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Controls of Multiple Stressors on the
Black Sea Fishery

Temel Oguz *

Institute of Marine Sciences, Middle East Technical Univeitg, Erdemli, Turkey

Black Sea is one of the most severely degraded and exploite@ige marine ecosystems in
the world. For the last 50 years after the depletion of largenedatory sh stocks, anchovy

(with the partial contribution of sprat) has been acting ashe main top predator species
and experienced a major stock collapse at the end of 1990s. Aér the collapse, eastern
part of the southern Black Sea became the only region sustaing relatively high anchovy
catch (400,000 tons) whereas the total catch within the resof the sea was reduced to

nearly its one-third. The lack of recovery of different shtecks under a slow ecosystem

rehabilitation may be attributed, on the one hand, to inapmpriate management
measures and the lack of harmonized shery policy among theiparian countries. On
the other hand, impacts of multiple stressors (eutrophicabn, alien species invasions,
natural climatic variations) on the food web may contributéo resilience of the system
toward its recovery. The over shing/recovery problem thezfore cannot be isolated from
rehabilitation efforts devoted to the long-term chronic dgradation of the food web

structure, and alternative shery-related management mesures must be adopted as

a part of a comprehensive ecosystem-based management stratgy. The present study
provides a data-driven ecosystem assessment, underlinese key environmental issues
and threats, and points to the critical importance of holist approach to resolve the
shery-ecosystem interactions. It also stresses the tranBoundary nature of the problem.

Keywords: Black Sea, climatic variability, ecosystem, sher y, multiple stressors

INTRODUCTION

At global scale, evidence is unequivocal for multitude afrdies on ocean biogeochemical cycles
and ecosystems due to ocean warming, acidi cation, and ggemation in response to the rising
atmospheric CQ levels Hoegh-Guldberg and Bruno, 2010; Doney et al., 2012; Bopp, &l3;
Poloczanska et al., 201Zoastal, shelf, and semi-enclosed seas providing impbeeomnomic
resources experience additional stressors arising frorfotted/regional natural climatic variations,
eutrophication, eutrophication-induced changes (such asdiaation, de-oxygenation, loss of
biodiversity, degradation of food web, etc), over shingdaalien species invasio(ldt et al.,
2019. For these ecosystems, both £8hd non-CQ related stressors acting together have potential
to alter trophic structure, food-web dynamics, energy andterial ows, and biogeochemical
cycles and thus impact considerably the ecosystem serdcésians, as in the case of Baltic
Sea (liiranen et al., 2013; Jutterstrom et al., 2)TFhe Black Sea o ers one of the best examples
for how the multiple stressors act together to alter its estay structure through regime shifts
(Daskalov et al., 2007; Oguz and Gilbert, 2007; Oguz and M&likk010; Llope et al., 2011; Akoglu
etal., 2011

The Black Sea is a nearly enclosed and zonally elongated \wiéBithe zonal dimension of
about 1,200 km and the meridional dimension varying from &@®on the western side to 250 km
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toward the eastern sidé=igure 1). It has a limited interaction Georgian, and Russian catches. The same aggregation is also
with the Aegean Sea through the Turkish Straits System.dism applied here after 1990 for representing the cumulative lagdin
bathymetric feature is the presence of a narrow shelf (gdlgerafor the northern and eastern regions. Similarly, the Romania
less than 20 km) and steep topographic slope (generally leaad Bulgarian landings are aggregated for representing tota
than 30 km) around 2,000 m deep interior baskidgure 1). The  shery of the western region. The Turkish eet was able to
northwestern part of the sea characterized by a fairly widdfsh operate in Georgian waters after 1995 1(dsen and Toje, 2008
and its connection to the deep western basin through a widetherefore, some of the catch realized in the Georgian EEZ is
topographic slope zone. The width of the western shelf gradualiyncluded in the Turkish landings statistics. Anchovy spavenin
reduces toward south and nally terminates to the east of thestock biomass data after 1990 is taken fr&mECF (2015)
Bosphorus Strait exit regiorF{gure 1). The Black Sea receiveswhereas its earlier part is provided Bhlyakhov and Daskalov
fresh water inows all around the basin but the important (2009) All the other data sets are provided by the Black Sea
ones discharge into the northwestern coastal waters. TherRivCommission data base that was used for the preparation of the
Danube being one of the largest rivers in Europe introducedbtate of the Environment ReporBGC, 200Pand may be made
dramatic e ects on the Black Sea ecosystem. available to readers by the author up on request. Chlorophyll
The most recent in-depth ecosystem assessment has beerconcentrations are retrieved from the monthly composite
provided by the State of the Environment Report published bycean color satellite data; the SeaWiFS sensor prior to 2002
the BSC (2009)and the shery—specic assessment BpO (9 km resolution) and the MODIS sensor (4 km resolution)
(2016) The present study complements them by providing aafterwards.
data-driven holistic ecosystem assessmentthat syndwesie
available data used for the BSC assessment, provides atiesverv

picture on the transformations of the Black Sea ecosyste@ONTROL OF THE ECOSYSTEM BY

since the middle of the previous century, and describes thﬂ\IDIVIDUAL STRESSORS
changes in shery characteristics in harmony with the impact

of multiple environmental stressors. Gathering historicaita  Stressor 1: Climatic Variations
and synthesizing existing knowledge may help to reconstrucThe physical characteristics of the upper layer water column
historical baselines for understanding individual and adative  above the base of the permanent pycnocline experienced distinct
impacts of disturbances on the ecosystem, especially ovgron decadal-scale oscillation®©guz et al., 2006; Piotukh et al.,
(e.g., decadal)—time scales. The objective isto providemtisc ~ 201). The sea surface temperature (SST) is usedhere as a proxy
basis and justi cation for an implementation of ecosystemwele for describing climatic variability. It indicates a rekaly mild
management strategy to improve not only its shery but alsocooling phase (0.%) during 1960-1980 and a subsequent more
general health of the ecosystem as an alternative to thergresgoronounced cooling phase identi ed by the winter (December—
approach of managing sh species independently. March) mean sea surface temperature (SST) changes as high
Following the major characteristics features of climateas 1.5C during 1980-1993Figure 2). Similar variations are
variability and the past and present states of shery, the prese also observed in the summer-autumn (May—November) mean
study describes the characteristic features of nutrienérov subsurface CIL temperature eld={gure 2). They are followed
enrichment and alien species invasions. Then, it describes tby an equally pronounced warming phase during 1993-2014.
major changes in ecosystem state during the last 50 yeasdlyi They imply a clear signal of climatic changes within the
it identi es the major knowledge gaps in relation to ecosyste upper 100 m water column above the permanent pycnocline.
level management strategies (what to do and how to proceethe climate-induced temperature changes are related to
forward) and gives the concluding remarks. strengthening of the NAO; its positive phase resulting in cglde
drier, and more severe winters contrary to the simultaneous
wetter, warmer, and milder winters over the northwestermdfe
MATERIALS AND METHODS and the Eastern North Atlantic OceanOguz et al., 2006
The subsequent warming trend starting by 1993 up to 2001
The SST comprises monthly mean data compiled by Hadleyncreasesthe SST and CIL temperature back to their formetdev
Centre, UK Met O ce (http://badc.nerc.ac.uk/data/hadisst).  prior to the 1980. Afterwards, both SST and CIL temperature
consists ofn situ measurements as well as Advanced Very Highundergoes to a decadal scale oscillation with an amplitude of
Resolution Radiation (AVHRR) satellite productsgyner et al., 1.5 C between the minimum at 2005-2006 and the maximum
2003. The mean Cold Intermediate Layer (CIL) temperatureat 2010-2011, followed by a decreasing trend. The important
data are given bigelokopytov (2011)This data set yields based point to note here is that such pronounced decadal scale
on the monthly mean data constructed from all the availabléemperature variations after 1980 match with the intensiioa
measurements performed within the interior part of the basinof eutrophication and shery and large population increasehsf t
by averaging its values less tharC8 The yearly landing data alien speciednemiopsis leidyiThe temperature changes may
on the basis of countries report were obtained from the Semntroduce strong impacts on the Black Sea ecosystem through
Around Us project (SAUP) database (http://www.seaarounduglirect changes in species physiological characteristics and
org). In the SAUP database the Soviet Union catches priandirectly by the changes in the ow, strati cation and mixy
to 1990 comprised the sum of contributions from Ukrainian, characteristics.
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FIGURE 1 | The location and bathymetry of the Black Sea.
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FIGURE 2 | Long term variations of the winter (December-March ) mean
sea surface temperature and the summer-autumn (May-November)

mean Cold Intermediate Layer (CIL) temperature below the seaso nal
thermocline. The thin lines with symbols refer to the original data wheraahe
thick lines represent their smoothed variations by three pot running averaged.

Stressor 2: Fishery Overexploitation
According to the long-term dataRigure 3A), the total sh
landing reduces from 300 ktons (1 ktoB 1,000 tons) to

species including marine mammals, sturgeon, tuna, bonito,
turbot, large horse mackerel, Black Sea mackerel prior t@495
(Prodanov et al., 1997 and then started to exploit small
pelagics with the Mean Trophic Level (MTL) index around
3.1-3.2 QPguz et al.,, 2013a0n the other hand, the size of
total Turkish landing was limited to 50 kton level during
the same periodRigure 3A), but the Turkish shery primarily
focused on the medium and large predatory sh groups identi ed
by the MTL range between 3.4 and 38guz et al., 2013a
The Bulgaria@Romanian contribution to the total landing
has always remained below 50 ktorsgure 3A). The shery,
therefore, has been exploited severely in terms of the landin
capacity, sh size, and diversity. As a result, the small petag
became the only top predator group with a relatively low total
landing size of 150 ktons over the entire basin toward the @nd
1960s.

The total landings increased abruptly starting by the early
1970s to the range of 200-300 ktons within the former USSR
countries and 500 ktons in Turkey. The October anchovy
standing stock estimates (i.e., at the begining of the ghin
season) increased drastically fron800 ktons in the 1960s to
1.5 million tons in the late-1970s°(odanov et al., 1997 A
more conservative increase up to 700 ktons was suggesezd lat

100 ktons during the 1950s. The sh resources were exploitedy Shlyakhov and Daskalov (2005o0n after the peak landing

primarily by the former USSR (Georgi@a RussiaC Ukraine)

phase of the early1980s the USSR landing within the north-

as their total landing declined from more than 200 ktons tonortheastern basin as well as the RomartaBulgarian landing
less than 50 ktons within a decade. The former USSR shenyithin the western basin started declining graduafygure 3A).
rst exploited the large and middle-size valuable predatoryNevertheless, the high level Turkish landing (around 500,0
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Stressor 3: Nutrient Overenrichment

>

1000000.0 Substantial increase in nutrient concentrations of the ugdpger
water column throughout the sea was a striking feature of the
800000.0 Black Sea ecosystem in the 1970s and the early-1980s. These

changes were caused by the implemention of a massive fertiliz
consumption in agriculture in the former Soviet Union and
Warsow Pact countries to compensate the food loss due to the
collapse of sheryl{lee, 200} This led to an increase in the total
nitrogen (phosphorus) emission in the River Danube catchment
basin from about 400 (40) kt yi* in the 1950s to 900(100) kt

600000.0

400000.0

200000.0

Standing stock biomass (x103 tons)

00 yr 1inthe 1980s.
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 Approximately 80% of the total anthropogenic nitrogen ux
=SS was supplied by the River Danube whereas the rest was provided
1200.0 — by the rivers discharging along the northwestern coast épni

] Dniester, Bug) and along the southern codsg(re 1). However,
e due to the lack of systematic nutrient measurements at the
£00.0 Danube discharge sections during the 1970s and the early
: 1980s, it was not possible to monitor precisely the magnitude
600.0 — of anthropogenic-based nutrient enrichment during its ialt
phase. Nevertheless, the scattered measurements perfoeaed n

Standing stock biomass (x103 tons)

400'0_; the Chilia discharge point of the River Danube (at Vilkova)
200.0 - indicated an average DIN concentration of 56n%1 for 1948—
] 1960 (the pre-eutrophication phase), increasing subseqguentl
R ALY L) LU LA LARR) LLLLY LLLL) LLLL) LA LA LAY to 118.9mM in 1977-1985 and 156.4M in 1989-1992. The
1960 1965 1970 1975 1980T?r?125(y;2?so) 1995 2000 2005 2010 2015 |a.tter was rOUgth half Of the mean DIN Value Of 3]]@\/'
measured at the Sulina discharge point during the same period
FIGURE 3 | Time series of (A) the annual landings over the entire basinN), in addition to a drastic rise of DON concentration from50

the Turkish waters () (the southern sector of of the Black Sea), and Bulgarian to 350mM. Consequently, the sum of organic and inorganic
and Romanian waters {) (the western sector), Georgi@ RussiaC Ukraine dissolved nitrogen concentration at the end 1980s reaclied 5
waters () (the northerrCeastern sector), and(B) of the annual anchovy R . . .

spawning stock biomass estimated byShlyakhov and Daskalov (2009{) and mM that implies a nearly ve-fold increase with respect to the
by STECF (2015JN). pre-eutrophication conditions. A similar increase was alstedo
within the Romanian and Ukranian sectors of the northwestern
shelf during the 1970s with the annual mean surface nitraté a
tons) within the southern basin was able to prevail until tmele phosphate concentrations more than 20 andigl, respectively

of 1980s, after which it dropped abruptly to its minimum level (Figure 4A).

of 200,000 tons at 1990-199idure 3A). While this catch Following the collapse of centrally-planned economy within
size was referred to as the collapse, it was in fact comparalitee former Soviet Union, nitrogen and phosphorus fertilizer
to the maximum sustainable yield of the systeMg(z et al., consumptions reduced to 1.5 and 0.5 mt yr respectively,
20123. Afterwards, the former USSR landing remained aroundduring the early 1990s Mee, 200f With the additional
10% level of their previous phase during the 1990s and inadeaseontributions by the closure of ecologically ine ective dar
up to 150 ktons subsequently, whereas the total westerriignd animal farms (agricultural sources) and the introductioh o
was negligibly lowKigure 3A). On the other hand, the Turkish phosphorus-free detergents and the improved nutrient remval
exclusive economic zone was able to maintain the mean aychowat treatment plants, the Danube P-R®@ad reduced sharply from
catch at 368,000 (74,000) tons for 1992-2010. This value 30 kt yr 1 to about 10 kt yr ! (Figure 4B). The decrease in
was somewhat lower than the pre-collapse values but stihe Danube DIN load was more substantial; from around 700 kt
comparable to twice of the maximum sustainable catoly(z yr ! to less than 200 kt yr* (Figure 4B). 90% of the DIN load

et al., 2012r The presence of oscillations in the landing datawas provided by N-N@. They resulted in nitrate and phosphate
during this phase may likely indicate an unstable charactén® concentrations less than 5 and 0/, respectively, within the
Turkish shery. The SAUP data base also provides an alteraeativshelf. DON concentrations, on the other hand, preserved its
catch data by the inclusion of unreported catch estimatess Thformer high levels. The nutrient uxes from the Dniepr and
alternative data set suggests 100% percent di erence betweBniestr Rivers into the NWS are an order of magnitude smaller
the reported and actual amounts of sh caught and the overaltluring both the intense and post eutrophication phases, and
catch then amounts to 800,000 tons after 1995. The catchintroduce only local e ects in the vicinity of their dischagg
size during the last two decades is comparable to that givergions.

for the transitional period of the 1970s between the pre- and Benthic nutrient uxes were found to be particularly high in
intense-eutrophication phases. But they di er in terms of sahti the vicinity of discharge zones, but decreased almost by @ero
catch distributions. of magnitude toward the shelf edge depending on intensity of
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FIGURE 4 | Temporal variations of (A) the annual mean surface nitrate ()
and phosphate (') concentrations within the northwestern (Romanian and
Ukranian sectors) coastal-inner shelf watergB) River Danube annual
dissolved inorganic nitrogen (DIN) and phosphate (P-PO4)dds, (C) maximum
nitrate concentrations measured at the chemocline of intéor deep basin.

primary production, vertical mixing, and water deptfs(egoire
and Friedrich, 2004 The estimate of total ammonium ux of 250
ktons yr 1 turns out to be higher than the post-eutrophication
value of the River Danube DIN ux. Similarly, the correspondin
total phosphorus ux over the NWS amounts to 50 ktons yr

factor for sustaining high productivity especially in shalw
parts of the NWS.

The additional nutrient inputs from the atmospheric wet
and dry depositions are not known precisely, but the estimated
atmospheric DIN and DIP loads of 32.5 ktons yrand 2.1 ktons
yr 1, respectively, are much smaller than the corresponding
riverine loads over the annual time scal®idgdinets and
Medinets, 201R Nevertheless, episodic high deposition events
into nutrient depleted surface waters during late spring-suenm
may occasionally prevail over the basin. The model estimated
atmospheric nutrient inputs were, on the other hand, much lowe
and less than 10% of the river inputs (citedAyioli et al., 2009.

The basinwide response of increased nutrient supply by the
northwestern rivers after the early 1970s was their accatian
within the chemocline zone of the upper layer as suggestedey th
rise of the subsurface nitrate peak from roughly 24\ prior to
the enrichment phase to 68\ afterwards over the entire basin
(Figure 40). As the increased nutrient supply built up nutrients
more e ectively in the chemocline zone (located immediately
below the euphotic layer), these nutrients were made avaitab
the euphotic layer more e ectively under strong winter clinati
conditions. This peak was slightly eroded after 1990s andaed
to 4-5mM in response to the reduction in anthropogenic-
based nutrient reduction loads. A similar structure cont@s to
maintain today (ugrul et al., 2014

Stressor 4: Invasion by Alien Gelatinous

Species

As the environmental deterioration progressed in the Blag&,S
opportunistic, and gelatinous species started dominatindabd
web Kovalev and Piontkovski, 1998 he jelly shAurelia aurita
being less than 50g nf before the 1960s became a major
gelatinous predator species during the eutrophic ecosystem of
early-1980s with typical biomass around 500 g4mand then
declined to 100g m? toward the end of 1980sF{gure 5A).
The increase iureliabiomass might have been associated with
the over shing and removal of mackarel, which was a main
predator of Aurelia in Black Sea Arai, 200). Following the
massive population increase M leidyiat the end of 1980s, the
Aurelia biomass became comparable to the pre-eutrophication
phase, because of better competitive advantagdra@miopsis
consuming preys.

Following its accidental introduction into the Black Sea
from its native habitat along the eastern coastal watershef t
North and South America continents in the early 198Bsii(cell
et al., 200}, Mnemiopsiswas observed in dierent parts of
the Black Sea during 1982-1987. Its average biomass reached
gCm?2( 1.0kg ww m?) during summer-autumn 1988 in
the eastern basinShiganova et al., 20),4and then suddenly
acquired an outbreak with the biomass level up t8.0 gC
m 2 in coastal waters during 1989-1998igure 5A). Soon
after the population outburst phase (1988—-199¢pemiopsis

which is also much higher than that provided by the Riverabundance and biomass stabilized at lower levels, but aded
Danube. The sediment data, therefore, imply that the benthithe main predator on the food web structure. Its impact on
system still keeps the memory of past eutrophication and théhe fodder zooplankton is 3—4 fold reduction in its biomass

benthic nutrient recycling mechanism constitutes an imgort

(Figure 5A).
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associated with the rim current. In fact, the narrow peripHera
zone of the Black Sea appears to be always more productive at
all trophic levels than the interior basin. The eld obsernaais
performed in the northeastern Black Sea (i.e., almost 1,000
km away from the main source of eutrophication) documented
relatively high concentrations of phytoplankton and zooplaork
species/groups within the shelf-slope zone with respect to
further o shore (Vinogradov et al., 2011; Mikaelyan et al.,
2013; Arashkevich et al., 2014; Shiganova et al.,,2add
! others). The sh eggs and larvae surveysefmann et al.,
LR L) LELL) LAAL) AR L ) R LAY LA L] L B 1994; Kideys et al., 1999; Gucu et al., 3Cdid abundance
1960 1965 1970 1975 1980%:25(}/;2?50) 1995 2000 2005 2010 2015 and biomaSS measurements Of gelatinous speMqu’ 2009
along the southern Black Sea showed their patchy distribstion
with higher concentrations closer to the coast. The primary
production required (i.e., ecological cost of the catch) imsth
region was also found to be roughly twice of its basin-avedag
maximum sustainable valu®guz et al., 2013éndicating higher
100.0 = phytoplankton production with respect to the interior basin.
Furthermore, the annual mean surface chlorophyll-a (Chl-a)
concentrations around the basin, provided by the satelliteam
color data, always exceeded those of the interior with some
interannual variability Figure 6A).
The mechanisms promoting relatively high phytoplankton
107 population and thus supporting more e ective zooplankton,
el small pelagics sh, and larvae populations around the periphery
with respect to the cyclonic domes of the interior basin
FIGURE 5 | Long-term biomass changes of (A) ~ Aureliabiomass (vertical remained unexplained quantitatively to date. The nutrient
bars), Mnemiopsis biomass ( ) and edible zooplankton biomassi), and (E) enrichment from the rivers around the basin alone appears
Mnem|0p5|sabundance in August_()and Beroe abundance in September N) to be too low to maintain such a persistent basinwide feature
in the northeastern shelf-slope region. i
except the Northwestern shelf. The recent modeling study
by Oguz (submitted) relates this feature to the frontogénes
mechanism of the Rim Current circulation arising from its non-
The ctenophore specidderoe ovatantered accidentally at linearity and collapse of the along-front geostrophic bakanc
1998 and started predating oMnemiopsispopulation and (Mahadevan, 2096 The resulting ageostrophic cross-frontal
reducing its biomass and abundandeigure 5B). Starting by vertical circulation cell then provides high vertical vetims
1999, Mnemiopsisiomass was reduced considerably except the 10-50m d 1) at meander crests on the less dense coastal
late summer-autumn at its peak reproduction phagepgradov  anticyclonic sides of the front. They supply nutrients e ective
et al., 200 NeverthelessM. leidyi can be still observed at into the euphotic zone relative to the cyclonic o shore sidela
high concentrations in the northwestern and western cdastao produce locally high plankton biomass. The transports of
regions with respect to its lower abundance elsewhere. Astdota and nutrients by the rim current around the basin and
result, the predation pressure dfinemiopsison zooplankton o shore into the interior cyclonic cell by mesoscale featitieen
became limited to the late-summer and autumn months. Thesustain a year around relatively high phytoplankton biomass
nich vacated byvinemiopsisvas, then, occupied by an increasearound the basin Kigure 6B). The eddy-induced horizontal
in the jelly sh Aurelia biomass to the range of 200-500g fn1  and vertical nutrient transports and diapycnal turbulent nmigi
(Figure 5A). The other gelatinous specid3eurobrachiahas further contribute to the enhancement of plankton production
never played a predominant role on the food web structure. As
a matter of fact, the present reduced jelly biomass/abuneldsc
still higher than the corresponding values in the Mediterrane CUMULATIVE EFFECTS OF MULTIPLE
and Baltic Seas. Among the 63 LMEs, the Black Sea attains tSsd RESSORS ON THE ECOSYSTEM AND
highest Jelly sh Index value which is twice higher than theiea FISHERY
of other European SeaBi(otz et al., 2012

>
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The Black Sea ecosystem experienced three alternative Jtage
Stressor 5: Frontal and Mesoscale “pre-eutrophicatichstate prior to the early 1970s represented
Circulation Features relatively mild winters, low anthropogenic loads from rigsem
Gucu et al. (201&ecently noted a non-migratingcharacter of the modest level of phytoplankton biomass, weakening of their top-
anchovy stocks within the southern Black Sea that utilizexl ~down pressure due to the loss of piscivours, and over-expioitat
food resources con ned within coastal hydrographic feature of its shery resources. The transition toward the developitraf
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was also exposed to a similar increase in phytoplankton
T o e One of the critical features of the eutrophic Black Sea during
27" 28" 29° 30" 31" 32' 33" 34° 35 36" 37° 38" 39° 40" 41° 42“46° the 1980s has been the development of a complementary food
chain toward the dead-end opportunistic species (&ggctiluca
45° scintillang and jelly sh in addition to the classical pathway
toward small pelagics. Because they were more competitive
on grazing of zooplankton, they were able to divert more
43 energy from the system and thus limiting the e ciency of the
classical food web. For example, the biomass of heterotrophic
. . dino agellate speciedNoctiluca,as a voracious predator with
il T L - a i P diverse diet including a wide range of phytoplankton, baeteri
2725 MRo0 S SOS  52 88 558 5488 55 303l 3 Til 6 8 39 A0 N s detritus, eggs, and naupliar stages of copepods was increased
along the western coastal waters by an order of magnitude
50 roughly from 100mg m? in the 1970s to about 1,000 mg
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in the 1980sKigure 7B).
9 o1l phyto-Integrated | [ 40 The Black Sea ecosystem produced higher edible zooplankton
ke biomass during the eutrophic phase of 1980s with respect to the
30 pre-eutrophication phase. But, its biomass in the northwester

shelf declined steadily later in the 1980s witfigure 5A) due
to heavier predation by small pelagics and gelatinous carag/or
and replacement by smaller and less valuable species due to
degradation of the food web structure. The edible zooplankto
biomass within the eastern basin did not show any particular
28" 297 30" 31" 32" 33’ 34° 35" 36" 37" 38" 39 40" 417 42 trend; instead it uctuated within the range of 5-15 g fduring
the same periodRigure 7A).

The ecosystem state experienced the second regime shift

FIGURE 6 | (A) Long-term (2002—-2015) mean surface chlorophyll a
concentration distribution (mg Chl m 3) with the margin topography

superimposed by 1,800, 2,000, and 2,200 m isobaths,(B) annual-mean a decade later. It was characterized by the collapse of
euphotic-layer integrated phytoplankton biomass distribtion (mmol N m 2) small pelagic sh stocks due to their over-harvesting and
provided by model simulations. The narrow strip of white coir along the simultaneous impact of population outburst of the gelatinous

i i 3 . L. .
western coast designates chlorophyll concentration grear than 2.5mgm ~. carnivorous M. |eldyl at the end of 1980s. As substantiated

by the modeling studies(qguz et al., 2003 the simultaneous
anchovy collapse and/inemiopsisoutburst was possible in
more productive intense eutrophicatiorstate during the 1970s the eutrophic ecosystems under favorable climatic condition
(the rst regime shift) was accomplished by the loss of predatopromoting excessive nutrient enrichment of the euphotic
controls and over-enrichment of the upper layer water columnayer from the chemocline. Beyond its a particular limit, the
due to eutrophication and climate-induced cooling. The pdrio nutrient ux starts supporting more favorably the growth of
after the early 1990s constitutes thmSt-eutrophicatidrstate. gelatinous populations instead of its competitor sh species.
Physiologically, a growth and reproduction advantage of
Mnemiopsiselative to the native gelatinous specfasgelia,and
Intense Eutrophication State advantage of food consumption in respect to anchovy promote its
Three-four fold increase of the chemocline layer nitrategrowth excessively without saturation. Therefore, th&iorsger
concentrations over the entire Black Sea during the decadpredation pressure on anchovy eggs and larvae caused reductio
climatic cooling phase (i.e., more severe winter climatién anchovy recruitment biomass and weakening its competitio
conditions) increased phytoplankton biomass up to 10-foldsagainst Mnemiopsis These mechanisms together with high
within the northwestern shelf and the interior basin during anchovy harvesting inevitably caused recruitment failmd the
the 1980s. The euphotic zone-integrated mean phytoplanktostock collapse of anchovikoglu et al. (2014&lso pointed to the
biomass within the central and eastern basins during summeirsynergistic roles of resource competition and shery exjaltiin
autumn increased from about 2-3g rh before 1970s to 10g for the anchovyMnemiopsisregime shift using an indicator-
m 2in the 1970s and 20 g n? in the 1980s Figure 7A). Cold  based mass balance food web analyses. An important implicatio
winters imply greater vertical turbulent and advective sxef of these modeling studies is to link the anchovy collapse to the
nutrients into the euphotic zone from the subsurface waterdvinemiopsispopulation under the conditions of high nutrient
that then may support stronger spring and subsequent summeznrichment of the system. This mechanism opposes to the
blooms. These features may explain the cause of relativedyternative view that, based on subjective grounds fronctieh
high surface phytoplankton biomass {0g m 3) maintained data, links the shery collapse solely to their overexpladtat It
throughout the 1980s and the early 1990s over the Ukrainiaralso opposes to another hypothesis that relates the catch declin
Romanian and Bulgarian shelf waters. The deep interior basinot to the collapse of stocks but their translation, for some
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other hand, the absence of any increase on the catch datawith
the western part may be related to the ongoing strivigemiopsis
control.

An important feature of the post-eutrophicatipon phase is
the shift of the annual phytoplankton bloom structure from
its former double-peak form (a relatively strong March—April
peak and a secondary peak in November-December) prevailed
during the intense eutrophication phase under severe wirtteas
single-peak form encompassing November—February period but
more predominantly during November—DecembeéFidure 8).

The cause of this shift is not known so far but the persistence of
relatively warm climatic regime and a change in the predatory
control after the introduction ofBeroemay contribute to it.
Another notable feature is higher annual mean chlorophyll
concentrations and stronger winter peaks during warm yeats a
vise versa for cold year§&i@ure 8). This feature was explained
by a more limited o shore spreading of productive coastal
waters toward the interior basin during cold years due to the
intensi cation of the rim current circulation and weakergn

of its mesoscale variabilityK(ibryakov et al., 2036 On the
contrary, more intense mesoscale variability of the rimreat
circulation in mild years may promote stronger bottom-up fbo
supply to higher trophic levels and support higher anchovy stock
biomass as compared to those in cold years. This assertion,
however, needs to be quanti ed by biophysical modeling stadi
The climate impact on phytoplankton biomass is also depicted
on the interior basin phytoplankton biomass variations in the

FIGURE 7 | Temporal variations of (A) summer-autumn mean form of a declining trend during the warming phase of the
phytoplankton biomass integrated over the euphotic zone @rtical bars), and 1990s and increasing trend during the subsequent coolinggphas
zooplankton biomass () for the northeastern part of the Black Sea(B) (Figure 7A)

Noctiluca scintillansbiomass () and annual-mean SST variations at the

coastal station Galata along the Bulgarian coast. The main ecosystem properties appear to di er considerably

between the western, southern, and northeastern regiomnsi{
etal., 2012n The pelagic food web structure of the western shelf

unknown reasons, away from their regular shing groundsicu  represents worst ecological conditions dominated by theats

etal., 201y, of forage sh stocks and the persistence of relatively strong
o Mnemiopsisand Noctilucapredation controls. As the jellies and
Post-eutrophication State planktivorous sh group were the competitors for feeding on

Starting by the early 1990s, the last two decades are réftrre trophic zooplankton, the post-eutrophication state appears to
as the post-eutrophicatidrnstate characterized by the decreasinge more strongly controlled by the undesirable jelly-doatid
nutrient loads and nitrate accumulation at the chemoclinesystem. On the other hand, the impacts of opportunistic and
zone, the climatic warming trend, and the absence of shengelatinous species were less critical in the northeastedntlae
except in the southern basin. In the early years of the postsouthern Black Sea, but the northeastern region continodakt
eutrophication phase (i.e., the 1990¢nhemiopsisintroduced depleted by forage sh stocks.
a major stress on the food web and acted as the major top The anchovy spawing stock biomass estimates for 1967—-2000
predator in many regions in the absence of small pelagic stocksrovided byShlyakhov and Daskalov (20Cénd the more recent
The phytoplankton andNoctilucabiomass also decreased duringone for 1990-2014 by TECF (2015are markedly di erent
the post-eutrophication phase in aggrement with the reducedFigure 3B). While the stock does n o exceed 400 ktons in the
antropogenic nutrient supply and negative e ect of climaticformer estimate, the more recent one provided an increasing
warming conditions Figures 7A,B. The reduced top-down and trend up to 1,200 ktons during the 1990s, and declined abruptly
bottom-up controls might have altered food web functionithg  afterwards below 600 ktons in 2005. However, it is hard teptc
details of which is not exactly known due to the lack of sysiBen  the realism of such a drastic increase in the sh stocks dyirin
observations. the period of maximum predation impact dfinemiopsisn the

By the introduction ofB. ovatato the Black Sea at the end of ecosystem. Nevertheles, its is interesting to note thatitgoral
1990s, the predation pressure Mhemiopsidecame limited to changes follow closely those of SST and CIL temperature ddpicte
the autumn period, and the reduction in its biomass turned outearlier inFigure 2 Apparently, being a warm water species, cold
as an increase in the catch data, as noted by its twice highBRUSyears are expected to be unfavorable for anchovy growth as
values for the northern-northeastern basifigure 3A). On the indicated by the declining trend of the parental anchovy ktc
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RESEARCH PRIORITIES AND
KNOWLEDGE GAPS

The recent eggs and larvae surveys conducted within theiShurk
Exclusive Economical Zone conrmed limitations on our
understanding of the post-collapse characteristics of tlehany
stock behavior Gucu et al., 20107 Generally speaking, sheries
science and biological oceanography pursue in the Black Sea
independently from the progress made in understanding lower
trophic food web dynamics and transfering knowledge from
other disciplines. However, the current Black Sea recovedy a
restoration problems require building bridges across gcien
and management barriers through better science commuioicat
between scientists, key stakeholders, and the community by
e cient coordination between science, policy, and practice.

The Black Sea scientic community has a lot more to do
for achieving a better understanding of the way in which

FIGURE 8 | The‘molnthly—mean chlorophyll-a concentration vari e}tion of cumulative e ects of multiple stressors keep modulating ollera
the post-eutrophication phase (1998-2013) averaged for the region t f tioni | it f reducti in eutrophicati
30-41 E longitude and 41-45 N latitude. The data are retrieved from the ecosystem L_mc Ionmg' n spite of re UC_Ion ! P .
SeaWiFS (blue) and the MODIS (red) ocean coor sensor. and Weakemng of Je”y and sh predatlon pressures In the

ecosystem, there is no sign of an appreciable ecosystem
rehabilitation. One explanation is the irriversibility dfé present
ecosystem state developed following the regime shift of the

during the cold years of 1980s and the rst half of 2000s canytr ~ €arly 1990s. There is a major knowledge gap on how and when
to a strong increasing trend during warming years of 1990fs. 0the current state of ecosystem may settle into an altereativ
course, the climatic pattern is modulated simultaneouslydme ~ €cologically more desirable equilibrium state. Its assess
extent by the non-climatic factors (e_g_, shery Over_e)'qajtionl on quantitative grounds is of crucial importance in terms of

outburst ofMnemopsigopulation). developing management strategies. o
Recovery of major sh stocks and management of existing

stocks under the pressures by multiple stressors appears to be a
The Present State of Fishery challenging task. It requires determining likely recovershseaof
At present, the Black Sea is devoid of predatory sh speciethe ecosystem under di erent combinations of pressures, &d i
and roughly 85% of the total sh catch comprises the lowunderstanding demands an extensive scienti ¢ research. @ pa
cost anchovy and it is limited mostly to the southeasterrof this general problem concerns an estimation of the energy
region. It represents globally one of the worst case sitnatio diverted to the jellies and opportunistic species under di erent
in terms of inappropriate management policy causing sucltlimatic and environmental conditions.
a drastic collapse. The eet overcapacity, mostly the Turkish The lack of systematic time series measurements hinders
one, causes to catch more sh than its sustainable leveissessing current status of acidi cation and its vertitalcture
and above the quotas through illegal or unreported catchesn the aerobic part of the water column. The current ecosystem
The quotas have been and are still enforced under politicahodels are presently not coupled with the carbonate chemistry to
and social pressures to support short-term shing prospectinvestigate the acidi cation problem under synergistic e ecif
instead of the long-term sustainability, as many subsidiies climate change and eutrophication. How the Black Sea ecasyste
the sheries sector foster overcapacity and overexploitattd might respond to future changes in climate in combination
sh stocks. Complexity of pressures introduced by multiplewith other drivers appears to depend on characteristics of
stressors (eutrophication, alien species invasions, niatlimeatic ~ other stressors Niiranen et al., 2013 Preliminary studies
variations) on the food web functioning further exacertsate have been conducted bgannaby et al. (2015hut a deeper
the situation. As elaborated by the analysis given abovenalysis under dierent scenarios of stressor combinations
the distinction of this over shing/recovery problem is its (di erentcombinations of shing and nutrient load manageme
intimate link to the simultaneous severe degradation of thescenarios) are worthwhile to perform.
lower trophic level food web. Therefore, in the Black Sea, Recently, there is a growing evidence in the literature that
the ght for recovery is much more challenging and needssmall mesoscale and submesoscale ow features may haealcrit
going along with rehabilitation measures of the ecosysterimpacts on the food web structures. This implies integrating
structure. It therefore di ers substantially from the oveshing  small scale physics more accurately by means of ne resolutio
problem of an ecologically undegraded (or much less degnadedbservations and mass balance food web models that are
system, for which the main target of maintaining sustaieabl frequently used as a shery management tool. Another impoirta
shery can be achieved by more straightforward managemermnesearch subject is to improve model uncertainties and oémi
actions. the trade-o s between complex and simple models. Increasingly
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complex models provide detailed simulations but require dargin the world and represents an almost collapsed ecosystem
datasets for model setup/validation and generate outputshvhi with a size of 400,000 krf, not a small bay or coastal
are di cult to synthesize and interpret. In addition, a hotis  ecosystem.
modeling approach (ecologic& socio-economic models) is In addition to the inappropriate management measures,
an enormous undertaken due to insu cient knowledge of the the lack of recovery may also be related to the impacts of
system. On the other hand, simple models due to generalizatioexternal pressures on the food web functioning. These pressur
of processes or coarse spatial/temporal resolutions maydail impose negative e ects on the recovery and may make the
capture important ecosystem features. An important critefion ~ system resilient to switch to a new alternative stable ¢(hgal
these models is to be able to come up with solutions that do nadtate. Therefore, the over shing problem is more than seftin
require complicated and expensive implementation, prohikitiv quotas and reducing the eet capacity and demands a holistic
data requirements, and long-term applications. approach by considering two-way interactions between higher
In general, scienti c research was not encouraged by stat&nd lower trophic levels and biogeochemical processes.IZlear
agencies in the past due to their reluctance for investingoont rst thing to do is to reduce the eet capacity to a level
oceanographic research programs, data sharing and poolinghat maintains a balance between available shing e ort and
and it is not clear how much research can be realized undaksources, to set catch limits for sh stocks in consistentwit
present economical capabilities and priorities of the riparianscienti ¢ advice, to ban sheries for particular stocks aad/
countries. But, as implied by the present analysis, performingegions. However, the management strategy needs to include
an intensive ecosystem level research is absolutely edsent additionally ecosystem-level planning and ecosystem-based
build up a basis for planning and realization of ecosystemintegrated assessments. This approach involves recogranithg
based adaptive management strategies. Because of thealegieidressing interactions among di erent spatial and temporal
di erences in ecosystem characteristics, these studies Imeay scales, within and among ecological and social systems, and
partly conducted as the region speci c. The current experiencamong stakeholder groups. It also needs an e cient coordioati
also suggests enormous di culties to be faced along the roachetween science, policy, and practice for addressing key
For example, in spite of more advanced research capacity amndsearch needs, building interdisciplinary scienti ¢ capacind
broader scienti ¢ basis, the management strategies dpedlo synthesizing and communicating scienti ¢ knowledge to pyli
in the Baltic Sea was found to be not accurate enough tmakers, managers, and other stakeholders. Implementatfon o
exploit resources and the environment in an adaptive, suatdén  ecosystem-based management strategy requires operdtoisl
manner. One particular di culty was associated with the non- that are developed collaboratively by scientists and masager
linearly interacting e ects of ocean acidi cation, eutrolition  For all these e orts, scienti ¢ advice is of critical importe@

and climate changel(tterstrom et al., 20)4 and the Black Sea community may bene t from the experience
and know-how developed in the Baltic Sea due to their close
CONCLUSIONS similarities.

The present Black Sea ecosystem undergoes a slow recodAlY THOR CONTRIBUTIONS

once perturbed and degraded since the 1970s. However, the

shery reveals no sign of recovery after its collapse at ttle@fn  The author con rms being the sole contributor of this work @n
1980s. At present, nearly all commercially important sh &®c approved it for publication.

have been severely depleted due to decades of unsustainable

shing e orts resulting from excessive shing capacity and ACKNOWLEDGMENTS
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