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Here we present a case study toward producing quantitative sientic advice on

the application of the EU Common Fisheries Policy (CFP) inéhBlack Sea. We
provide estimates of shing mortality rates at levels whichwill lead to rebuilding and
maintaining stocks above biomass levels that could producenaximum sustainable yield
(MSY) under the IPCC RCP4.5 future climate scenario togethevith the business as
usual (BAU) river discharge scenario. In this study, we haveplemented a coupled,
basin-scale circulation-biogeochemical model and used & output to feed a food web

model to test near-future changes that may be observed in thlack Sea ecosystem
under the in uence of contemporary sheries exploitation onditions. In order to test
model response to changes in climate and related drivers, #hfuture climate scenario
(2015-2020) simulation was compared to the present day (20D-2014) simulation.
Likewise, to test the sensitivity of the higher trophic ledvdood web model to changes
in shing pressure, a future estimate of shing pressure wasprojected based on its
respective contemporary value and applied to each sh stock Using these models,
shing mortality rates that could produce the maximum susténable yield (fsy) in future
years 2015-2020 and ensure the long-term recovery of the patory sh stocks of the

Black Sea are predicted. Future projections suggest that &lsh stock will decrease in all
the regions of the Black Sea except for sprat. Anchovy is expeted to show the highest
decrease in biomass. Analyses on fsy estimates show that a signi cant reduction
in sheries exploitation is required for the sustainable m@agement of the Black Sea
ecosystems and the related services. This study, for the rstime, presents future stock
size, Rysy, and MSY estimates for the Black Sea for 11 sh species. sy values are
generally lower than estimates of the scienti c, technicaland economic committee for
sheries (STECF), mainly because of the explicit food webteractions that the modeling
system allows to be considered.
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INTRODUCTION processes and interactions occurring in the sea and permit the
assessment of both primary and secondary e ects of climate and
Reliable predictions of changing sh stocks should involvemanagement changes on selected target species. Furthermore
an assessment of changes in environmental factors amghen driven by the outputs of coupled hydrodynamic-ecosystem
climate, as well as consideration of food web interactionamodels they can also integrate the response of the physical
Quantitative approaches for making predictions of marine shenvironment, planktonic ecosystems, and habitat to climate
stock development are mostly based on target specie(s) rathefiange Akoglu, 2013.
than an ecosystem approach. Furthermore, a methodological The Black Sea is widely accepted to be one of the basins
distinction can be made between statistical and processebasthat is highly impacted by a suite of human-induced stressors
models. In statistical approaches, empirical relationships arin addition to climate changeCguz et al., 2006 The main
developed between a restricted number of biotic (e.g., numbetressors include eutrophication and hypoxia, over shingd a
of recruits, spawning stock biomass, fodder zooplanktonjntroduction of alien species (e.&SC, 2008; Oguz and Velikova,
and abiotic parameters (e.g., sea surface temperaturejtygalin201(). Combinations of these stressors are considered to be
atmospheric teleconnections such as NAO) and observatiorthe main cause of the degradation of the Black Sea marine
of sh production (e.g.,Daskalov, 2003; Llope et al., 2011 ecosystem, which has undergone dramatic changes since the
Typically, as is the case for most stocks, biotic and abiotiearly 1970s. These changes are also highly in uenced by climate
parameters act and interact simultaneously. However, afjho change Qguz et al., 20Q6and trophic interactions Akoglu
single-species statistical approaches are helpful for uradedsty et al., 201} For example, climate change modulates primary
the parameters in the past, they tend to fail for future predioc§  production in marine systems through several mechanisms:
as the system itself is dynamic and the number of processeé#ect physiological responses of organisms to changes iarwat
and their interactions are in a state of continuous changetemperature, water column stability and vertical transport,
When revisited with new data, as in the scope of developingirculation processes which also distribute the high nutriend
management strategies, statistical approaches typicallgkbrebased waters. Without considering all these factors, it is no
down and have in general not proved useful for either sheriepossible to do an accurate assessment of the future ecosystem
or environmental management (e.ylyers and Mertz, 1993 development including sh populations, especially considering
Process-based target species models such as Individua Bageat an ecosystem under the e ect of multiple stressors is lighl
Models (IBMs) (e.g.Werner et al., 2001; Paris et al., 2)J07 susceptible to the e ects of climate change (elpney et al.,
bioenergetics models (e.gGuraslan et al., 20)4 Dynamic  201). When developing management strategies and solutions
Energy Budget (DEB) model&¢oijman, 1986, 20QGsimulate  for the Black Sea basin, it is especially important to consider th
the dynamics of e.g., feeding, growth, and metabolism,rduri e ects of the changing environment and the changing ecosystem
some or all life stages of a species, sometimes also trackiwithin a single system with interacting components.
transport of eggs, larvae, and individuals as a function of Fish stocks in the Black Sea have undergone a series of
hydrodynamic and environmental conditions. Similar to the shifts in parallel to the changes in the environment and irse
aforementioned statistical approaches, these tools onlyeadd in sheries pressure. After the depletion of large and medium
a restricted number of the processes linked to production anghredatory shes, anchovy in particular, and small pelagic sh i
are rarely tested against the actual reproductive and growtlgeneral, started acting as the top predators by the early 1970s
related dynamics of stocks. They provide useful informaiion and were exposed to a major stock collapse at the end of 1980s.
support of sheries, but only partially describe the complexify o During the last 25 years, the southeastern region has been th
interactions occurring in marine systems. As ecosystemsists  only part of the Black Sea sustaining noticeable sh stodks. |
of a large number of interacting components and processeparticular, the small pelagic shery has been limited primgaril
direct e ects of environmental change on a particular companento an economically low-value anchovy at a level generally
may be compounded by secondary e ects arising from thénigher than the maximum sustainable catch siZlECF-15-
feedback between the di erent ecosystem components. 16, 201 The remaining areas (i.e., the western, eastern,
Models of Intermediate Complexity for Ecosystem assessmeahd northern regions) have supported low sh stocks/landings
(MICE) provide a link between full ecosystem models andand have been under a gelatinous-controlled ecosystem state
single-species models typically used in sheries managemer{Oguz et al., 2001
MICE incorporate best feature of existing single-species models The recent stock assessment repo®TECF-15-16, 20)5
and has the ability to apply standard statistical methods fogave the most up-to-date status of the Black Sea shery. In
parameter estimation and can include ecological interastio this report, quantitative stock assessments for eight speufie
based on de ned objectivesP(aganyi et al., 20)4However, commercial sh in the Black Sea were carried out. Only the
studies performed using MICE also show the importance ofssessment of turbot and sprat were considered of enoughtyuali
including complex trophic interactions between species are thto conduct short term forecast. For all the other sh (i.ehiting,
need for developing food web models or “whole of ecosystemiediterranean horse mackerel, Black Sea anchovy, spiny dpg s
models” to allow evaluation of impacts on a broader set othornback ray, and red mullet) short term forecasts were not
predators Plaganyi et al., 2014; Punt et al., 2)16 possible. All assessments were considered to be of enougtyquali
Food web models not only include a broader set of interactionto de ne the status of the stocks in terms of shing mortality
among species but they also capture most of the majaiF) (or exploitation rate, E) with respect toygy (the shing
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mortality or exploitation rate required to achieve maximum The biogeochemical model is the Black Sea Integrated Maglelin
sustainable yield). System (BIMS) which includes representations of phytoplankton
The recent scienti ¢, technical and economic committee forgrowth on abiotic nutrients and light, the interaction befen
sheries (STECF) report STECF-15-16 advises that for spinghytoplankton and zooplankton communities, the microbial
dog sh there should be no directed shery and for the otherloop as well as the redox dynamics within the sub-oxic zone
stocks (turbot, red mullet, anchovy, horse mackerel, wiitend  (Figure 1). The higher trophic level model, Ecopath with Ecosim
thornback ray) catches and/or e ort to be reduced until slgn (EwE) includes representation of 11 commercially exploited
mortality is below or at the proposed/sy level, in orderto avoid sh species in the Black Sedigure 2. These are anchovy,
future loss in stock productivity and landings. sprat, Atlantic mackerel, horse mackerel, bonito, whititugbot,
This paper is designed to provide scienti ¢ input for the spiny dog sh, shad, red mullet, and blue sh. The dynamics of
future implementation of EU Common Fisheries Policy (ECthe higher trophic level organisms are driven by the plankton
regulation 1380/2013) which aims at implementing a commynit dynamics provided by the biogeochemical model as well as
system for the conservation of marine biological resourcethe trophic interactions between di erent higher trophic léve
and for the management of sheries exploitation in order to organisms.
guarantee ecological, economic, and social sustainabilitus, The domain of the physical model includes the whole of the
the results of this paper provide (i) an assessment of the currellack Sea except the Sea of Azov with a 4 km horizontal
status (2000-2014) of the Black Sea ecosystem, (ii) changgil and a 35 level, terrain-following sigma-coordinatertical
in ecosystem structure and sh stocks under a future climateyrid. It uses Mellor-Yamada 2.5 turbulence parameterization
scenario including future river nutrient load developmeB0(5— (Blumberg and Mellor, 1997 incorporates parameterizations
2020), (iii) quantitative advice on shing mortality ratebat for the water uxes at the Bosphorus and includes nine of the
would allow rebuilding and maintaining of the sh stocks ued largest rivers that ow into the Black Sea. The physical model

changing environment and climate conditions. was initialized using World Ocean Atlas elds (WOAgpcarnini
et al., 2013; Zweng et al., 20fonthly climatology and spun
METHODS up for 5 years. Then a hindcast simulation for the 2000-2014

period and forecast simulation for the 2015-2020 period were
To assess the current status of the Black Sea ecosystem Ualertaken.
end-to-end modeling system consisting of a circulation mipd ~ The biogeochemical model BIMS, is based on a 1D model
a biogeochemical model, and a higher trophic level moddpy Oguz et al. (2001and an earlier 3-D version of the model
were used to simulate the present day (2000-2014) ecosysténrnnaby et al., 20)5The vertical grid was designed to
conditions and were validated against availablesitu and ~ Pprovide su cient resolution at the surface and sub-surfacgela
satellite derived observations. To be able to forecast ggmn Where most of the biogeochemical dynamics take place. The
in ecosystem structure and sh stocks in the near futuresthi biogeochemical model contains 30 state variables thatitecl
end-to-end model was further run with atmospheric forcing four phytoplankton types, four zooplankton types, oxygen,
generated using a climate model run under the IPCC RCP4Bydrogen sul de, inorganic nutrients, and detritus in both
emissions scenario together with future predictions of rive nitrogen and phosphorus currencies as well as the carbonate
nutrient loads for the time frame 2015-2020. Below, theittetd ~ System variabled={gure 1). Autotrophs are represented by four
the modeling system are given, followed by a discussion cieino types of phytoplankton; bacillariophyta (diaton#;), dinophyta
validation, as well as a description of the di erent simulago (non-toxic dino agellates;Pr), chrysophyta (coccolithophores;

used in this study. P:), and the small phytoplankton groupP§) representing
_ picophytoplankton (e.g.,.Synechococcuspp., Prochlorococcus
Integrated Modeling System spp., picoeukaryotes) and nanophytoplankton (e.g., autotrophic

The modeling system used in the study is composed of threagellates). Coccolithophores are introduced as a separatgyg
models developed, used and validated for the Black Sea due to their special feature of calci cation (Cag@rmation).
previous EU 7th Framework Programme funded project OPEC Consumers comprise four zooplankton functional/species
(Allen et al., 201% The dierent models in the modeling groups: the microzooplankton  group with a size of
system are coupled with each other through an end-to-en& 200 mm (dominated by heterotrophic agellates and ciliates),
approach with one-way coupling where the currents, mixingthe mesozooplankton (¥ group with a size range of 0.2—2 mm
and temperature predictions made by the physical model are fef@onsisting of copepods, cladocerans, and appendicularians),
into the biogeochemical modeFigure 1). There they are used the opportunistic omnivorous dino agellate specidoctiluca

to simulate the spatiotemporal distribution of biogeocheatic scintillans(Z,) and a combined functional group consisting of
variables including plankton densities and abiotic nuttien the carnivorous gelatinous specaemiopsis leidyand Aurelia
concentrations. The biotic components in the biogeochemicaZg). The bacterioplankton group (B) decomposes particulate
model are then fed into the higher trophic level modeidure 2),  organic nitrogen ([3) and phosphorus () to produce inorganic
where they are used as resources for sh and marine mammalutrients ammonium (NH;) and phosphate (P%). The model
populations. The physical model used for the Black Sea isiacludes a simplied representation of nitri cation where
parallel implementation of the Princeton Ocean Model (POM)ammonium (NH,) is directly turned into nitrate (NQ) at a rate
called the Stony Brook Parallel Princeton Ocean Model (sbPOM@ependent on dissolved oxygen concentrations)(O
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FIGURE 1 | Schematic of the lower trophic level model setup and trophiénteractions used in the study. The model includes four phgplankton groups, three
zooplankton groups, two detritus groups, bacterioplankta and nutrients (NG, NHy4, PO4) and a detailed representation of the carbonate cycle.

Hydrogen sulde (HS) is an additional state variable Black Sea whiting Merlangius merlangus euxifjusand red
describing the redox processes across the suboxic-anoxiwllet (Mullus barbatus ponticys Anchovy is de ned as an
interface. The processes of chemolithotrophic denitri catend  ontogenetic group and is separated into juvenile “0” and adul
anaerobic denitri cation are also included in the model and“1C” life stages. Two shing types were de ned: trawlers
control the upward uxes of ammonia and hydrogen sul de and and purse seiners to represent the sheries impact on the
the downward uxes of nitrate in the suboxic zone. Processescosystem.
related to the manganese and iron cycles are not represented In addition, it includes two jelly sh; Mnemiopsis leidyi
explicitly, but are parameterized implicitly for simplicitya@on  Aurelia, pooled into one group; three detritus groups; one
dioxide (CQ) and Calcium Carbonate (CaGPconcentrations group representing sediment and two representing ammonium
form two state variables of the carbonate module. and nitrate; two phytoplankton and two zooplankton (non-

The higher trophic level (HTL) model used is the time- gelatinous, fodder zooplankton) groups; one bacteria group;
dynamic Ecopath with Ecosim (EwE) model of the Blackand one dolphin group to represent the Black Sea marine
Sea Qkoglu, 2013 (Figure 2). In this study, the model is mammals, which are composed of short-beaked common
slightly modi ed to match the biogeochemical model's trophic dolphin (Delphinus delphjs bottlenose dolphin Tursiops
structure. The model includes 23 functional groups and idruncatug, and harbor porpoiseRhocoena phocoéna
parameterized using spatial averages of the required lower The mass-balance model was setup and balanced for the quasi-
trophic level compartments and ows between them agpristine conditions of the early 1960s. The diet composition
detailed inLibralato and Solidoro (2009)The 23 functional matrix of the model was largely based on data available by
groups Figure 2), are comprised of 11 sh groups; Black stomach content analysis and compiled from FishBasedse
Sea anchovy Hngraulis encrasicolus pontigusBlack Sea and Pauly, 200)land based omkoglu et al. (2014)The speci c
sprat (Sprattus sprattus phalaerigusPontic shad Alosa model setup, concerning the input to the model as well as the diet
kessleri pontiga Black Sea horse mackerelTrdchurus composition matrix is detailed in Tables S1, S2. The initiaEE
mediterraneaus ponticys bonito (Sarda sarda blue sh  model of the Black Sea was run one-way and o ine coupled with
(Pomatomus saltatpr Atlantic mackerel $comber scombi)ys the BIMS model Figure 2) following the methodology detailed
turbot (Psetta maeotiga spiny dog sh Squalus acanthigas in Libralato and Solidoro (2009)
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FIGURE 2 | Schematic of the lower trophic level integrated higher tropic level
model EwWE used in the study. The planktonic and non-living nel
compartments as well as their related ows and uptakes are redfrenced to and
parameterized according to the biogeochemical model. The mows denote
directions of predatory and uptake ows. Functional groups &e abbreviated as
follows: Atlantic mackerel (A. mackerel); adult anchovy (&hovy ad.); larval
anchovy (Anchovy @); red mullet (R. mullet); horse mackerel (H. mackerel);
microzooplankton (zoo1); mesozooplankton (zoo2); dino agllates, diatoms
and coccolithophores (phy1); nanophytoplankton (phy?2); &cteria (Bact),
nitrate (NG;); ammonium (NH).

Model Scenarios

pressure acting on the Black Sea. This is one of ve dierent
futures of the Southern European Seas that were calculassdiba
on the Millennium Ecosystem Assessment (MEA)amo et al.,
2005. The BAU scenario assumes that fertilizer use e ciency
after 2010 does not change and is predicting continuous high
nutrient loads of Black Sea rivers.

To assess the regional impact of di erent climate scenarios,
the Black Sea was divided into ve dierent regions that
cover three coastal regions (broader northwestern shgibre
southern coast, northeastern coast) as well as the eastern an
western inner basinsFgure 3). The regions were de ned
following bottom bathymetry to divide between coastal andple
searegions. The deep basin was divided into two regionsaeds
west, roughly following the semi-enclosed circulation feasuof
the eastern and western gyre. The coastal regions wereeditid
de ne the northwestern shelf region, the region known to be a
nursery region for many shes of the Black Sea, as well as those
regions in uenced by the major freshwater input plume from the
shelf as the region between Crimea to Zonguldak on the soanther
Black Sea coast. A second coastal region was de ned between
Zonguldak and Batumi (Georgia) where the majority of sh
catches occur, so it covers the major shing area importamt fo
anchovy and other sheries. The last region was de ned tachea
from Batumi to Crimea, which is the second most important
shing ground in terms of catches following the Zonguldak-
Batumi region and exploited mainly by the Russian and Georgian
eets.

With the coupled hydrodynamic-biogeochemical model
the following simulations were undertaken. The present-day
simulation (2000-2014) was performed using the COSMO-CLM
14-km resolution atmospheric elds and the present-day river
water, nitrate, and phosphate discharge rates obtained from
Ludwig et al. (2009)and the Black Sea Commission's river
database. Thereafter, a future climate scenario (2015) 2029
undertaken using the IPCC RCP4.5 greenhouse gas emission

Atmospheric forcing for the 2010-2014 period simulation wasscenario together with the BAU river forecast scenario. The
taken from the COSMO-CLM 14-km spatial resolutioRckel outcomes of the two periods were then compared to assess the
et al.,, 2008 atmospheric elds. Atmospheric forcing of the in uence of climate variability on the ecosystem in the deche
potential future climate scenario (2015-2020) was basedhen tregions.
Intergovernmental Panel for Climate Change (IPCC) RCP4.5 With the Ecopath with Ecosim model the hindcast scenario
greenhouse gas emission scenario. This scenario represent@2000-2014) was performed using primary productivity from
future world in which emissions peak around mid-century andthe biogeochemical model and shing mortality values for
predicts a global temperature increase of about @.8y the exploited species from STECF repo&TECF-15-16, 20)@as
end of the centuryIPCC, 2013 However, considering that the forcing. The present-day simulation results were t to theata
present study is only concerned with the near-future (unfiER), statistics and Extended Survivors Analysis (XSA) stocknesés
the particular emissions scenario used in atmospheric fgresn  for sh groups from the STECF report and biogeochemical
expected to be minimally relevant. model outputs for plankton groups. The future scenario (2015—
River water, nitrate and phosphate discharge rates for th2020) was run utilizing projected primary productivity from
major rivers along the Black Sea were obtained ftardwig etal.  the biogeochemical model and constant contemporary shing
(2009)as well as the Black Sea Commission's river database. imortality values of 2014 until 2020 as forcing throughoue th
total nine rivers are considered in this study that make upeam simulation. The outcomes of the two periods were then compared
yearly discharge of 320 khyr 1, of which Danube contributes to assess the in uence of climate variability in the de negjions.
2/3rd of the discharge and the four major rivers emptying oeth  Once the EwWE model was t to observations and validated,
northwestern shelf, Danube, Dniepr, Dniestr, and Southeug,B varying sheries exploitation levels were investigated lbam
contribute 89% of the water discharge into the Black Sea. THeysy values for exploited species utilizing the EwE MSY
forecast simulation was undertaken using the “businessaalti  routine for each year between 2000 and 2020. The management
(BAU) river discharge conditions considering the anthropoige  strategies suggested in this study are based on thesesreRudt
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FIGURE 3 | Map of the Black Sea showing the ve different regions assesse in this study.

methodology applied in this study is the “multi-speciegsy’”  AVISOC (Archiving, Validation, and Interpretation of Satellite
search routine of EWE model. This routine simulates the Ettopa Oceanographic datasea Level Anomalies (SLA) regional
food web model over time under dynamic trophic interactionsproduct for the Black Sea. (http://www.aviso.altimetrgfi/
with varying shing mortalities for the functional group in data/products/sea-surface-height-products/regional/msla
question, i.e., the one for whichysy is being searched, while black-sea.html). The mean sea surface height provided by
keeping the shing mortalities of all other species as consédn Korotaev et al. (2003yas added to the AVISO elds to compute
the level of the initial Ecopath mass-balance. It runs the elod the absolute dynamic height (ADT) of the Black Sea. ADT
to equilibrium and considers the shing mortality (F) which was then used to compute the geostrophic currents that were
corresponds to the tipping point of the maximum yield agdy  compared to model surface currents.

(Marta Coll and Jeoren Steenbeek, pers. comm.). One way to validate the biogeochemical model is to compare
_ ) model chlorophylla concentrations with available satellite data.
Model Validation To do so chlorophyll data was obtained from the European

To assess model skill, a quanti cation of the mis tbetweeodel  Service for Ocean Color (GlobColor) Global product (http:/
results and observations needs to be performédli( et al.,  globcolour.info), which includes reprocessed Level 3 datan f
2009. Many studies have demonstrated the importance of using satellites MERIS, MODIS AQUA, SeaWIFS, and VIIRS for
suite of metrics for model validation, e.§aux Picartetal. (2012) the period 1998-2014. Of the dierent satellite data used to
Use of multiple metrics both aids the identi cation of di ere@es  create this product the MERIS data was produced using the
between the model-generated data and available obsengatio OC4Me algorithm, SeaWIFS data was produced with the OC4v5
and provides insight into the cause of the di erences. In thisalgorithm, and the MODIS/VIIRS data were produced using
study a suite of univariate (e.glplli et al., 2009; Stow et al., the OC3v5 algorithm. The GlobColor data set consists of
2009 metrics including RMSE (root mean square error), biasdaily maps of near-surface chlorophydl concentration (mg
unbiased RMSE, and Pearson Correlation Coe cient were useth®) with a 4-km resolution and data has been developed,
to assess the skill of and benchmark model outputs. The V@sab validated, and distributed by ACRI-ST, France. For valiugti
compared against data are Temperature (T), Salinity (S) @he biogeochemical model this satellite data set is the best
well as concentrations of nitrate (N{p dissolved oxygen (DO), available, however it should be noted that there are errors
hydrogen sul de (H2S), ammonia (NH4), Phosphare (PO4), andalready associated with this data set. The OC algorithms imsed
Chlorophyll-a (CHL). this product have been developed for case 1 waters, which are
Observational data used to validate the circulation andodies of water whose optical properties are mainly in uenced
biogeochemical models were compiled from all available datay phytoplankton and related colored dissolved organic nratte
obtained from the Black Sea database (produced followin@CDOM) and detritus degradation products and often tend to
the NATO SfP ODBMS project; http://sfpl.ims.metu.edu.tr).be waters further o shore. The Black Sea however, is mainly
The relative performance of the simulation in reproducingcomposed of case 2 water, i.e., coastal waters in uencedgsyro
observed parameters are summarized usiaglor (2001)and by inorganic substances and CDOM whose concentrations do
Target diagrams. Simulated circulation elds are additibpa not covary with the phytoplankton concentratiorisprdon and
compared qualitatively to satellite derived observatiosiagithe  Morel, 1983. Hence, these algorithms overestimate chlorophyll
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concentrations in the Black Se@iegg and Casey, 2004; Sancalcorresponding sheries exploitation and biomass levels (4d\F
et al.,, 2005; Zibordi et al., 20l3Gregg and Casey (2004) values for 21 years). This helped us to calculate what would
document a positive bias of 44% across the entire range bfve been the optimum sheries exploitation level if each gear
chlorophyll observed and especially at low concentratiomés T stock and sheries exploitation levels had been considerbée. T
overestimation is thought to be mainly due to yellow substancoptimum sheries exploitation levels were calculated sepdyat
or colored dissolved organic matter (CDOMB((renkov et al., for each year's stock and sheries exploitation levels. Agsg
2000. In addition, Cokacar et al. (200fpund high re ectance that the future stocks' progressions uctuates within their
in the Black Sea due to coccoliths that also may be causirggrresponding historical ranges, the ranges given in sectio
overestimation. In addition, when calculating time-avgpea Changes in Ecosystem Structure and Fish Stocks under Future
of % errors between the dierent satellite data sets used t€limate Scenarios provide the uncertainty of owdy estimates.
compile this chlorophyll product (not shown here) this error is
between 100 and 120% in the entire Black Sea basin. Only th@ESULTS
northwestern shelf region, where satellite algorithmditianally
do poorly due to high CDOM concentrations from riverine Assessment of the Current Status
input, displays errors below 100%, indicating all algorithrasdn  The Black Sea is characterized by a basin-wide cyclonic gyre
similar di culties detecting chlorophyll in this region. Terefore, with an intense, narrow rim current owing along the shelf
when comparing model results with satellite data this higltoer edge and a number of anticyclonic eddies along the cdagti¢
associated with satellite observations should be kept irdmin et al., 1993; Korotaev et al., 2003; Zatsepin et al.,)2q0

The HTL model validation of sh stocks was carried out by circulation structure is predominantly driven by wind steesurl
comparing model results with XSA estimates for biomass andnd modulated by seasonal evolution of the surface thermodal
catch statistics for model catclSTECF-15-16, 20)fusing a  uxes (Kubryakov et al., 2096 The physical model correctly
suite of univariate (e.g.Jolli et al., 2009; Stow et al., 2009 predicts the overall circulation characteristics of thedRl&ea
metrics similar to the physical model validation. Althougt§A  (Figure 4). The modeled rim current ows cyclonically along the
is the most widely used single-species stock assessmendanethsteep bottom topography of the continental slope as expected,
it is tightly coupled to catch statistics and assumes thatlcat but is slightly faster in speed than the rim current derivednfr
and catch-at-age data are xed. Biomass is estimated basedtellite data and there is a discrepancy between model and
on this and the presence of a tuning index, whose value igbservations in the area east of the Crimean Peninsula where
assumed to be proportional to biomass at sea. This methothe model predicts currents that turn north after passing the
includes uncertaintiesShepherd, 199%lso it excludes explicit peninsula instead of continuing directly west. Furthermava,
trophic interactions and summarizes all the food web-ralate the northwestern shelf, model deviates from the observedon
processes in one single empirically calculated term, naturahe northern part of the shelf where the modeled currents ow
mortality. Mechanistic trophic models however, such as Eworthward and eastward near the northwestern cost instead of
used in this study, include explicit representations of prey-owing south and west as in the satellite derived elds. Thias
predator interactions in the food web. Beyond that, statety found to be due to the discrepancy between the observed and
the tof the model to the data were assessed using sum of eguarmodeled wind elds in the area and leads to model uncertainty
deviations (SS) of log estimates of biomass and catchessagaiin the northwestern shelf.
the log data of biomass and catches of sh species and Akaike Models skill is best for the physical variables, T and S and
Information Criterion (AIC). also for oxygen Kigures 5A,B. The presence of oxygen is a

Considering that the EwWE model was used to produgey crucial factor in determining the biogeochemical reactdhat
estimates, which the management advice from this studydedba take place within the Black Sea, and therefore it is important
on, a Monte-Carlo type parameter search routine was carried ouhat the model is able to predict oxygen and hydrogen sul de
for the base Ecopath model parameters. The initial parameteoncentrations relative accurately. Phosphate and amnmoniu
of the Ecopath model (i.e., production per unit of biomasscorrelate better with the data compared to nitrate; the biés o
and production per unit of consumption) were ranged within a modeled nitrate is higherHigures 5A,B. Comparison of chl-a
given coe cient of variation (10%) and the Ecosim model for concentrations with satellite data shows that the model ig ab
the hindcast period (2000-2014) was run and its output wato reproduce the seasonal bloom dynamics in the Black Sea
compared against the biogeochemical model outputs as well &sot shown here) with low chlorophyll concentrations during
XSA and catch statistics data to obtain better values for theummer, the phytoplankton bloom starting in fall (September—
parameters. This approach provided a better t for the dynamicOctober) and continuously high chlorophyll concentrations
Ecosim model to the reference data, hence, addressing somering winter (Nezlin, 2006; McQuatters-Gollop et al., 2008
uncertainty due to our parameterization. The nal values dise Concentrations decrease again in winter with the onset
for simulations are given in Table S1. of strati cation. The dierence in chlorophyll concentratio

In addition, as discussed in section Changes in Ecosystebetween model and satellite observatiorfSg(re 6) shows
Structure and Fish Stocks under Future Climate Scenarios wegional di erences in model skill. The two open sea regions 4
provided uncertainty ranges of our estimates. To obtain thend 5 show a good t with observations indicating high model
given ranges, we carried out they&y estimation routine for  skill, whereas in the coastal regions of the Black Sea wingrt
each year in the whole simulation period by utilizing eachrgea increasesKigure 6). Highest discrepancy is found in the coastal

Frontiers in Marine Science | www.frontiersin.org 7 November 2017 | Volume 4 | Article 339


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Salihoglu et al. Black Sea Fish Stocks Evolution

27°E  30°E 33°E  36°E 39°E 42°E 27°E  30°E  33°E 36°E 39°E 42°E

[ |

0 10 20 30 40 0 5 10 15 20 25
current speed [cm/s] current speed [cm/s]

FIGURE 4 | Comparison of (A) model surface currents (cm/s) with(B) geostrophic currents (cm/s) computed from satellite derive absolute dynamic topography. In
both plots, the currents were time averaged for 5 years (201:e2014).
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FIGURE 5 | (A) Taylor diagram showing model-data comparison of the lowerrbphic level model hindcast simulation with data obtainedrém the Black Sea data base
(http://sfpl.ims.metu.edu.tr). The angle describes the coelation between model and data, the distance from the oriig is the normalized standard deviation and the
dashed circles around reference point (1) on the x-axis de nethe root mean squared error.(B) Target diagram of model-data comparison. The y-axis corrgsonds to
the normalized bias, the x-axis corresponds to the unbiasedRMSD (root mean square deviation).

areas of the northwestern shelf speci cally along the Damivee  the complexity in the circulation and biogeochemical dynasnic
mouth, which corresponds to region 3 in this study. Part ofthi of the Black Se&{rotaev et al., 2011; Miladinova et al., 2016
large error is due to satellite estimations of chlorophybggly Modeled biomass values of sh generally show good t with
overestimating chlorophyll concentrations in coastal oegi the data Figure 7). Apart from catches of sprat and predatory
(Oguz and Ediger, 2006 This is especially the case for the shes; blue sh, bonito and Atlantic mackerel, the HTL moelel
Black Sea, given the algorithms used in the GlobColor datestimated catch values also show good model skiiure 7).
product. However, in part this error is due to model circulatio Considering sprat, the highest deviations (S20) come from

on the northwestern shelf which is not moving cyclonically a ts of sprat catches, for which the XSA biomass estimates
observed but rather water is transported northeastwardjcaty  were high but catch values reported were low compared to the
production levels at the western coast. Model mis t in region 1predicted biomass and the shing mortality estimates fromAXS

is rather low, the model produces slightly less chlorophydirth analysis. This suggests that the catches could possibly be much
observed. While in region 2, close to the northeastern Blachkigher than the reported amount, or that the XSA biomass and
Sea coast the chlorophyll values are overestimated by thelmod shing mortality estimates include high uncertainties. @&same
Similar mis ts are common among Black Sea models because ofay be suggested for anchovy as well. lllegal, unreported and
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great variability in production between dierent regions and
years, as well as seasonal variability. Region 3, the nostame
shelf region, shows the largest range in anomalies followed
by the two inner basin regions 4 and 5. All net primary
production anomalies are mainly negative after 2014 with
region 3 again being the most extreme case with the highest
variability (Figure 9A). All regions show the same general trend
in anomalies during the future simulation and that is a slight
increase until 2017, a sudden drop in 2018 and increase in
anomalies thereafter.

Mesozooplankton biomass variability in the ve regions
(Figure 9B), which is considered as the main food source for
small pelagic sh, also show that region 3, the northwestérlfs
has the largest range, followed by the other coastal regiamsl 1
2. The strong variability of net primary production in region 3
translates into mesozooplankton as well, as expected. Aimsgi
show the same general trend in mesozooplankton biomassdurin
the future simulation and that is a slight increase until 201
FIGURE 6 | Absolute difference between model and satellite chloropHly a sudden dI’Op in 2018 and increase thereafter. Di erently’
concentrations averaged over 5 years (2010-2014) in mg/ma3. mesozooplankton biomass in regions 3, 4, and 5 decrease from
2014 to 2018 and only increase in 2019.

Net primary production (NPP) shows an overall decrease in
unregulated (IUU) catch is a common practice in the Black Seg| regions for the future periodTable ). Much of the reduction
especially for the Turkish shing eet, which constituteseth i, NPP s along the western coast of the Black Sea, the central
majority of the shing e ort and the catches in the Black Sea.pasin and also along the northeastern codgitygre 104). At
Particularly for small pelagic sh such as sprat and anchovythe same time, future NPP increases in the northern part of the
IUU catches were shown to be very higtilnan et al., 2018 northwestern shelf and to a rather small extent in the wester
Hence, the model simulated catches can be considered to bgntral gyre. Lowest overall reduction occurs in the wester
compgratively more realistic than what is reported by sherie gyre of the basin, region 4{gure 10A Table 1). Zooplankton
statistics. _ _ _ biomass Table 2 follows this reduction in primary production

Predatory sh do not have estimated shing mortality values gjthough the magnitude of decrease is more pronounced (22 vs.
therefore the shing mortality values calculated for theti@l  1094). The spatial pattern of increase and decrease of zooptankto
conditions of the model (i.e., of year 2000) were used astaotis fg|lows that of net primary production Kigure 108 as can
throughout the hindcast simulation period (2000-2014). Ben pe expected. Strongest increase in biomass occurred on the
the deviations of model results from the catch values given ingrthern-central northwestern basin, while a decrease wecdu
STECF-15-16 (2015pr these sh are the main reasons of the gt the very northern part. Strongest decrease was in a widé ban
total deviation scores calculated for the hindcast scen@5 along the western coast extending along the southern ceastb
14 for Blue sh catches, SS 14 for Bonito catches and SS82 (Figure 108B.
for Atlantic mackerel catches). Apart from the catches ofsthe Despite an average decrease in forecast averaged NPP values
four sh species, the model skill was high (8805, AICscor®  tor the sub regions Table 1), in general, most sh stocks
103, against 408 AIC points). are predicted to show an increase after 20Bgire 11).

In addition, the statistical properties of the model simubeti  These increases are correlated to the NPP anomalies shown in
given in Figure 8 showed uncertainty of simulation results of Figure 9A. However, when the overall biomass of future stocks
di erent groups in reproducing the XSA estimates and catchyom 2015 to 2020 is compared with the past stock biomass
sta_ti_stics. The simulation results ofbiomass_ and catch_&sloot, (2000-2014), a decrease occurs for all the species except sprat
whiting and dog sh show better con dence in correlation v@s  oyr results show that when shing mortality levels are kept at
compared to other groupsHgure 8). However, although other |eyels of 2014, stocks will gradually increase although vieead
groups had low correlation values with the compared data, thgiomass will not exceed the past average levels. Sprat shows
RMSE and bias values were comparatively low (RMSE slighiliie nighest relative increasgigure 11) because of low shing
above 1 and bias of about 10-20%) for the majority of th‘?nortality rates during the future period.

groups except for horse mackerel and turbot catches, andnghiti  podel results suggest that stocks of species such as

chlorophyll concentration difference [mg/m3]

biomass and catches. horse mackerel, bonito and blue sh will continue decreasin
. . (Figure 1) if current sheries pressure is continued. This

Changes in Ecosystem Structure and Fish indicates that shing mortality will have a stronger e ect on

Stocks under Future Climate Scenarios these species than food web interactions (e.g., increaseliosy

The temporal evolution of net primary production anomaliesand sprat biomass). Considering the sharp decrease of horse
in the ve regions de ned in this study Kigure 9A) show mackerel stocks, food web interactions come into play and
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FIGURE 7 | Hindcast simulation results of the EWE sh model and ts to the satistical catches and conventional statistical stock assssment predictions. Stars
denote the compared data and lines are the simulation resudt X-axis denote years and Y-axis denote catches (Y.) and hioasses (B.) The units are in kilotons.

predation by whiting and turbot contributes to this decreasedue to the long life-cycle (low P/B in the model) of dog sh and
Dog sh also shows a continuous decrease despite lower shinigs high by-catchBSC, 2008

mortality values, caused indirectly by high by-catch. gase Modeled sh biomass shows distinctive di erences across
in anchovy biomass during 2018-202Z8igure 11) will not be  regions although the initial sh biomass and sheries pressu

su cient to start a recovery of dog sh stocks as well as horsewere assumed to be homogenously distributed. In the future in
mackerel because from a trophic perspective, whiting and turball regions sh biomass is expected to show a high fractional
outcompete these two species in exploiting the resources.id hisdecrease compared to present levels other than sprat and, to
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FIGURE 8 | Taylor diagram showing comparison of the higher trophic lest model hindcast simulation with data obtained fronSTECF-15-16 (2015) The angle
describes the correlation between model and data, the distace from the origin is the normalized standard deviation anthe dashed semi-circles around reference
point (REF) on the x-axis de ne the root mean squared error/diance (RMSD). The labels at the bottom of the gure show summar statistics of groups with negative

an extent, anchovyHigure 12A). However, these small factional shad, bonito, blue sh, and Atlantic mackerel. Model-based
changes in anchovy and sprat translate into a high biomadsysy values for anchovy and red mullet are close to the
change Figure 12B. Sprat and anchovy in region 3 are the STECF estimations although STECF estimates may includhe hig
only stocks expected to increase in the future. Small speciescertainties $§TECF-15-16, 20)5These uncertainties stem

(i.e., anchovy and sprat) and red mullet stop their decline anfrom the single-species stock assessment method, XSA used by
start an increase after 2017 whereas larger species (damtid\t STECF which ignore explicit trophic interactions in the foodlw

mackerel and horse mackerel, whiting, blue sh, bonito) tone
to decrease in all regions until the end of 20Zg(re 11).

However, they still represent the best catch data-basedesalu
available. On the other hand, model-based estimates fort,spra

Biomass of these species are highest in region 1 followed lpg sh, whiting and turbot catch were lower compared to the
region 3 which experience the highest NPP and zooplanktoSTECF values.
levels Figures 9A,B. Results show that sprat is the only species

that may show an overall increase in the futuféigure 11),
if 2014 sh mortality values (cf. section Assessment of iRigh
Mortality Rates) are maintained.

Assessment of Fishing Mortality Rates
Fisheries mortality rates for the years 2000 to 2(Higure 13
indicate all stocks were exploited above their sustainaels.

DISCUSSION

The observed decrease in NPP in the biochemical model is
in agreement with other modeling studies using future climate
change scenarios such as the comparison of four di erent global
models that predict lower net primary production rates for

future (2012-2100) climate under IPCC's emission scenario

Exploitation rates were close to 1 for most stocks; especialRCP8.5 i(aufkotter et al., 2015, 20).6Several other studies
high for anchovy, horse mackerel, turbot, whiting, red mylle of the global ocean projected global marine net primary
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FIGURE 9 | Time series of modeled(A) net primary production anomalies (mg C m2 d 1) and (B) mesozooplankton biomass anomalies (mg C m2 d 1) inthe ve
different regions.

production to decrease in response to future climate chang®BLE 1 | Regional fractional changes in biogeochemical model vatiges
(Bopp et al., 2001, 2013; Boyd and Doney, 2002; SteinacHepveen periods 2010-2014 and 2015-2020 in different regios.

et al., 2010; Marinov et al., 2013; Cabré et al., ROlHe main
mechanism that has been suggested to explain such decrease
was increased strati cation of the water column and hencewrp 0.10 0.11 0.09 0.10 0.05 0.11
reduced supply of nutrients to the surface lay&opp et al., zooplankton ~ 0.22 0.20 0.19 0.16 0.11 0.24
2001; Steinacher et al., 201The reduced nutrient availability
caused decreased phytoplankton growth and therefore reduced

net primary production. In addition, increased grazing pregsu  The Black Sea ecosystem function is regulated by bottom-up
caused by warmer water temperatures may be of importanasontrols since the onset of 19708&skalov, 2002; Gucu, 2002;

of reduced net primary production as wellLgufkotter et al., Oguz, 2007; Akoglu et al., 2014This regulation mechanism
2019. A similar reduction in production has been observed andwas also observed in the hindcast simulation of this study.
predicted for future climate in the Indian OceamRéxy et al., Small pelagic sh stocks; i.e. anchovy and sprat, are in uenced
2019. It is important to note that most of these predictions by the changes in the primary productivityFigures 7. 9A).

show spatial variations in net primary production increased an This direct e ect of NPP is also known to occur for small
decreases over the area investigated, which also occumred gelagic sh on a global scal@lanchard et al., 20)2In years

the current studyHolt et al. (2016)show spatial variations of when net primary productivity was higher than the long-term
net primary production for a far future simulation (2100) for average (years 2005-2007 and 2011-2013) increases in the
dierent European Seas which amount to a net decrease ifespective small pelagic sh stocks were observed. The nubdele
production only for the northeast Atlantic, contradictinguo  sprat stock changes matched the peak observed in 2005 as
nding for the immediate near future. reported in BSC (2008) A similar peak was also simulated

Basin Region1l Region2 Region3 Region4 Region5
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FIGURE 10 | Fractional change of(A) Net Primary Productivity,(B) Zooplankton biomass between the present (2010-2014) and ture (2015-2020) periods. Negative
values mean a decrease in the years 2015-2020.

TABLE 2 | Model predictions of shing mortality (fssy) and maximum sustainable Considering the steady decrease in stock of horse mackerel,

yield (MSY) for sustainable sheries exploitation of sh grges in the Black Sea a medium pelagic sh mainly feeding on zooplankton, anchovy

and their comparison to the gy values reported inSTECF-15-16 (2015) and sprat, the observed and modeled dynamics were contrary to

Species Fusy (this study) F sy (STECF) MSY (tons, this study) the ones observed in the stock increases of sprat and anclyovy b
2020. This could partly be explained by the resource limitafton

Atlantic bonito 0.27 - 5,317 horse mackerel considering the high harvesting pressuréackB

Blue sh 0.26 - 1,599 Sea shing eet on small pelagic sh whenever their respective

Atlantic mackerel 0.03 - 33 stocks uctuate for an increase so that not enough resources

Whiting 0.25 0.79 4,941 were left for horse mackerel. In addition, the other predator

Turbot 0.49 0.26 1,136 of small pelagic sh (i.e., whiting and turbot), which haveelne

Red mullet 0.52 0.64 2,638 observedto uctuate with the changes in small pelagic stttk

Spiny dog sh - - - also predate on horse mackerel. The model shows a decrease in

Horse mackerel 0.34 - 8,910 red mullet biomass, consistent with the high historical baott

Shad 0.44 - 37 trawling pressure red mullet stocks have been subjected to in

Sprat 0.32 0.64 148,518 the Black Sea, especially on the narrow continental shelef t

Anchovy Ad. 0.41 0.49 267,459 southern Black Se®GC, 2008 Dog sh is not directly targeted

by sheries; however, shing mortality is caused by by-tedand

this pressure was found to be high enough to cause a continued
decrease in its stock.

for anchovy stocks, leading to a very high simulated catch During the forecast simulation, all regions showed an ayera
for the years 2005 and 2006. Excluding these high productiodecrease in NPP, however there was an increase in NPP and
periods, small pelagic sh stocks declined under the impactooplankton during 2018-2020 after overall low values in the
of status quo sheries exploitation, which has been claski e preceding yearsHigure 9). Modeled anchovy result&igure 11)

to be “intense” by many authord@skalov, 2002; Oguz, 2007; mirror the impact of these changes in mesozooplankton biomass
Llope et al., 2001 Such increases in system NPP act asnd their regional di erencesHigure 9. For example, in region

a mitigating factor for the overexploited small pelagic sh3 anchovy showed the highest increase after 2017 in paralkel t
stocks without which they would collapse under conditionshigh increase in mesozooplankton and in region 1 this inceeas
of continuous overexploitation. Similarly, simulated préata  started with a delay. These results show that the productiod, a
of small pelagic sh stocks, e.g., whiting and turbot, alsahus climate, can a ect anchovy stocks in similar magnituees
bene ted from the respective increases in their prey despitehie  sheries pressure.

sheries pressure. However, this was not observed for sitadla ~ Species such as turbot and whiting, which feed on small
pelagic piscivorous sh, i.e., blue sh, Atlantic mackerehda species including anchovies and sprat, also su er the e ect of
bonito, because of the extremely high exploitation ratesy thedirect food web interactions. However, indirect interacisoalso
were exposed to and their longer life cycles (low P/B in théiave an e ect in the form of resource competition with dog sh
model). and horse mackerel. Compared to horse mackerel, which also
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FIGURE 11 | Forecast simulation (2015-2020) results of the EWE sh modedf the BAU scenario. X-axis denote years and Y-axis denote @nges in biomasses (B.)
The units are in tons km 2. Colors denote different regions as explained in the top rig panel.

occasionally feeds on anchovy and sprat, turbot and whitegeh regions during 2018-2020 due to an increase in their prey as a
an advantage because in addition to sprat, they prey on horsmnsequence of increased system-wide net primary production
mackerel as well. In the case of dog sh, its long life-cyclegso Larger species continued to decrease during the whole
a signi cant disadvantage over its competitors. Their bi@sa forecast period because of their extreme over-exploita#dso,
continued to decrease after 2015 but an increase occurrafl in these species are limited by resources that prevent theikstoc
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FIGURE 12 | (A) Fractional and(B) absolute change in biomass (tonnes km2) of different sh species for the ve different regions of inteest between the present
(2010-2014) and future (2015-2020) periods. Negative vads mean a decrease in biomass for the years 2015-2020.

from recovering. Any stock increase of small pelagic sh imew data are obtained with every concluding shing seasad, a
immediately exploited by sheries and very little is left t@ b nally carrying out a re-analysis with the complemented datas
utilized by piscivorous sh within the food web of the BlackaSe to produce a strategy for the forthcoming shing seasons. In
ecosystem. Such indirect trophic impact of sheries withireth addition to this strategy, improving the quality of the stdits
food web was also shown hijanowicz and Puccia (1990) collected by the Black Seas non-EU riparian countries bigthtr
This study, for the rst time, presents future stock size,constraining the landings to designated areas where catch o
Fvsy and MSY estimates for the Black Sea for 11 sh speciesach vessel is recorded and registered would help to dectease t
(Figure 13 Table 2. In agreement withSTECF-15-16 (2015) uncertainty in the management strategies.
our results suggest that only sprat in the Black Sea is cuyrent  Another important consideration is the uncertainty in the
being exploited at a sustainable rate. Adjusting shing e twt  results reported in this study. We have addressed the unogyta
meet the Iysy is generally problematic because it is di cult to in the inputs and parameters of the model as detailed in section
determine the mortality created by a eet with varying stin Model Validation, as well as the uncertainty at each trophvele
time every season under the simultaneous uctuations o€lsto (section Assessment of the Current Status). Moreover, thét me
size. Therefore, as a management strategy itis practicalt@é  of this study is that it provides a range of values by considgrin
maximum allowed catch limit, i.e., total allowable catcfiB8C)  the uncertainty in the HTL model results for its management
or MSY, to control the shing e ort and the mortality that advice. A range ofjrsy values are provided by assuming that the
it imposes on the exploited stocks. In this study, we proposaistorical uctuations of the sh stocks observed in the llicast
MSY values Table 2 as basis for de ning TAC limits for the scenario are the predictors of the intrinsic uncertainty tmet
sh stocks of the Black Sea. Excluding sprat, the estimatdsrecast scenarios of the model and the ecosystem. Thus, we
provided here are lower compared to the average catch over tipgovide a range of suggested exploitation levels togethdr wit
hindcast period (2000-2014) underlining that the stocksehavuncertainty levels of each sh stock estimations which heger
already been exploited above their sustainable levels @also done before in any sheries management advice study in the
shown in Figure 13. We hypothesize that sprat stocks couldBlack Sea.
be underexploited when biomass estimates frEBFECF-15-16 Fishing mortality estimates from XSA and multispecies
(2015)and this study are considered. trophic models are fundamentally based on the same
There are two potential reasons for mismatch in model versumformation, the reported catch. But while XSA includes
STECF estimatesFigure 7). First, an important uncertainty trophic relations in only one implicit term, the natural moitgy,
in catch estimates is the IUU catches in the Black Sea asultispecies trophic models extend much beyond this and
discussed (section Assessment of the Current Status)a@ege our model explicitly incorporates full trophic (predator-prey)
hypothesize that the disagreement stems from the incorpamati interactions in the food web capitalizing on the literaturatd
of trophodynamics in calculations of theygy estimates, which on diet and stomach contents. Our proposegdy estimates
is absent in the single species based STECF estimates.orberef(Table 2 are lower, and hence more conservative, than those
here we provide a range ofygy estimates. The lowestysy proposed by STCEF-15-16 (2015), which is due to the di erences
values suggested here can be considered as a base in managindpe approaches of two studies detailed above, among which
the Black Sea sh stocks and new estimations should be made & inclusion of trophic interactions in this study. This sty
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FIGURE 13 | Exploitation rates (E, dashed line) and shing mortalitie$(dotted line) for the modeled sh groups during the hindcas(2000-2014) and forecast
(2015-2020) simulation periods. The gray shaded areas dem® the range bounded by the minimum and maximum values of fzgy predicted by the model.

also provides fzsy and MSY estimates for the stocks of pelagic Total allowable catches or shing opportunities, are catch
piscivorous sh; bonito, blue sh and Atlantic mackerel, for limits that are set for most commercial sh stocks. At present
which these estimates have never been scienti cally dpedlo the Black Sea is missing multi-annual plans for setting basde
Managers should be provided with evidence-based informatioTACs. There are examples from other regions of how models such
showing the need to sustain su cient prey sh in the ecosystemas Ecopath with Ecosim are used to evaluate TACs across multiple
in order to support the dynamics of charismatic (i.e., predgjor species by being utilized as management strategy evaluatitn

sh species of their particular marine ecosystem consideringGruss et al., 201&nd references therein). There are also other
indirect trophic impacts of sheries within the food weB\koglu  advances in food web models for marine systems for guiding
et al., 2014or the Black Sea andlanowicz and Puccia, 1996r sheries managementgmith et al., 2011, 2015; Shin et al., 2012
theoretic background). Otherwise, an ecosystem-wideaps# Our work adds on to these e orts by proposing TAC values until
as previously experienced in the Black S@au(z et al., 2002 2020 based on an integrated circulation-biogeochemicaleho

is inevitable. Our proposed management criteria will allow thehat includes the e ect of environmental and climate variaiso
recovery of these sh species of the Black Sea, i.e., blue sh, Even though our model includes species interactions togethe
bonito, and mackerel, in addition to ensuring the sustaileab with the e ect of environmental and climate variability, retsu
utilization of other sh stocks in the long-term. include uncertainties based on the included model forcing a
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assumptions in model structure as well as parameterizatiowhich has ever been ine cient since the onset of the 1970s
(see section Model Validation). Ecosystem models are vesfter the overexploitation of these shes during 1950s and
useful tools for sheries management, especially in presgnti 1960s.

the ecosystem under given conditions and for scenariortgsti The e ect of gelatinous carnivores is implicitly included
however, their results should be viewed and used consigé¢hn@ in the model by de ning the jelly sh group in the HTL

uncertainties. model according to the simulation outputs of the biochemical
models' gelatinous carnivore compartment. A fully (two-way)
CONCLUSIONS coupled model would allow an assessment of direct and intirec

competition between the gelatinous and sh species. Also models

This study presents the evolution of Black Sea sh stocks unddhat include feeding and migratory behavior of sh are nee¢de

changing trophic, environmental, and climate conditionstibo Petter assess the regional di erences and to provide manageme

for the past 15 years and projects these estimates until 202@Ptions at a regional scale in the Black Sea. At the moment,

Here we show the e ect of primary production and secondary"eg'ona| quanti cation that we provide includes only regein

production versus sheries pressure in reguiating the shckt® environmental and climate impaCtS whereas di erences in sh

Results show that changes in planktonic production have a tlire§tocks due to migratory behavior are neglected. E orts to tive

e ecton small pelagic sh even under the high sheries pressurefully coupled models of biogeochemistry and food web are

For example, anchovy and sprat stocks are directly in uencenderway (e.g.Akoglu et al., 2015; Disa, 201as well as sh

by the uctuations in net primary productivity. During years models that include behavior (e.g:pwen and Sponaugle, 2009;

of higher-than-average NPP, these stocks increase eveer unaU €t al., 2013; Guraslan et al., 21However, the modeling

high sheries exploitation levels realized during the hiade community is limited by dependable observations. Reliabte da

period. On the contrary during years of average or loweron zooplankton levels as well as sh stocks and catch is crtial

than_average NPP, these stocks decline indicating thagiifty reduce the Uncertainty of integrated models that can be ueed t

Hence, management advice should be developed consideriRfPduce management options.

both the productivity of the system and the sheries explaiat

levels, otherwise, unexpected collapse of these stocks mght AUTHOR CONTRIBUTIONS
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