport percentages found for

sprat larvae (Table 3) compared to anchovy larvae (Table 2) in

different years.
4 Discussion

In this study a very high number of virtual particles (410 478

drifters) representing pelagic fish larvae were released across the

entire Black Sea for every single simulation. These were dispersed by

the ocean circulation fields, simulated with a hydrodynamic model

over a 10-year duration. The pelagic fish larvae were tracked over

different time frames according to species specific criteria. This has

the benefit that it is possible to investigate species specific dispersal

pathways and retention areas as a baseline for future change
FIGURE 8

Maps of the dispersal probability (%) of drifter released in the combined northwestern shelf and Sevastopol eddy areas (see Figure 6) with 35-day
PLD starting in July of the years (A) 2001, (C) 2003, (E) 2007, and with 70-day PLD’s in January of the years (B) 2001, (D) 2003, and (F) 2007. Thick
black line marks the 200m depth contour.
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scenarios. This is of particular interest as the species studied are

commercially important fish species for the Black Sea.
4.1 Cross-shelf transport and retention

The patterns of 10 year mean onshore and offshore transport

indicate that the main driving force of this cross-shelf transport are

currents associated with the Rim Current circling cyclonically around

the Black Sea and that are interacting with the shelf break. Particularly

the current dynamics at the shelf break downstream of Crimea, where

the Sevastopol anticyclonic eddy is located is of importance for the

cross-shelf transport of larvae in this larger area. Here, the interaction

of the RimCurrent with the tip of Crimea is causing a bifurcation of the

Rim Current at times and increasing the offshore transport

probabilities from the northwestern shelf as well as the onshore

transport probabilities southwest of Crimea that has also been

documented (Shapiro et al., 2010). However, the eddy itself is

supporting the retention of pelagic fish larvae.

Various anticyclonic eddies such as the Sevastopol eddy spin off

the Rim Current. In this study particularly the Sinop eddy has been

seen to play a large role in facilitating local retention as drifters are

caught up in the eddy and retained. In addition, large areas close to

Sinop, Kizilirmak and Yesilirmak eddies simulate high probabilities

of onshore transport indicating high cross-shelf exchange in the

area associated with currents and filaments associated with the

eddies. This mechanism of cross-shelf transport has been described

in detail in previous studies (Akpinar et al., 2022).

Further, this study has shown the high seasonal and interannual

variability of dispersal in the Black Sea. Such variability in cross-

shelf transport has been observed in previous studies (Sur et al.,

1994; Zatsepin, 2003; Kubryakov and Stanichny (2015); Akpinar

et al., 2022). However, this study quantifies the variability of

advective offshore transport to be 22.4% for larvae from the

Sevastopol eddy region in contrast to 15.5% from the

northwestern shelf region in the 35-day simulations representing

anchovy larvae. These values are considerably higher for 70-day

simulations (sprat) with 54.9% and 41.5% from the Sevastopol eddy

regions and the northwestern shelf region, respectively.

Overall, simulations show that local retention in the Black Sea is

low, even on the northwestern shelf, the main spawning and nursery

area for fish. The 10-year mean of the simulations show 24% of

anchovy larvae and 32 of sprat larvae are transported offshore. Fish

spawned on the shelf may therefore not at all be able to stay in the

area but be transported away and/or offshore. Further, the cross-shelf

transport probability facilitated by currents associated with the Rim

Current is rather variable. Such variability in cross-shelf transport has

been observed in previous studies (Sur et al., 1994; Zatsepin, 2003;

Kubryakov and Stanichny (2015); Akpinar et al., 2022).

In addition, simulation results show two different transport

regimes in the model simulations. During spring and summer lower

offshore transport is observed than in fall and winter. Similarly

higher retention occurs during the summer months than in winter.

This is directly related to Rim Current strength which has been

shown to vary seasonally (Kubryakov and Stanichny, 2015) and has

been reproduced in other modelling studies (Sadighrad et al., 2021).
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Studies have shown that seasonally changing winds have direct

implications on the Black Sea circulation. In spring and summer,

the Rim Current has been observed to weaken as a result of reduced

wind forcing (Besiktepe et al., 2001), and a weakening of the Rim

Current results in increased mesoscale eddy activity (Kubryakov

and Stanichny, 2015; Kubryakov et al., 2016; Miladinova et al., 2020;

Sadighrad et al., 2021). In addition, cross-shelf transport at the

surface is under the direct influence of the wind leading to Ekman

transport in addition to the eddy activity (Akpinar et al., 2022). It

has been shown that the effect of Ekman transport is to increase the

on-shelf transport (Akpinar et al., 2022). In this study the decreased

Rim Current strength and increased anticyclonic activity in spring

and summer led to more retention on the north-western shelf and

in the anticyclonic eddies along the southern Black Sea coast.

However, at the same time increased meso-scale eddy activity in

the simulations were observed to increase the cross-shelf transport

in certain regions such as the south-east Black Sea coast. Meso-scale

eddies, transient mesoscale features such as filaments, dipoles and

meanders in the Black Sea are known to serve as sources of nutrients

and plankton productivity (Oguz et al., 1993; Korotaev, 2003;

Blokhina and Afanasyev, 2003). And besides the importance of

wind stress curl (Kubryakov et al., 2016) the interaction of the

currents with capes and peninsulas (Blokhina and Afanasyev, 2003;

Staneva et al., 2001; Elkin and Zatsepin, 2013; Zatsepin et al., 2019)

play a major role in the formation of eddies in the Black Sea.

Analyses show that mesoscale features transport nutrients and

biomass of shelf waters into the open sea (Sur et al., 1994; Özsoy

and Ünlüata, 1997; Zatsepin, 2003; Kubryakov et al., 2016,

Kubryakov et al., 2018; Sadighrad et al., 2021; Akpınar, 2024).

Hence the results of this study that fish larvae experience such high

rates of cross-shelf dispersal, with lowest rates only on the norther

northwestern shelf are in line with these findings.
4.2 Implications for life histories of small
pelagic fish in the Black Sea

The species-specific early life history of pelagic fish plays an

important role in the recruitment of fish and population dynamics.

In the Black Sea typical larval durations are between 20 days and 70

days (Satilmis et al., 2003; Chashchin et al., 2015; Gucu et al., 2016;

Satilmis et al., 2014; Scientific, Technical and Economic Committee

for Fisheries (STECF), 2017) and these larvae stages cannot yet

perform directional swimming. Because the main circulation

structure of the Black Sea, the Rim Current, features fast-moving

currents of approximately 10-50 cm/s as well as several anticyclonic

eddies on the coastal side of the Rim Current, it is highly likely that

pelagic fish larvae are subject to advection. However, it should be

noted that all the target fish species of this study have different

attributes regarding their eggs and larvae, such as shape, size and

density, as well as vertical migration, that has not taken into

consideration in the simulation. This is a limitation of this study

as such factors may introduce slight variations in the drifter paths.

Another limitation is that the circulation model at times does

not correctly represent the currents on the northern northwestern

shelf when compared to satellite data (Salihoglu et al., 2017). In
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particular, the simulated currents flow northward and eastward

near the northwestern coast, favoring retention in the area, instead

of flowing south and west as in the satellite derived fields that favor

flow towards the open Black Sea (Salihoglu et al., 2017). Therefore,

the offshore transport rates calculated for the northwestern shelf

may actually be an underestimation of the actual dispersal, which

should be kept in mind.

The statistics of cross-shelf transport, local retention and

dispersal percentage presented here provide a useful proxy for the

potential early-life dispersal of small pelagic fish spawning in the

Black Sea. They show that fish larvae spawned on the northwestern

shelf area (see Figure 6) experience cross-shelf transport of 23.7%

versus 32.6% for 35-day and 70-day simulations, respectively.

Similarly for the Sevastopol eddy region (see Figure 6) where the

offshore transport is 60.1% and 56.6%. Further, low retention on the

shelf areas of the Black Sea is observed.

The findings presented here suggest that anticyclonic eddies on

the coastal side of the Rim Current provide mechanisms of

retention and limiting offshore transport particularly during

spring and summer, while the Rim Current and other mesoscale

features occurring along the shelf break tend to facilitate cross-shelf

transport (Sadighrad et al., 2021; Akpinar et al., 2022). Spawning

during summer, such as anchovy, red mullet and horse mackerel

exhibit, thereby favors retention on the shelf at that time vs fall or

winter. Timing and location of anchovy spawning thereby is likely

to enhance retention on the northwestern and northeastern shelf.

Phytoplankton concentration as measured with satellited

chlorophyll concentration in the Black Sea show big differences

between the chlorophyll-rich shelf and comparatively less

productive open regions (Sorokin, 2002). The open Black Sea

experiences its chlorophyll maximum during autumn and winter

with minimum levels found during the summer months

(Vinogradov et al., 1999; McQuatters-Gollop et al., 2008) while

the Northwest Shelf undergoes two blooms, a spring bloom

dependent upon river inflow, and a smaller autumn bloom

(Cociasu and Popa, 2005; Yunev et al., 2007; McQuatters-Gollop

et al., 2008). Therefore, the strategy of retention may be a good

survival strategy as the chlorophyll-rich shelf likely provides more

food to fish than the comparatively less productive open regions

(Sorokin, 2002; McQuatters-Gollop et al., 2008). Fish species that

spawn in spring, such as Bluefish and Turbot, that also have PLD’s

between 30-40 days optimize the possibility to be retained in their

spawning areas event more than summer spawners.

In contrast, sprat with its long 70-day PLD andwinter spawning is

more adapted to high offshore transport and low retention rates. Its

winter spawning time subjects it to conditions when the Rim Current

is strong and enhances cross-shelf transport. In addition, the very long

dispersal times of this species makes it unlikely that sprat is recruited

to the same area as where it is spawned. Sprat is known to spawn in all

shelf regions of the Black Sea up to 100 km offshore (Ojaveer, 1981;

Houde, 1989; Ivanov and Beverton, 1985) and as sprat is a cold loving

fish this may be an ideal strategy to reach different feeding grounds at

the beginning of spring and find suitable cold habitats.

It is suggested that Black Sea pelagic fish species such as

anchovy and sprat adopted different reproduction strategies

through their species-specific traits that are the spawning area,
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timing of spawning and pelagic larval duration. The larvae of spring

and summer spawners then are able utilize summer production

while winter spawners utilize winter and spring production further

offshore (Daskalov, 1999). Considering the bloom dynamics in the

Black Sea (Vinogradov et al., 1999; Cociasu and Popa, 2005; Yunev

et al., 2007; McQuatters-Gollop et al., 2008), advection offshore may

put larvae into a habitat with less food where they are more likely to

face starvation (Chashchin et al., 2015). The retention of pelagic fish

eggs and larvae (as well as their zooplankton prey) on the shelf and

in anticyclonic eddies may therefore be an important factor

influencing spawning success and recruitment for these pelagic

fish that has been supported by observations (Melnikov et al., 2024).

It may be directly impacting the pelagic fisheries that are in place by

all Black Sea riparian countries.

This study further documents the high seasonal and interannual

variability of dispersal in the Black Sea. This large variability may

influence successful recruitment of small pelagic fish in different

regions and hence may be one factor influencing ultimately

populations dynamics of these species that lead to observed

strong fluctuations in fish catch (Scientific, Technical and

Economic Committee for Fisheries (STECF), 2017). This study

demonstrates strong interannual variability in cross-shore transport

(Figure 5; Supplementary Figures S2, S3) and retention (Figure 7)

and it would be of interest to match this with equivalent data

relating to variability in spawning success. The work presented here

gives a baseline from which the impacts of future changes in the

Black Sea fish recruitment can be assessed.
5 Conclusion

The modeling of dispersal via currents in the Black Sea revealed

differences in the upper ocean transports in different regions of the

Black Sea. The interaction of the cyclonic Rim Current circling the

entire Black Sea basin with topographic features and the coastline

causes formation of mesoscale features such as eddies and filaments

that facilitate strong cross-shelf transport. This is particularly

evident at the Crimean coast and downstream along the

northwestern shelf break, where the Rim Current interacts with

topography, and near Kerch Strait.

Anticyclonic eddies on the coastal side of the Rim Current and

eddy induced mixing however tend to provide mechanisms of

retention and limit offshore transport particularly in spring and

summer. This leads to higher retention in regions such as Sinop,

Kizilirmak and Yesilirmak eddies, as well as in the Sevastapol eddy.

However, overall local retention, except on the northern part of the

northwestern shelf, is surprisingly low in the Black Sea.

It is argued that this physical environment favors very different

reproductive strategies by different pelagic fish that contribute to

their successful recruitment. Thereby sprat favors a high dispersal

strategy during winter while anchovy and other fish species with

low PLD’s such as red mullet and horse mackerel are minimizing

their dispersal to be retained in the spawning areas which can

function as nurseries at the same time.

Theoretical modeling studies such as presented here should be

considered when interpreting future recruitment variability and
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changes in population dynamics in the Black Sea and elsewhere.

Results presented here can serve as a baseline when considering the

impact of future changes on the Black Sea current system and its

impact on pelagic fish species. It is anticipated that the 100-year

return period wind speeds increase approximately 7% and 27% in

the western and eastern Black Sea, respectively, compared to the

historical period (Islek et al., 2021) likely increasing the strength of

the wind-driven Rim Current as has been observed for short periods

before (Capet et al., 2012). This will presumably increase cross-shelf

transport and could result in less retention of pelagic fish larvae in

the nursery areas located mainly on the shelf, decreasing

successful recruitment.
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