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a b s t r a c t
Four Ecopath mass-balance models were implemented for evaluating the structure and function of the Black Sea
ecosystem using several ecological indicators during four distinctive periods (1960s, 1980–1987, 1988–1994 and
1995–2000). The results exemplify how the Black Sea ecosystem structure started to change after the 1960s as a
result of a series of trophic transformations, i.e., shifts in the energy ﬂow pathways through the food web. These
transformations were initiated by anthropogenic factors, such as eutrophication and overﬁshing, that led to the
transfer of large quantities of energy to the trophic dead-end species, which had no natural predators in the
ecosystem, i.e., jellyﬁsh whose biomass increased from 0.03 g C m−2 in 1960–1969 to 0.933 g C m−2 in 1988–
1994. Concurrently, an alternative short pathway for energy transfer was formed that converted signiﬁcant
amounts of system production back to detritus. This decreased the transfer efﬁciency of energy ﬂow from the
primary producers to the higher trophic levels from 9% in the 1960s to 3% between 1980 and 1987. We conclude
that the anchovy stock collapse and successful establishment of the alien comb-jelly Mnemiopsis in 1989 were
rooted in the trophic interactions in the food web, all of which were exacerbated because of the long-term establishment of a combination of anthropogenic stressors.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
The Black Sea ecosystem underwent signiﬁcant trophic transformations over the second half of the 20th century (Oguz and Gilbert, 2007).
The history of these changes can be classiﬁed into four distinct periods:
1) the 1960s — pre-eutrophication, 2) 1980–1987 — intense eutrophication years, 3) 1988–1994 — the Mnemiopsis leidyi (Agassiz, 1865) —
anchovy shift, and 4) 1995–2000 — the post-eutrophication phase
(Fig. 1). The principal reasons for these transformations have long
been debated (Bilio and Niermann, 2004; Kideys et al., 2000; Kovalev
and Piontkovski, 1998; Kovalev et al., 1998; McQuatters-Gollop et al.,
2008; Oguz and Gilbert, 2007; Oguz et al., 2003; Shiganova, 1998;
Yunev et al., 2002, 2007; Zaitsev, 1992). When primarily focusing on
the anchovy — Mnemiopsis shift in 1989 (Kideys, 2002), studies sought
answers to enhance the comprehension of the mechanisms underlying
the observed changes (Berdnikov et al., 1999; Daskalov, 2002; Daskalov
et al., 2007; Gucu, 2002; Llope et al., 2011; Oguz, 2007; Oguz et al.,
2008a,b). The roles of the trophic cascade because of overﬁshing
(Daskalov, 2002; Gucu, 2002), M. leidyi (hereafter called Mnemiopsis)
predation on anchovy eggs and larvae (Kideys, 2002; Lebedeva and
Shushkina, 1994; Shiganova and Bulgakova, 2000) and the combination
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of bottom-up and top-down controls (Bilio and Niermann, 2004; Oguz,
2007; Oguz et al., 2008a) were all suggested as signiﬁcant processes
catalysing the observed ecosystem changes.
The pre-eutrophication phase of the 1960s characterised a healthy
mesotrophic ecosystem with primary production values between 100
and 200 mg C m− 2 y−1 (Oguz et al., 2012). In the 1960s, relatively
rich biological diversity of the Black Sea comprised ﬁshes from large
demersal ﬁsh species, such as turbot (Psetta maeotica; Pallas, 1814),
Black Sea striped mullet (Mullus barbatus ponticus; Essipov, 1927),
spiny dogﬁsh (Squalus acanthias; Linnaeus, 1758), and Black Sea whiting (Merlangius merlangus euxinus; Nordmann, 1840), to piscivorous
pelagic ﬁsh, such as Atlantic bonito (Sarda sarda; Bloch, 1973), blueﬁsh
(Pomatomus saltator; Linnaeus, 1776), and Atlantic mackerel (Scomber
scombrus; Linnaeus, 1758), as well as small pelagic ﬁsh, predominantly
the Black Sea anchovy (Engraulis encrasicolus ponticus; Alexandrov,
1927), Black Sea horse mackerel (Trachurus mediterraneus ponticus;
Aleev, 1956), and Black Sea sprat (Sprattus sprattus phalaericus; Risso,
1827). Three cetacean species, the Black Sea common dolphin (Delphinus
delphis ponticus; Barabash-Nikiforov, 1935), the Black Sea bottlenose dolphin (Tursiops truncatus ponticus; Barabasch, 1940), and the Black Sea
harbour porpoise (Phocoena phocoena relicta; Abel, 1905) represented
the top predators of the system. During the subsequent two decades,
the stocks of both pelagic piscivorous ﬁshes and marine mammals were
overexploited and primary and secondary pelagic production increased
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Fig. 1. The schematic illustration of the four periods in the Black Sea. The ﬁgure was depicted based on the classiﬁcations in the published literature and derived from an earlier work
(Fig. 10) in Langmead et al. (2007).

excessively because of nutrient enrichment from rivers discharging
mainly into the northwestern shelf of the Black Sea. The small pelagic
ﬁsh species and the moon jelly, Aurelia aurita (Linnaeus, 1758), became
dominant in the ecosystem. The benthic ﬂora and fauna greatly deteriorated because of the frequent hypoxia events of the shelf waters (Mee,
2006; Zaitsev, 1992; Zaitsev and Mamaev, 1997). Simultaneously, the
Turkish ﬁshing ﬂeet grew enormously in size and technology (Gucu,
2002), and the ﬁshery yield attained 700 kt, a signiﬁcant proportion
(~500 kt) of which consisted of anchovy. In 1989, the non-indigenous
comb jelly species Mnemiopsis, which was introduced to the Black Sea
ecosystem in the early 1980s via the ballast waters of shipping vessels,
ﬂourished in both abundance and biomass. This same year also coincided
with the collapse of the Turkish ﬁshery yield from an average of 700 kt
during the early 1980s to only 150 kt in 1989 (Oguz, 2007). Subsequently,
the Turkish ﬁshery yield recovered to approximately 300 ± 100 kt,
whereas it remained at very low levels throughout the rest of the Black
Sea (Oguz et al., 2012). During this recuperation period, blooms of
Mnemiopsis were suppressed naturally because of the appearance of another non-indigenous gelatinous species, Beroe ovata (Mayer, 1912), a
natural Mnemiopsis predator. By the end of the 1990s, the entire Black
Sea ecosystem was characterised by moderate primary (200–400 mg C
m−2 y−1, Oguz et al., 2012) and secondary productivity (McQuattersGollop et al., 2008; Mee, 2006), although the ecosystem of the northwestern shelf and western coastal waters was still far from recovery and rehabilitation (Oguz and Velikova, 2010).
To investigate the changes summarised above and their underlying
causes, the various aspects of the Black Sea lower trophic food web

function were studied in terms of aggregated biogeochemical models
(e.g., Grégoire and Friedrich, 2004; Gregoire and Lacroix, 2003;
Gregoire and Soetaert, 2010; Gregoire et al., 2004, 2008; He et al.,
2012; Lancelot et al., 2002; Oguz and Merico, 2006; Oguz et al., 2000,
2001, 2008b; Staneva et al., 2010; Tsiaras et al., 2008). Additionally,
mass-balance models of different complexities were also set-up by
Gucu (2002), Daskalov (2002), and Orek (2000). Gucu (2002) focused
on the second half of the 1980s when examining the role of increased
ﬁshing pressure on the collapse of anchovy stocks, whereas Daskalov
(2002) adopted a broader time frame, starting from the preeutrophication period, and noted that trophic cascades that were initiated by overﬁshing played a leading role in ecosystem changes. However,
both of these studies lacked the quantiﬁcation of ecosystem characteristics of the Black Sea during these changes. Here, we expand upon these
previous studies by i) using a set of indicators that quantify the condition of the ecosystem to systematically analyse each deﬁned ecosystem
period and, ii) providing an understanding of the interactions between
the food web components that led to the aforementioned changes in
the Black Sea. The ecological analyses were performed within the
framework of “ecosystem health”, which will ultimately provide reference points to evaluate the transformations of the Black Sea's ecosystem
structure and function over recent decades based on quantitative ecosystem metrics. Here, ecosystem health was used to deﬁne the potential
of an ecosystem under stress to sustain its structure and function over
time (Costanza, 1992; Costanza and Mageau, 1999; Haskell et al.,
1992; Schaeffer et al., 1988). The methodology that was adopted to assess ecosystem health comprised the application of ecological network
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analysis (Ulanowicz, 1986) on the mass-balance models of the ecosystem and in the utilisation of derived ecological indicators to characterise
the distinctive prevailing conditions of the four ecosystem periods that
are described above. The indicators were used to assess the “ecological
health” of the Black Sea ecosystem in the four periods and to investigate
the reasons behind the prevailing conditions observed in them. This
study may be considered the ﬁrst to employ ecological indicators to
analyse and evaluate historical food web changes in this particularly
exploited and biologically diverse ecosystem.
2. Materials and methods
The static mass-balance modelling of the food web was implemented by developing an Ecopath (Christensen et al., 2005) food
web model for each period. The Ecopath models of the Black Sea
were built to represent the general food web structure of the inner
Black Sea basin, avoiding the extremely variable conditions of the
northwestern shelf (NWS). The model covers an area of 150,000 km2
where ﬁsheries operate intensively (Oguz et al., 2008a) in the vicinity
of the exclusive economic zones (EEZs) of the six riparian countries
(Fig. 2). The geographical representation of the model does not include depths greater than 150 m in the open Black Sea where anoxia
prevails.
2.1. The model set-up
Four mass-balance Ecopath models were set-up to represent the
four distinctive periods of the Black Sea ecosystem that were described
in the Introduction. An Ecopath model comprises a set of functional
groups (each representing a species or groups of species) that are linked
by trophic interactions. The functional groups are regulated by gains
(consumption, immigration) and losses (mortality, emigration) and
are linked to one another by predator–prey relationships. Fisheries
extract biomass from the targeted and by-catch groups. A linear
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equation describes ﬂows of mass, energy or nutrients into and out of
each functional group i:
Bi 

  X
 
 
n
P
Q
P
−
Bj 
 DC ji −Bi 
 ð1−EEi Þ−Y i −Ei −BAi ¼ 0 ð1Þ
B i j¼1
B j
B i

in which B indicates biomass, (P/B)i indicates the production to biomass
ratio, (Q/B)j indicates the consumption to biomass ratio of predator j,
DCji is the fraction of prey i in the average diet of predator j, Y is the landings, E is the net migration rate, BA is the biomass accumulation rate,
and EE (ecotrophic efﬁciency) is the proportion of the production
utilised in the system (Christensen et al., 2005). EE must be less than
or equal to unity under the assumption of mass-balance. E and BA values
were assumed to be zero for all groups. Typically, three of B, (P/B), (Q/B)
or (P/Q) and EE parameters and diet composition are deﬁned as input
for each functional group, and the values of remaining parameters are
estimated by the Ecopath mass-balance algorithm. Ecopath software
computes mass-balance by solving the system of equations for the
unknown parameters of all groups. A balanced model, however, might
not be obtained at the ﬁrst parameterisation, thus it may require iterative adjustments to the input values (usually the diet composition)
following the guidelines given by Christensen et al. (2005).
The model set-up in this investigation presented a simpliﬁed representation of the pelagic food web structure using ten functional groups
(Table 1), six of which were the guilds of ecologically similar species,
namely dolphins, pelagic piscivorous ﬁsh, demersal ﬁsh, small pelagic
ﬁsh, zooplankton and phytoplankton, whereas the other three groups
represented individual species; the comb jelly Mnemiopsis, the moon
jelly A. aurita (hereafter called as Aurelia) and the heterotrophic dinoﬂagellate Noctiluca scintillans (Ehrenberg, 1834) (hereafter called as
Noctiluca). These organisms were represented separately because they
played speciﬁc roles (r-selected behaviour; Pianka, 1970) in ecosystem
functioning and were important indicators of ecosystem changes during
the speciﬁed periods. Because the aim of the present study was to

Fig. 2. The model domain (the region constrained between the coastline and the 2000 m contour) in the Black Sea. The contours are for isobaths of 50 m (blue curve), 200 m (thin black
curve) and 2000 m (thick black curve).
From Liu and Dittert (2010).
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Table 1
Trophic groups and main species included in the model set-up.
Groups

Main species

Dolphins

Black Sea common dolphin
Black Sea bottlenose dolphin
Black Sea harbour porpoise
Blueﬁsh
Atlantic bonito
Atlantic mackerel
Black Sea whiting
Black Sea turbot
Black Sea striped mullet
Black Sea anchovy
Black Sea sprat
Black Sea horse mackerel
Aurelia aurita
Mnemiopsis leidyi
Noctiluca scintillans
Mesozooplankton
Microzooplankton
Diatoms
Dinoﬂagellates
POM + detritus

Pelagic piscivorous ﬁsh

Demersal ﬁsh

Small pelagic ﬁsh

Aurelia
Mnemiopsis
Noctiluca
Zooplankton
Phytoplankton
Detritus

investigate the changes in ecosystem structure of the Black Sea and not
the interactions among different types of ﬁsheries, ﬁsheries were collectively represented, although the Black Sea industrial ﬁsheries included
mainly three methods: trawling, gill-netting and seining. Thus, a single
ﬂeet was considered in the model, and ﬁshery yields by species were
pooled to ensure correctly aggregated catches for each functional
group. For each modelled state of the Black Sea, an average annual
catch value was calculated from the data for the period investigated.
The average value was then divided by the total area of the ﬁshing
grounds (150,000 km2; Oguz et al., 2008a) to obtain the yield per unit
ﬁshing area.
Each ecosystem period was described by key parameters and input
data for each functional group, such as biomass per unit area, rates of
production and consumption, diet composition, and ﬁshery losses. The
units were in g C m−2 y− 1 for quantities and y− 1 for rates. Models
that include jellyﬁsh should be built considering that a signiﬁcant
portion of the wet weight of these organisms is water. Hence, because
our model set-up included gelatinous organisms as important components of the food web, carbon weight was used as the model currency,
as suggested by Pauly et al. (2009). Considering that the catch statistics
and in-situ data that are available in the literature were in tonnes and
grammes wet weight per square metre, respectively, the values were
converted into grammes carbon per square metre using conversion
factors speciﬁc to the concerned group; these are listed in Table 2.
Because of data availability, the biomass values for dolphins and pelagic piscivorous ﬁsh were used as input parameters for the 1960s
model set-up, and the EE values estimated by the Ecopath model for
these two functional groups were used as input for the remaining
three model set-ups because of the lack of biomass estimates for these
organisms in the respective modelled periods. The EE parameters for

Table 2
Multipliers used to convert biomass and catch values from grammes wet weight into
grammes carbon.
Group

Conversion multiplier
(grammes wet weight
to grammes carbon)

Reference

Phytoplankton
Zooplankton

0.1
0.08

Noctiluca
Aurelia
Mnemiopsis
Fish groups

0.08
0.002
0.001
0.11

O'Reilly and Dow (2006)
Dow et al. (2006), Weslawski
and Legeżyńska (1998)
Dow et al. (2006)
Oguz et al. (2001)
Oguz et al. (2001)
Oguz et al. (2008a)

all of the remaining groups were calculated by the model in all model
set-ups. The fraction of the consumption that is not assimilated was
set to the Ecopath's default value of 0.2 for all groups. The ﬁshery yields
along with other input values used to parameterise the four Ecopath
models are summarised in Table 3. The input data were derived from
the literature and previously published mass-balance modelling studies
concerning the Black Sea and used with slight rounding modiﬁcations.
However, the input P/B and Q/B parameters for Mnemiopsis were not
taken from the literature, but were assumed to be identical to Aurelia's.
Furthermore, because the input parameters that were inherited from
previously published models comprised more functional groups
(e.g., microzooplankton and mesozooplankton in Daskalov (2002))
compared to the model set-up used in this study (e.g., zooplankton),
the weighted average values of the input parameters for such groups
were computed and used in the four mass-balance models.
The diet composition matrix that incorporated the relative proportions of predation on each group followed those from previous studies
by Gucu (2002) and Daskalov (2002) except for some speciﬁc adjustments (Table 4). The diets of small pelagic ﬁsh and demersal ﬁsh were
taken from Gucu (2002) and used without modiﬁcations. The model
of Gucu (2002) only included one jellyﬁsh group by pooling all of the
jellyﬁsh species (Aurelia, Mnemiopsis and Pleurobrachia pileus) in the
Black Sea. Because the model set-up used in our study included distinctive groups for Aurelia and Mnemiopsis and completely excluded
Pleurobrachia, their diets were assumed to be identical, and therefore,
the diet composition given in Gucu (2002) for the jellyﬁsh group was
used for these two groups. The diet of the zooplankton group was
taken from Gucu (2002) (50% phytoplankton and 50% detritus); however, modiﬁed to include 60% phytoplankton and 40% detritus, assuming
that zooplankton preferentially graze on phytoplankton rather than
detritus. The diet of piscivorous ﬁsh was also taken from Gucu (2002)
(50% small pelagic ﬁsh, 10% demersal ﬁsh and 40% import) but modiﬁed
to include 60% small pelagic ﬁsh and 40% import by excluding the
demersal ﬁsh group in their diet. The omission of demersal ﬁsh was
made considering that the habitat distributions of these two groups
are quite distinct, and therefore, the piscivorous ﬁsh group was inclined
to consume more of the small pelagic ﬁsh group. The diet of dolphins
was taken from Daskalov (2002) (96% small pelagic ﬁsh, 3.5% demersal
ﬁsh and 0.5% piscivorous ﬁsh), however, it was modiﬁed to include 90%
small pelagic ﬁsh, 9.5% demersal ﬁsh and 0.5% piscivorous ﬁsh to obtain
mass-balance. The diet items of Noctiluca were constructed following
Oguz et al. (2001), who included its grazing on phytoplankton, zooplankton and detritus. The relative proportions of the items in the diet
of Noctiluca were determined following Umani et al. (2004).
2.2. Ecological indicators
The four ecosystem periods were examined by utilising several indicators that were provided by the Ecopath model package using the ﬁnal
mass-balance biomass and ﬂow estimates. Mixed trophic impact (MTI)
analysis was performed to analyse the relative direct and indirect effects
of variation within a group's biomass on the biomass of the other groups
(Ulanowicz and Puccia, 1990). The direct impact of any one group upon
another, related to predation or ﬁshing, might cascade to other groups
by any order of indirect interaction. MTI enables the quantiﬁcation of
all possible direct and indirect interactions between two groups. By
deﬁning MTI ([M]) as the product of all of the impacts that group i has
on group j, it is calculated as
−1

½M ¼ f½I−½Q g

−½I

ð2Þ

in which Q denotes the net impact matrix comprising impacts between
all the groups in the food web, and I signiﬁes the identity matrix
(Ulanowicz and Puccia, 1990). The elements qij of matrix Q, are obtained by the difference dji - ﬁj, where dji denotes the positive effects that i
has on j and is calculated by the means of the fraction of prey i in the
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Table 3
Input parameters of functional groups in four model periods. Catch values were obtained from Prodanov et al. (1997) and complemented from Shlyakhov and Daskalov (2008). P/B and Q/B
values are from Daskalov (2002). Biomass estimations of groups in 1960–1969 were from Daskalov (2002). Biomass estimates for the later periods for ﬁsh groups were from Shlyakhov
and Daskalov (2008) and for lower-trophic-level groups were from Shiganova et al. (2008), except the phytoplankton group, in which biomass values were from Nesterova et al. (2008).
Estimated EE values of dolphins and pelagic piscivorous ﬁsh in 1960–1969 were used in the models of the later periods as inputs. “Est.” stands for “estimated” and denotes parameters that were
computed by the Ecopath mass-balance algorithm. P1, P2, P3 and P4 denote model periods 1960–1969, 1980–1987, 1988–1994 and 1995–2000, respectively. "N.A." stands for "not applicable".
Groups

Production/Biomass
(y−1)

Biomass
(g C m−2)
P1

Dolphins
Pelagic piscivorous ﬁsh
Demersal ﬁsh
Small pelagic ﬁsh
Aurelia
Mnemiopsis
Zooplankton
Noctiluca
Phytoplankton

0.010
0.020
0.050
0.200
0.030
–
0.660
0.090
0.880

P2

P3

0.329
1.457
0.480
–
0.903
1.060
1.950

Est.
Est.
0.121
0.538
0.112
0.821
0.540
0.736
1.950

P4

0.086
0.553
0.128
0.176
1.207
0.500
1.194

P1

–

P2

P3

Consumption/Biomass
(y−1)
P4

0.350
0.550
0.630
1.500
11.000
–
11.000
44.000
7.300
291.000

diet of the predator j, and fij signiﬁes the negative effects that j has on i,
calculated using the fraction of the total consumption of prey i that is
used by predator j (Libralato et al., 2006). Mixed trophic impact values
scale between −1 (strong negative impact) and 1 (strong positive impact) and are relative measures of the interactions between two groups.
Negative values indicate an inhibiting effect and positive values indicate
a promoting effect between two corresponding groups.
Furthermore, keystone functional groups were determined for each
model period. Keystone groups are groups or species with relatively low
biomass values despite having an important functional role in their
ecosystems (Power et al., 1996). The keystone value of each group is
calculated as
KSi ¼ log½ε i ð1−pi Þ

ð3Þ

P1

–

P2

P3

P4

19.000
5.000
1.500
11.000
29.200
–
29.200
345.000
36.200
N.A.

Ecotrophic efﬁciency

Catch
(g C m−2 y−1)

P1

P1

Est.
Est.

P2

P3

P4

0.286
0.995
Est.
Est.
Est.
Est.
Est.
Est.
Est.

P2

0.010
–
0.020

P3

0.001
0.026
0.016
0.021
0.024
0.410
0.170
N.A.
N.A.
N.A.
N.A.
N.A.

P4
0.006
0.016
0.245

attributed to TL IV. This classiﬁcation allowed us to distinguish biomasses and ﬂows along the primary producer-based and the detritusbased food-chains. Here, transfer efﬁciencies were calculated by disaggregating functional groups' biomasses and ﬂows at each integer trophic level (TL), and then aggregating the results by integer TLs as
deﬁned by Lindeman (1942).
Additionally, some commonly used ecosystem indices and synthetic
ecological indicators were also employed in assessing the ecological status of the Black Sea ecosystem for the four model periods (Table 5).
These indicators were chosen because they could easily be calculated
by using simple mathematical algorithms. They can be derived with
the utilisation of basic network theory and are readily integrated into
several ecological network and mass-balance analysis packages such
as Ecopath.

in which KSi is the keystoneness of group i, and pi is the ratio of the
biomass of group i (Bi) to the sum of the biomass values of all groups
and is calculated as

3. Results

B
pi ¼ Xi

The mass-balance models calculated the ecotrophic efﬁciency values
of all groups in the ﬁrst period (Table 6). In the latter periods, because of
the lack of stock assessment studies for dolphins and pelagic piscivorous
ﬁsh, the ecotrophic efﬁciency values calculated in the ﬁrst period were
used for these two groups as input parameters, and their biomass values
were computed by the mass-balance algorithm (Table 6). For all other
functional groups, ecotrophic efﬁciency values were calculated by the
model for periods two, three and four. Furthermore, respiratory ﬂows
for all functional groups were calculated from the energetic balance of
the sources and sinks in each functional compartment (Table 6) as the
model product and were in compliance with the energy budget of
each state variable that was described in the model, which assumed

ð4Þ

Bi

following Libralato et al. (2006).
The transfer efﬁciency (TE) is an index to measure the efﬁciency
with which energy is transferred between adjacent trophic levels. It is
calculated as the ratio of aggregated production of a trophic level to
the aggregated production of the preceding trophic level (Lalli and
Parsons, 1993). Thus, the primary producers and detritus groups are
conventionally attributed to TL I, the herbivorous fraction of ﬂows and
biomasses to TL II, the ﬁrst order carnivorous ﬂows and biomasses to
TL III and the second order carnivorous ﬂows and biomasses are

3.1. Model outputs

Table 4
Diet composition matrix used in all model periods (compiled mainly from Gucu (2002) and Daskalov (2002)). The details are explained in the text.
Group/species
Dolphins
Pelagic piscivorous ﬁsh
Demersal ﬁsh
Small pelagic ﬁsh
Aurelia
Mnemiopsis
Zooplankton
Noctiluca
Phytoplankton
Detritus
Import

Dolphins

Pelagic piscivorous ﬁsh

Demersal ﬁsh

0.05
0.095
0.9

0.60

0.1
0.35

0.2

0.35
0.4

Small pelagic ﬁsh

Aurelia

Mnemiopsis

1.00

0.5

0.5

0.10
0.40

0.10
0.40

Zooplankton

Noctiluca

0.15
0.60
0.40

0.60
0.25
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Table 5
Ecosystem indices and synthetic ecological indicators used to assess the ecological status of the Black Sea ecosystem in the four model periods.
Indicator

Explanation

Units

Total System Throughput (TST)
Total primary production/Total Respiration (TPP/TR)

The sum of all ﬂows within the ecosystem (Odum, 1971).
Ratio of total primary production in the system to the sum of all respiratory
ﬂows (Odum, 1971). In mature ecosystems, this ratio is close to unity
(Tomczak et al., 2009).
This equals primary production minus respiratory ﬂows in the system.
In mature ecosystems, this difference is expected to be near zero
(Christensen, 1995).
This ratio is expected to be low in mature ecosystems and high in
developmental stages (Christensen, 1995).
As ﬁshing pressure increases, the mean trophic level of the catch is expected
to decrease (Pauly et al., 1998).
Average omnivory index (food spectrum) of all consumers weighted by each
consumer's consumption (Christensen et al., 2005). The higher the SOI, the
more web-like the ecosystem's food chain.
A measure of TST recycled in the ecosystem. This value is expected to be high
in mature ecosystems (Finn, 1976).
The average number of steps along which the system production ﬂows
through the ecosystem. In mature ecosystems this value is expected to
be high (Finn, 1976).
This is the amount of primary production required to sustain the given amount
of catches within the ecosystem (Odum, 1971).
This ratio is an indicator of the “ﬁshing down the food web” effect as a result
of harvesting top predatory ﬁsh species. It is expected to decrease with ﬁshing
(Shannon et al., 2009).
This ratio indicates the importance/dominance of jellyﬁsh in the entire
zooplankton community. It is expected to increase with ﬁshing
(Shannon et al., 2009).
This ratio is an indicator of the “ﬁshing down the food web” effect as a result
of harvesting top predatory ﬁsh species. It is expected to decrease with ﬁshing
(Shannon et al., 2009).

g C m−2 y−1
–

Net system production

Total primary production/total biomass
Mean trophic level of the catch (mTLc)
System Omnivory Index (SOI)

Finn's Cycling Index (FCI)
Finn's mean path length

Primary production required (PPR)
Ratio of predatory ﬁsh biomass to forage ﬁsh biomass

Ratio of jellyﬁsh biomass to the sum of all zooplankton biomass

Ratio of demersal ﬁsh to pelagic ﬁsh

that the consumption of a group was the sum of production, respiration,
and unassimilated food. The increases in respiratory ﬂows of zooplankton and gelatinous organisms as well as small pelagic ﬁsh from the ﬁrst
period to the second and third periods were remarkable. From system
development theory (Odum, 1969), the increase in respiratory ﬂows is
a sign of perturbed food web conditions. The decrease in the estimated
biomass values of piscivorous ﬁsh from the ﬁrst period to the latter periods was also pronounced and found to correspond with explanations
provided by other studies (Gucu, 2002; Oguz, 2007).
The primary production values that were calculated by the model
were 256, 567, 567 and 347.5 mg C m− 2 d− 1 for the four periods,
respectively. The primary production values were found to be marginally overestimated for the ﬁrst period (100–200 mg C m− 2 d− 1)
and underestimated for the second and third periods (600–800 mg
C m−2 d−1 for 1975–1990), and in the last period, primary production
matched the literature averages (200–400 mg C m−2 d−1) (Oguz et al.,
2012; Yunev et al., 2002 from in-situ data and model estimations).
3.2. Mixed trophic impact
The MTI analysis was performed to reveal the impacts of ﬁsheries on
the exploited species, interspecies competition among gelatinous
organisms and small pelagic ﬁsh, and the predation impact of the
opportunistic species Noctiluca on zooplankton and phytoplankton
groups (Fig. 3). According to the results, ﬁsheries had positive mixed
trophic impacts on demersal (0.489) and small pelagic ﬁsh (0.308)
groups, whereas it caused negative impacts on dolphin (−0.650) and
pelagic piscivorous ﬁsh (− 0.645) groups for the period 1960–1969.
The positive impacts of ﬁsheries on small pelagic and demersal ﬁsh
groups resulted from the fact that the direct negative impacts because
of harvesting were exceeded by the positive indirect impacts, i.e., the
exploitation of their predators; dolphins and pelagic piscivorous ﬁsh.
Conversely, in the model period 1980–1987, the ﬁshery impacts on all
ﬁsh groups and dolphins were negative (−0.954 for dolphins, −0.865
for piscivorous ﬁsh, − 0.029 for demersal ﬁsh and − 0.058 for small

g C m−2 y−1

–
–
–

–
–

g C m−2 y−1
–

–

–

pelagic ﬁsh) because of the increasing exploitation rates exerted by ﬁsheries on all target groups. The ﬁshery impact on small pelagic ﬁsh
groups became positive (0.120) during 1988–1994 because of the collapse of the small pelagic ﬁshery and its respective stocks, generating a
shift in the ﬁshery, hence, realising the relatively more intensive targeting
of demersal and pelagic piscivorous ﬁsh groups. The ﬁshery impacts were
calculated as negative for small pelagic ﬁsh (−0.055) and positive for demersal ﬁsh (0.036) during 1995–2000 because of the recovery of the
small pelagic ﬁshery, allowing some release of ﬁshing pressure on the demersal ﬁsh species along with more intensive targeting of small pelagic
ﬁsh. As expected, the ﬁshery exerted negative impacts on all other
targeted groups in the four periods.
Because the gelatinous species Aurelia had a preference for zooplankton consumption, its MTI on the small pelagic ﬁsh group was negative (−0.0477 for 1960–1969 and −0.0856 for 1980–1987). After the
explosion of Mnemiopsis, Aurelia's impact remained negative, but the
MTI values diminished by nearly half to −0.0285 and −0.0473 during
1988–1994 and 1995–2000, respectively. On the contrary, Mnemiopsis
maintained a stronger negative impact on the small pelagic ﬁsh groups
(−0.209 and −0.0650) during the latter two periods.
Direct predation of the heterotrophic dinoﬂagellate Noctiluca
exerted a negative mixed trophic impact on the zooplankton group
(− 0.0673 in 1960–1969, − 0.122 in 1980–1987, − 0.116 in 1988–
1994 and − 0.107 in 1995–2000) in all periods. A notable signiﬁcant
change occurred between the ﬁrst and the second time periods because
of increasing Noctiluca biomass corresponding with the degradation of
the food web. However, Noctiluca's mixed trophic impact on the phytoplankton group was positive (0.0517) in 1960–1969 because Noctiluca's
direct negative impact on phytoplankton (predation) was outcompeted
by its indirect positive effect, which was the consumption of the main
predator of phytoplankton, i.e., zooplankton. In the model period
1988–1994, the impact of Noctiluca on phytoplankton was negative
(−0.0197) because of Noctiluca's increasing biomass concentration in
the ecosystem. For the last period (1995–2000), the impact of Noctiluca
on phytoplankton was positive (0.059) because of its diminishing
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Table 6
Basic output parameters calculated by the Ecopath for the four modelled periods. P1, P2, P3 and P4 denote model periods of 1960–1969, 1980–1987, 1988–1994 and 1995–2000,
respectively.
Parameter/group

Biomass (g C m−2 y−1)

Ecotrophic efﬁciency
P1

Dolphins
Piscivorous ﬁsh
Demersal ﬁsh
Small pelagic ﬁsh
Aurelia
Mnemiopsis
Zooplankton
Noctiluca
Phytoplankton
Detritus

P2

P3

P4

0.296
0.995
0.811
0.924

0.427
0.413

0.791
0.618

0.862
0.603

0.992

0.25

0.230
0.183

0.753
0.783

Respiration (g C m−2)

P1

P2

P3

P4

P1

P2

P3

P4

–
–

0.01
0.05

0.01
0.03

0.01
0.01

0.15
0.07
0.03
1.46
0.37
–
153.1
1.949

0.15
0.17
0.19
10.64
5.93
–
209.50
22.96

0.15
0.11
0.07
3.93
1.38
10.15
125.30
15.94

0.15
0.05
0.05
4.04
1.58
2.18
280.0
10.83

0
0
0.108

0.727
0

0.541
0.483

0.372
0.306

–
–

biomass values. In the model period of 1980–1987, Noctiluca had a
slightly negative impact on the phytoplankton group.
3.3. Keystoneness
The keystoneness index (KS) of the functional groups showed relevant differences in the four time periods (Fig. 4). In all periods, with
the exception of 1960–1969, the zooplankton group had the highest
KS values. In 1960–1969, the dolphin group acquired the highest KS
value of − 0.143, and this was followed by comparable KS values of
zooplankton (− 0.404), small pelagic ﬁsh (− 0.428), phytoplankton
(−0.532) and piscivorous ﬁsh (−0.561), suggesting the dolphins' topdown control on the lower trophic levels. The ﬁrst period displayed
much smaller KS values (around −1) for the heterotrophic dinoﬂagellate

Noctiluca and jellyﬁsh Aurelia, along with the demersal ﬁsh group because
of their marginal dominance during the ﬁrst period. However, the
keystoneness indices of Aurelia and Noctiluca increased slightly to
−0.772 and − 0.881, respectively, closely following the KS value of
small pelagic ﬁsh (−0.623) in 1980–1987. This contrasted with a major
reduction in the dolphins' keystone level to −0.75 and similar reductions
in the KS values of the piscivorous and demersal ﬁsh groups (−0.913,
−1.028, respectively). This decline suggested a decrease in the topdown predatory control mechanism on the intermediate trophic level
species. In the third period, 1988–1994, Mnemiopsis was the secondary
keystone species of signiﬁcance after zooplankton, with a KS index
value of −0.46. It was followed by the dolphin and phytoplankton groups
with index values of −0.491 and −0.498, respectively. The KS values of
small pelagic ﬁsh, pelagic piscivorous ﬁsh, Noctiluca, and Aurelia were
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Fig. 3. Mixed trophic impact relationships between functional groups in the four model periods. Abbreviations: F (ﬁsheries), Dt (detritus), P (phytoplankton), N (Noctiluca), Z (zooplankton),
M (Mnemiopsis), A (Aurelia), Sf (small pelagic ﬁsh), Df (demersal ﬁsh), Pf (pelagic piscivorous ﬁsh), D (dolphins).
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Fig. 4. Keystoneness and relative total impact of functional groups on the structure of the Black Sea food web in four model periods. 1) Dolphins, 2) piscivorous ﬁsh, 3) demersal ﬁsh,
4) small pelagic ﬁsh, 5) Aurelia, 6) Mnemiopsis, 7) zooplankton, 8) Noctiluca, 9) phytoplankton.

calculated as −0.767, −0.824, −0.857 and −1.255, respectively. During
the last period, 1995–2000, dolphin, phytoplankton, and small pelagic
ﬁsh groups followed the zooplankton group in terms of keystoneness,
with KS values of − 0.414, − 0.433 and − 0.659, respectively. The
keystoneness of Mnemiopsis decreased to −0.839 following the small pelagic ﬁsh. Noctiluca followed Mnemiopsis with a keystone index value of
− 0.896. Aurelia, demersal ﬁsh, and piscivorous ﬁsh groups were the
last three groups with KS index values of −0.971, −1.203 and −1.262,
respectively.
3.4. Trophic ﬂow and transfer efﬁciency
The overall transfer efﬁciency from the producer and detritus compartments (TL I) to TL II increased from 1.4% in 1960–1969 to 8.2% in
1980–1987 and 10.6% in 1988–1994, indicating strengthened bottomup effects in the food web during those periods, but decreased to 3%
in the last time period (Table 7). However, the transfer efﬁciency from
TL II to TL III decreased from 8.9% in 1960–1969 to 3.2% in 1980–1987
and 2.2% in 1988–1994 because TL III comprised both the small pelagic
ﬁsh and a given portion of ﬂows attributed to jellies, in which the latter
constituted a larger share of the biomass during these periods. Finally, as
jelly biomasses declined to moderate values, the transfer efﬁciency from
TL II to TL III increased slightly to 3.8% in 1995–2000. The transfer efﬁciencies of all ﬂows from TL III to TL IV were calculated as 6.3%, 7.3%,

8.7% and 7.4% in the four modelled periods, respectively. Considering
the transfer efﬁciency from TL IV to TL V, a rough estimate of 0.5% was
calculated for each period; however, this estimate was biassed by the
relatively low dolphin biomass because of the lack of reliable
observational data.
3.5. Summary statistics and synthetic indicators
The results of the analyses of the synthetic indicators and the statistical parameters (Table 8) calculated for the four model periods are
summarised in this section. Total System Throughput (TST) increased
from 681.733 g C m− 2 y− 1 in the period 1960–1969 up to 1405.977
g C m− 2 y− 1 in 1980–1987 with increasing productive capacity of
the ecosystem because of eutrophication. In the periods 1988–1994
and 1995–2000, TST values were calculated as 1316.583 g C m− 2 y
−1
and 1020.347 g C m− 2 y− 1, respectively.
Net system production increased from 98.934 g C m−2 y−1 in 1960–
1969 to 317.918 g C m−2 y−1 in 1980–1987. In 1988–1994 and 1995–
2000, net system production was calculated as 410.443 g C m−2 y−1
and 48.563 g C m− 2 y− 1, respectively. The ratio of total primary
production to the sum of all respiratory ﬂows in the system was calculated as 1.63 in 1960–1969. In 1980–1987, this ratio increased to
2.274. It further increased to 3.614 in 1988–1994. In 1995–2000, this
ratio decreased to 1.162.

Table 7
Transfer efﬁciency (%) of ﬂows across trophic levels in the four modelled periods.
Source/trophic level

1960–1969

1980–1987

1988–1994

1995–2000

II

III

IV

V

II

III

IV

V

II

III

IV

V

II

III

IV

V

Producer
Detritus
All ﬂows

1.4
1.4
1.4

9.0
8.9
8.9

6.3
6.3
6.3

0.5
0.5
0.5

8.2
8.3
8.2

3.2
3.2
3.2

7.3
7.3
7.3

0.5
0.5
0.5

10.8
10.3
10.6

2.2
2.2
2.2

8.7
8.7
8.7

0.5
0.5
0.5

3.0
3.0
3.0

3.8
3.8
3.8

7.4
7.4
7.4

0.5
0.5
0.5
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Table 8
Summary statistics and ﬂow indices of the four mass-balance models of the Black Sea ecosystem for their respective periods.
Parameter/period

1960–1969

1980–1987

1988–1994

1995–2000

Units

Summary statistics
Sum of all consumption
Sum of all exports
Sum of all respiratory ﬂows
Sum of all ﬂows into detritus
Total System Throughput
Sum of all production
Mean trophic level of the catch
Gross efﬁciency (catch/net p.p.)
Calculated total net primary production
Total primary production/Total Respiration
Net system production
Total primary production/total biomass
Total biomass/total throughput
Total biomass (excluding detritus)
Primary production required/Total PP (PPR/TotPP)

234.399
98.974
157.146
191.214
681.733
286.453
3.355
0.000
256.080
1.630
98.934
132.000
0.003
1.940
6.873

380.882
318.017
249.532
457.545
1405.977
622.624
3.065
0.001
567.450
2.274
317.918
90.955
0.004
6.239
52.815

246.634
410.506
157.007
502.436
1316.583
607.750
3.095
0.000
567.450
3.614
410.443
116.771
0.004
4.860
25.836

449.859
48.589
298.891
223.008
1020.347
408.450
3.033
0.001
347.454
1.162
48.563
89.847
0.004
3.867
28.930

g C m−2 y−1
g C m−2 y−1
g C m−2 y−1
g C m−2 y−1
g C m−2 y−1
g C m−2 y−1
–
–
g C m−2 y−1
–
g C m−2 y−1
–
y−1
g C m−2
%

0.072
9.400
2.662

0.122
4.610
2.477

0.115
2.760
2.320

0.116
15.010
2.936

Network ﬂow indices
System Omnivory Index
Finn's Cycling Index
Finn's mean path length

–
(% of TST)
–

The mean trophic level of the catch (mTLc) decreased from 3.36 in
1960–1969 to 3.07 in 1980–1987. mTLc values were calculated as 3.10
and 3.033 in the periods 1988–1994 and 1995–2000, respectively. Furthermore, the catches by trophic levels showed that different trophic
levels dominated the ﬁshery catches in the particular periods
(Table 9). In period 1960–1969, TL III and TL IV constituted 64% and
35% of the entire ﬁshery yield in the system, respectively. In 1980–
1987, the percentage of TL IV organisms in ﬁshery catches decreased
to 7.8%, whereas TL III species constituted 90% of the yield. In 1988–
1994, the catch composition comprised 82% of TL III groups and 12.6%
of TL IV groups. In 1995–2000, the percentage of TL IV organisms in
the catches decreased to 4.5%, whereas the percentage of TL III organisms increased to 92%. Similarly, the biomass distribution by trophic
levels in the system reﬂected the dominance of different trophic level
species in the four model periods (Table 10). The ecosystem was dominated by TL IV and TL III organisms which represented 64.5% and 35% of
all biomasses, respectively, in 1960–1969, illustrating the dominance of
higher-trophic-level groups within the ecosystem. In 1980–1987, TL III
organisms comprised over 90% of the total biomass within the ecosystem, whereas the percentage of TL IV organisms decreased to 7.7%.
This showed the impact of removing top predatory species from the
ecosystem by ﬁsheries. The percentage of TL IV organisms in the total
living biomass increased to 12.5% when TL III organisms decreased to
83% in period 1988–1994. This was a direct consequence of the collapse
of small pelagic ﬁsh stocks, which in turn, was reﬂected as an increase in
the relative biomass contribution of higher-trophic-level species in the
community. In the ﬁnal period (1995–2000), the proportion of TL IV organisms decreased to 5% and the percentage of TL III organisms increased to 92% because of the recovery of the small pelagic ﬁsh stocks.
Finn's Cycling Index (FCI) decreased from 9.4% in 1960–1969 to
4.61% in 1980–1987. It further decreased down to 2.76% in 1988–
1994. This indicated that nutrient turnover in the food-web increased
from 1960–1969 to 1980–1987 and 1988–1994. The FCI increased to
15.01% in 1995–2000 because of a slight ecosystem-wide recovery, i.e.,

improving transfer efﬁciency rates of trophic ﬂows through the food
web and reduction in the proportion of the short-circuited energy
ﬂows, in response to the reduced eutrophication and the introduction
of the Mnemiopsis–predator Beroe. This impact was also reﬂected in
the Finn's mean path length which was calculated as 2.662, 2.477, and
2.320 in 1960–1969, 1980–1987, and 1988–1994, respectively, showing
a shortening in the average distance of a unit of energy travelled within
the food web as the system degraded (i.e., short-circuiting of energy
ﬂows) in 1980–1987 and 1988–1994. A subsequent increase in Finn's
mean path length to 2.936 in 1995–2000 was consistent with the slight
recovery that was observed in ecosystem conditions.
The biomass ratios of Aurelia, Mnemiopsis and Noctiluca, which could
be considered as r-strategist species, to the community biomass in general and plankton biomass in particular, increased from 0.0435 in 1960–
1969 to 0.347 and 0.633 in 1980–1987 and 1988–1994, respectively.
This reﬂected the increased perturbations, i.e., stress conditions sensu
Odum (1985), which prevailed in the Black Sea ecosystem during
these latter periods.

Table 9
Catches by trophic levels in four modelled periods of the Black Sea.

Table 10
Living biomass by trophic levels in four modelled periods of the Black Sea.

4. Discussions and conclusions
4.1. Considerations speciﬁc to the methodology
Although the present study utilised some parameterisations of previous mass-balance modelling studies in the Black Sea, it elaborated
these former contributions by including further parameter adjustments
and model currency changes by incorporating previously neglected but
ecologically important food web organisms, and by discriminating between the opportunistic organisms adversely affecting the food web
conditions. Furthermore, our study focused more on the ecosystem
functioning itself through energetic ﬂows and prey–predator interactions with the help of synthetically produced trophic indicators. These
aspects of the study allowed us to ﬁll some gaps in understanding the

Trophic level

1960–1969

1980–1987

1988–1994

1995–2000

Trophic level

1960–1969

1980–1987

1988–1994

1995–2000

V
IV
III
II
I

0.00004
0.0109
0.02
0
0

0.00004
0.0355
0.415
0.00824
0

0.00004
0.0266
0.175
0.00937
0

0.00004
0.0133
0.249
0.00614
0

V
IV
III
II
I

0.0004
0.0487
0.24
0.771
0.88

0.0004
0.187
1.929
2.172
1.95

0.0004
0.0878
1.142
1.679
1.95

0.0004
0.0558
0.8
1.817
1.194
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changes the Black Sea ecosystem had undergone in the second half of
the 20th century.
The simplicity of the model scheme, i.e., the inclusion of a limited
number of functional groups, was designed purposefully to not overcomplicate the models to cause an increasing source of uncertainty in
the model outputs because of the increased number of parameters required to set up the models. However, our modelling scheme was capable of adequately representing the general structure of the Black Sea
food web to derive interpretations from ecological indicators that
were calculated utilising the food web's functional properties. It was
more of a concern for this study to examine the characteristics of the
food web over the model periods by focusing on traits of organisms
rather than dealing with speciﬁc species dynamics within the
ecosystem.
In our study, it was assumed that the EE values that were calculated
by the mass-balance model set-up in the ﬁrst period for dolphins and
pelagic piscivorous ﬁsh groups of the Black Sea would approximately remain unchanged in the latter model periods. This assumption might
have impacted the calculated values of indicators, such as keystoneness
for these groups. However, considering the complete absence of stock
assessment studies for these two functional groups, this assumption
was inevitable. Furthermore, the exploitation levels of pelagic piscivorous ﬁsh should have remained approximately stable over the years if
the high ﬁshery demand on these ﬁshes was acknowledged (Gucu,
2002; Oguz, 2007; Oguz et al., 2008), hence leading to the high EE estimates used in this work. Pelagic piscivorous ﬁsh in the Black Sea has always been under exceeding levels of exploitation and their predators
have been limited in the system. Hence, it could be assumed that EE
values for this functional group might have ﬂuctuated around the
same mean value over the four modelled periods. However, dolphins
had been exploited intensively in the Black Sea until the ban of its ﬁsheries in 1966 in the USSR, Bulgaria and Romania and ﬁnally in 1983 in
Turkey (Birkun, 2008). Therefore, a decreasing EE value was most likely
to be expected for the dolphins group over the four modelled periods. In
this aspect, it could be stated that our model set-ups led to relatively
higher estimates of natural mortality values for this group. However,
by-catch has been a signiﬁcant source of mortality for dolphins even
after the dolphin ﬁshery ban in the Black Sea (2000–3000 individuals
per year, Ozturk et al., 1999), which might have compensated for the release of ﬁshing pressure on this group after the ﬁshing bans causing
high “natural” mortality levels.
4.2. Interpretation of model results
The present study provided an assessment of the Black Sea ecosystem structure and function using the ecological indicators approach
pioneered by Odum (1969, 1985) and elaborated upon by many others
(Christensen, 1995; Costanza and Mageau, 1999; Gaichas et al., 2009;
Shannon et al., 2009; Ulanowicz, 2004; Ulanowicz and Puccia, 1990).
A similar approach with limited scope was previously implemented in
the Black Sea by Christensen and Caddy (1993) that compared the
pre-Mnemiopsis (early 1980s) and post-Mnemiopsis (early 1990s) periods and examined the likely impacts of B. ovata on the Mnemiopsis
population. Our work expanded upon this in terms of analysis complexity and time periods of the examined ecosystem. Our study differed
from those of Gucu (2002) and Daskalov (2002) on the interpretation
of model products because this study comprised the entire food-web
and its quantitative analysis with ecological indicators to assess the ecosystem status that prevailed in the Black Sea during the last few
decades.
Evidence of top-down control in the ﬁrst period (1960–1969) was
demonstrated by the highest KS value belonging to the dolphins
group in the food web. Considering that food webs are under the tension of either top-down/bottom-up or wasp-waist controls in terms of
trophic relationships, predator keystone species could be interpreted
as exerting top-down control on their food web. Similarly, low trophic

level groups ranking high in terms of keystoneness highlight the important role of their primary or secondary production in shaping the food
web. One other interesting outcome of our analysis was the lack of recovery of dolphins, even though the dolphin ﬁshery was banned after
1966 in the USSR, Bulgaria, Romania and 1983 in Turkey. This was clearly supported by the MTI and transfer efﬁciency (TE) analyses. In the MTI
analysis, the continuous increase in the negative impact of ﬁsheries on
dolphins even after the ﬁshing ban suggested that excessive harvesting
of small and large pelagic ﬁsh did not leave sufﬁcient food resources for
dolphins to promote their population growth, and hence, consolidated
the indirect negative impact of ﬁsheries on dolphins. TE analysis further
quantiﬁed increasing resource supply to TL II consistent with intensive
eutrophication, but this did not propagate further up the food web because of the short-circuiting of energy ﬂows by the gelatinous population that dominated the TLs II–III. This short-circuiting and the
decrease in energy transfer efﬁciency to higher trophic levels were
also signiﬁed by the decrease in Finn's Cycling and Finn's mean path
length indicators starting from the ﬁrst period. Further evidence for
the severity of this short-circuiting effect was provided by the KS
value of Mnemiopsis in 1988–1994, which suggested Mnemiopsis was
the second most signiﬁcant keystone species after the zooplankton
group.
The impact of intensive eutrophication was also reﬂected in the TST
values of the ecosystem which increased almost two-fold between the
ﬁrst and second model periods. This reversal in the food web from a
top-down controlled state to become more inﬂuenced by bottom-up
controls was demonstrated by the highest keystone values that were
calculated for zooplankton and phytoplankton groups in the latter
three model periods. Fisheries also played an important role in this
reorganisation as depicted by the decrease in the mean trophic level
of the catch (mTLc) and the mean trophic level of community (mTLco)
indices because of selective extraction of particular ﬁsh groups from
the ecosystem so that top-down control on the food web abated. This
“ﬁshing down the food web” (Pauly et al., 1998) impact has been continuing in the Black Sea since the 1960s.
Consistent with Odum (1985), the patterns of many ecological indicators revealed that the Black Sea ecosystem underwent stressed conditions in the ﬁnal periods examined. The net system production, an
indicator expected to be close to zero in mature ecosystems, increased
roughly three-fold from the ﬁrst period to the latter two periods. Similarly, the TPP/TR ratio increased approximately four-fold from a closeto-unity value (typical for healthy ecosystems) in the ﬁrst time period
to the subsequent time periods, also suggesting this deterioration
(growing instability) in the ecosystem. The biomass ratio of the sum
of opportunistic species Mnemiopsis, Aurelia, and Noctiluca with respect
to the total zooplankton increased by more than an order of magnitude
from the ﬁrst period to 1988–1994. These species had no natural predators within the Black Sea ecosystem. Hence, the accumulated energy in
the respective TLs of these organisms was not transferred upwards in
the trophic chain but circuited back to detritus by natural mortality.
This leakage in the food web reduced the TE of ﬂows through the trophic
chain to TL III and above (Fig. 5).
In conclusion, contrary to Gucu (2002) and Daskalov (2002) who
suggested overﬁshing as the prime cause of the collapse of small pelagic
ﬁsh stocks in 1989, we conclude that according to our analyses this collapse was most likely related to more than one single cause. Indeed,
overexploitation by ﬁsheries was severe and evident in the various system indices, such as i) the decrease in the mean trophic level of the
catches from 3.34 in 1960–1969 down to 3.07 in 1980–1987, ii) the increase in primary production required to support catches from 6.87% in
1960–1969 to 52.82% in 1980–1987, and iii) the increase in the proportion of opportunistic species within the plankton community. However,
the increased competition between gelatinous organisms and small pelagic ﬁsh for resources represents an additional explanation for the ﬁsh
collapse that is supported by our results. In fact, the MTI analysis estimated increasing negative impact index values between gelatinous
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Fig. 5. Trophic ﬂows between the model compartments in periods a) 1960–1969, b) 1980–1987, c) 1988–1994 and d) 1995–2000. The opacity of the lines is proportional to the ﬂow
magnitude and normalised across different periods. Special attention should be given to the consolidation of ﬂows within the lower-trophic-level compartment along with the increase
in ﬂows in 1980–1987 and the proliferation of alien comb jelly Mnemiopsis in 1988–1994. The path length of the ﬂows cycled within the system from period 1960–1969 to other periods
decreased as the ﬂows were trapped down in the lower-trophic-level compartments of the food web. The introduction of the alien comb jelly further branched lower-trophic-level ﬂows
in three new pathways. Abbreviations: Dol (dolphins), Pisc (pelagic piscivorous ﬁsh), Dem (demersal ﬁsh), SPel (small pelagic ﬁsh), Aur (Aurelia), Mne (Mnemiopsis), Noc (Noctiluca), Zoo
(zooplankton), Phyto (phytoplankton), Det (detritus).

organisms and small pelagic ﬁsh groups in the last two periods. The trophic competition between Aurelia and small pelagic ﬁsh in 1980–1987
(negative MTI) was further exacerbated by the proliferation of
Mnemiopsis as shown by the strong negative impact between
Mnemiopsis and small pelagic ﬁsh in 1988–1994. Based on the ecological
indicators and statistical properties of the Black Sea ecosystem that was
examined in our work, we propose that the synergistic effects of

“resource competition” with jellyﬁsh and “overexploitation” by ﬁsheries were the most likely causes to lead such a collapse in the small pelagic ﬁsh stocks in 1989.
A better understanding of the roles played by ecosystem drivers and
key species is vital for future ecosystem management of the Black Sea in
the face of continuous anthropogenic pressures and climatic change. In
this regard, using the Black Sea ecosystem as a case study, our work
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showed that the structure and function of a marine ecosystem can be
examined coherently through a carefully selected set of ecological indicators that can help highlight the main drivers and causes of changes. A
time-dynamic Ecosim model of the Black Sea with application of network analyses to obtain dynamically varying ecological indicators
would, possibly, further complement the ﬁndings of this work. Nevertheless, the advantage of this study is that relevant insights were obtained with a simple but quantitative approach, allowing the assessment of
the Black Sea's food web structure and function over the last few
decades from a parsimonious set of parameters. This application, therefore, allowed us to provide a baseline towards establishing the goal of
“integrated ecosystem assessment” (Levin et al., 2009) for the region.
Acknowledgements
The authors would like to thank Dr. Ali Cemal Gucu, Dr. Ferit Bingel,
and Dr. Bettina Fach Salihoglu for their valuable comments during the
preparation of this work. Furthermore, we are indebted to the METUIMS modelling group for their discussions on the various aspects of
this study during our weekly meetings. This work would not have
been possible without the support of the International Centre for
Theoretical Physics (ICTP), Training and Research in Italian Laboratories
(TRIL) programme, the Marine Ecosystem Evolution in a Changing
Environment (MEECE) and the Policy-oriented Marine Environmental
Research in the Southern European Seas (PERSEUS) projects. Our very
special thanks go to Nevzat Akoglu for illustrating the various ecological
regimes in the Black Sea as depicted in Fig. 1.

References
Berdnikov, S.V., Selyutin, V.V., Vasilchenko, V.V., Caddy, J.F., 1999. Trophodynamic model
of the Black and Azov Sea pelagic ecosystem: consequences of the comb jelly,
Mnemiopsis leidyi, invasion. Fish. Res. 42, 261–289.
Bilio, M., Niermann, U., 2004. Is the comb jelly really to blame for it all? Mnemiopsis leidyi
and the ecological concerns about the Caspian Sea. Mar. Ecol. Prog. Ser. 269, 173–183.
Birkun, A., 2008. The state of Cetacean populations. In: Oguz, T. (Ed.), State of the Environment of the Black Sea (2001–2006/7), Publications of the Commission on the Protection of the Black Sea Against Pollution (BSC) 2008-3. Istanbul, Turkey, pp. 201–246.
Christensen, V., 1995. Ecosystem maturity — towards quantiﬁcation. Ecol. Model. 77,
3–32.
Christensen, V., Caddy, J.F., 1993. Reﬂections on the pelagic food pelagic food web structure in the Black Sea. Second technical consultation on stock assessment in the
Black Sea, Ankara, Turkey, 15–19 February. FAO Fisheries Report, 495, pp. 84–101.
Christensen, V., Walters, C.J., Pauly, D., 2005. Ecopath with Ecosim: A User's Guide. Fisheries
Center, University of British Columbia, Vancouver, Canada (154 pp.).
Costanza, R., 1992. Toward an operational deﬁnition of ecosystem health. In: Costanza, R.,
Norton, B.G., Haskell, B.D. (Eds.), Ecosystem Health: New Goals for Environmental
Management. Island Press, pp. 239–256.
Costanza, R., Mageau, M., 1999. What is a healthy ecosystem? Aquat. Ecol. 33, 105–115.
Daskalov, G.M., 2002. Overﬁshing drives a trophic cascade in the Black Sea. Mar. Ecol.
Prog. Ser. 225, 53–63.
Daskalov, G., Prodanov, K., Zengin, M., 2007. The Black Sea ﬁsheries and ecosystem
change: discriminating between natural variability and human-related effects.
Proceedings of the Fourth World Fishery Congress. AFS Book (1946 pp.).
Dow, D.D., O'Reilly, J.E., Green, J.R., 2006. Microzooplankton. In: Link, J.S., Griswold, C.A.,
Methratta, E.T., Gunnard, J. (Eds.), Documentation for the Energy Modelling and Analysis eXercise (EMAX). US Dep. Commer., Northeast Fish. Sci. Cent. Ref. Doc. 06-15
(166 pp.).
Finn, J.T., 1976. Measures of ecosystem structure and function derived from analysis of
ﬂows. J. Theor. Biol. 56, 363–380.
Gaichas, S., Skaret, G., Falk-Petersen, J., Link, J.S., Overholtz, W., Megrey, B.A., Gjøster, H.,
Stockhausen, W.T., Dommasnes, A., Friedland, K.D., Aydin, K.Y., 2009. A comparison
of community and trophic structure in ﬁve marine ecosystems based on energy
budgets and system metrics. Prog. Oceanogr. 81, 47–62.
Grégoire, M., Friedrich, J., 2004. Nitrogen budget of the northwestern Black Sea shelf
inferred from modeling studies and in situ benthic measurements. Mar. Ecol. Prog.
Ser. 270, 15–39.
Gregoire, M., Lacroix, G., 2003. Exchange processes and nitrogen cycling on the shelf and
continental slope of the Black Sea basin. Glob. Biogeochem. Cycles 17 (2), 1073.
Gregoire, M., Soetaert, K., 2010. Carbon, nitrogen, oxygen and sulﬁde budgets in the Black
Sea: a biogeochemical model of the whole water column coupling the oxic and anoxic
parts. 221 (19), 2287–2301.
Gregoire, M., Soetaert, K., Nezlin, N., Kostianoy, A., 2004. Modeling the nitrogen cycling
and plankton productivity in the Black Sea using a three-dimensional interdisciplinary model. J. Geophys. Res. 109, C05007.

Gregoire, M., Raick, C., Soetaert, K., 2008. Numerical modeling of the central Black
Sea ecosystem functioning during the eutrophication phase. Prog. Oceanogr. 76,
286–333.
Gucu, A.C., 2002. Can overﬁshing be responsible for the successful establishment of
Mnemiopsis leidyi in the Black Sea? Estuar. Coast. Shelf Sci. 54, 439–451.
Haskell, B.D., Norton, B.G., Costanza, R., 1992. What is ecosystem health and why should
we worry about it? In: Costanza, R., Norton, B.G., Haskell, B.D. (Eds.), Ecosystem
Health: New Goals for Environmental Management. Island Press, pp. 3–19.
He, Y., Stanev, E.V., Yakushev, E., Staneva, J., 2012. Black Sea biogeochemistry: response to
decadal atmospheric variability during 1960–2000 inferred from numerical modelling. Mar. Environ. Res. 77, 90–102.
Kideys, E.A., 2002. Fall and rise of the Black Sea ecosystem. Science 297, 1482–1483.
Kideys, A.E., Kovalev, A.V., Shulman, G., Gordina, A., Bingel, F., 2000. A review of zooplankton investigations of the Black Sea over the last decade. J. Mar. Syst. 24, 355–371.
Kovalev, A.V., Piontkovski, S.A., 1998. Interannual changes in the biomass of the Black Sea
gelatinous zooplankton. J. Plankton Res. 20 (7), 1377–1385.
Kovalev, A., Niermann, U., Melnikov, V., Belokopitov, V., Uysal, Z., Kideys, A.E., Unsal, M.,
Altukhov, D., 1998. Long-term changes in the Black Sea Zooplankton: the role of natural and anthropogenic factors. In: Ivanov, L.I., Oguz, T. (Eds.), Ecosystem modeling as
a management tool for the Black Sea. 2. Environmental security. NATO Science Series,
vol. 47, pp. 221–234.
Lalli, C.M., Parsons, T.R., 1993. Biological Oceanography: An Introduction. Pergamon Press,
Oxford (296 pp.).
Lancelot, C., Stanevab, J., van Eeckhout, D., Beckers, J.M., Stanev, E., 2002. Modelling the
Danube-inﬂuenced north-western continental shelf of the Black Sea. II: Ecosystem
response to changes in nutrient delivery by the Danube River after its damming in
1972. Estuar. Coast. Shelf Sci. 54 (3), 473–499.
Langmead, O., McQuatters-Gollop, A., Mee, L.D. (Eds.), 2007. European Lifestyles and
Marine Ecosystems: Exploring Challenges for Managing Europe's Seas. University of
Plymouth Marine Institute, Plymouth, UK (43 pp.).
Lebedeva, L.P., Shushkina, E.A., 1994. Modeling the effect of Mnemiopsis on the Black Sea
plankton community. Oceanology 34 (I), 72–80.
Levin, P.S., Fogarty, M.J., Murawski, S.A., Fluharty, D., 2009. Integrated ecosystem
assessments: developing the scientiﬁc basis for ecosystem-based management of
the ocean. PLoS Biol. 7 (1), e1000014.
Libralato, S., Christensen, V., Pauly, D., 2006. A method for identifying keystone species in
food web models. Ecol. Model. 195, 153–171.
Lindeman, R.L., 1942. The trophodynamic aspect of ecology. Ecology 23, 399–418.
Liu, K.-K., Dittert, N., 2010. Web-based electronic supplements, Appendix C. In: Liu, K.-K.,
Atkinson, L., Quiñones, R.A., Talaue-McManus, L. (Eds.), Carbon and Nutrient Fluxes in
Continental Margins. Springer, Berlin (http://cmtt.pangaea.de/, Dec 13, 2013).
Llope, M., Daskalov, G.M., Rouyer, T.A., Mihneva, V., Chan, K., Grishin, A.N., Stenseth, N.C.,
2011. Overﬁshing of top predators eroded the resilience of the Black Sea system
regardless of the climate and anthropogenic conditions. Glob. Chang. Biol. 17,
1251–1265.
McQuatters-Gollop, A., Mee, L.D., Raitsos, D.E., Shapiro, G.I., 2008. Non-linearities, regime
shifts and recovery: the recent inﬂuence of climate on Black Sea chlorophyll. J. Mar.
Syst. 74, 649–658.
Mee, L.D., 2006. Reviving dead zones. Sci. Am. 295, 54–61.
Nesterova, D., Moncheva, S., Mikaelyan, A., Vershinin, A., Akatov, V., Boicenco, L., Aktan, Y.,
Sahin, F., Gvarishvili, T., 2008. The state of phytoplankton. In: Oguz, T. (Ed.), State of
the Environment of the Black Sea (2001–2006/7). Publications of the Commission
on the Protection of the Black Sea Against Pollution (BSC) 2008-3, Istanbul, Turkey,
pp. 173–200.
O'Reilly, J.E., Dow, D.D., 2006. Phytoplankton and primary production. In: Link, J.S.,
Griswold, C.A., Methratta, E.T., Gunnard, J. (Eds.), Documentation for the Energy
Modelling and Analysis eXercise (EMAX). US Dep. Commer., Northeast Fish. Sci.
Cent. Ref. Doc. 06-15 (166 pp.).
Odum, E.P., 1969. The strategy of ecosystem development. Science 104, 262–270.
Odum, E.P., 1971. Fundamentals of Ecology. Saunders, Philadelphia (574 pp.).
Odum, E., 1985. Trends expected in stressed ecosystems. Bioscience 35, 419–422.
Oguz, T., 2007. Nonlinear response of Black Sea pelagic ﬁsh stocks to over-exploitation.
Mar. Ecol. Prog. Ser. 345, 211–228.
Oguz, T., Gilbert, D., 2007. Abrupt transitions of the top-down controlled Black Sea pelagic
ecosystem during 1960–2000: evidence for regime-shifts under strong ﬁshery
exploitation and nutrient enrichment modulated by climate-induced variations.
Deep-Sea Res. 54 (I), 220–242.
Oguz, T., Merico, A., 2006. Factors controlling the summer Emiliania huxleyi bloom in the
Black Sea: a modeling study. J. Mar. Syst. 59, 173–188.
Oguz, T., Velikova, V., 2010. Abrupt transition of the northwestern Black Sea shelf ecosystem
from a eutrophic to an alternative pristine state. Mar. Ecol. Prog. Ser. 405, 231–242.
Oguz, T., Ducklow, H.W., Malanotte-Rizzoli, P., 2000. Modeling distinct vertical biogeochemical structure of the Black Sea: dynamical coupling of the oxic, suboxic and anoxic layers. Glob. Biogeochem. Cycles 14 (4), 1331–1352.
Oguz, T., Ducklow, H.W., Purcell, J.E., Malanotte-Rizzoli, P., 2001. Modeling the response of
top-down control exerted by gelatinous carnivores on the Black Sea pelagic foodweb. J. Geophys. Res. 106 (C3), 4543–4564.
Oguz, T., Cokacar, T., Malanotte-Rizzoli, P., Ducklow, H.W., 2003. Climatic warming and
accompanying changes in the ecological regime of the Black Sea during 1990s. Global
Biogeochem. Cycles 17 (3), 1088.
Oguz, T., Fach, B., Salihoglu, B., 2008a. A coupled plankton–anchovy population dynamics
model assessing nonlinear controls of anchovy and gelatinous biomass in the Black
Sea. Mar. Ecol. Prog. Ser. 369, 229–256.
Oguz, T., Fach, B., Salihoglu, B., 2008b. Invasion dynamics of the alien ctenophore
Mnemiopsis leidyi and its impact on anchovy collapse in the Black Sea. J. Plankton
Res. 34 (II), 1385–1397.

E. Akoglu et al. / Journal of Marine Systems 134 (2014) 113–125
Oguz, T., Akoglu, E., Salihoglu, B., 2012. Current state of overﬁshing and its regional differences in the Black Sea. Ocean Coast. Manag. 58, 47–56.
Orek, H., 2000. An Application of Mass-balance Ecopath Model to the Trophic Structure
in the Black Sea after Anchovy Collapse. Middle East Technical University (M. S. in
Marine Science, 119 pp.).
Ozturk, B., Ozturk, A.A., Dede, A., 1999. Cetacean by-catch in the Western Coast of the
Turkish Black Sea in 1993–1997. In: Evans, P.G.H., Cruz, J., Raga, J.A. (Eds.), Proc.
13th Annual Conf. European Cetacean Society, Valencia, Spain.
Pauly, D., Christensen, V., Dalsgaard, J., Froese, R., Torres, F., 1998. Fishing down marine
food webs. Science 279, 860–863.
Pauly, D., Graham, W., Libralato, S., Morissette, L., Palomares Deng, M.L., 2009. Jellyﬁsh in
ecosystems, online databases and ecosystem models. Hydrobiologia 616, 67–85.
Pianka, E.R., 1970. On r and K selection. Am. Nat. 104 (940), 592–597.
Power, M.E., Tilman, D., Estes, J.A., Menge, B.A., Bond, W.J., Mills, L.S., Daily, G., Castilla, J.C.,
Lubchenco, J., Paine, R.T., 1996. Challenges in the quest for keystones. Bioscience 46
(8), 609–620.
Prodanov, K., Mikhaylov, K., Daskalov, G., Maxim, K., et al., 1997. Environmental management of ﬁsh resources in the Black Sea and their rational exploitation. Gen. Fish.
Counc. Mediterr. Stud. Rev. 68 (178 pp.).
Schaeffer, D.J., Henricks, E.E., Kerster, H.W., 1988. Ecosystem health: 1. Measuring ecosystem health. Environ. Manag. 12, 445–455.
Shannon, L.J., Coll, M., Neira, S., 2009. Exploring the dynamics of ecological indicators
using food web models ﬁtted to time series of abundance and catch data. Ecol.
Indic. 9, 1078–1095.
Shiganova, T.A., 1998. Invasion of the Black Sea by the ctenophore Mnemiopsis leidyi and
recent changes in pelagic community structure. Fish. Oceanogr. 7 (3/4), 305–310.
Shiganova, T.A., Bulgakova, Y.V., 2000. Effects of gelatinous plankton on Black Sea and Sea
of Azov ﬁsh and their food resources. ICES J. Mar. Sci. 57, 641–648.
Shiganova, T.A., Musaeva, E., Arashkevich, E., Kamburska, L., Stefanova, K., Mihneva, M.,
Polishchuk, L., Timofte, F., Ustun, F., Oguz, T., 2008. The state of zooplankton. In:
Oguz, T. (Ed.), State of the Environment of the Black Sea (2001–2006/7). Publications
of the Commission on the Protection of the Black Sea Against Pollution (BSC) 2008-3,
Istanbul, Turkey, pp. 201–246.
Shlyakhov, V.A., Daskalov, G.M., 2008. The state of marine living resources. In: Oguz, T. (Ed.),
State of the Environment of the Black Sea (2001–2006/7). Publications of the

125

Commission on the Protection of the Black Sea Against Pollution (BSC) 2008-3, Istanbul,
Turkey, pp. 321–364.
Staneva, J., Kourafalou, V., Tsiaras, K., 2010. Seasonal and interannual variability of the
north-western Black Sea ecosystem. Terr. Atmos. Ocean. Sci. 21 (1).
Tomczak, M.T., Müller-Karulis, B., Jarv, Leili, Kotta, J., Martin, G., Minde, A., Pollumae, A.,
Razinkovas, A., Strake, S., Bucas, M., Blenckner, T., 2009. Analysis of trophic networks
and carbon ﬂows in South Eastern Baltic coastal ecosystems. Prog. Oceanogr. 81
(1–4), 111–131.
Tsiaras, K., Kourafalou, V.H., Davidov, A., Staneva, J., 2008. A three-dimensional coupled
model of the western Black Sea plankton dynamics: seasonal variability and comparison to SeaWiFs data. J. Geophys. Res. 113, C07007.
Ulanowicz, R.E., 1986. Growth and Development: Ecosystem Phenomenology. Springer
Verlag, New York (203 pp.).
Ulanowicz, R.E., 2004. Quantitative methods for ecological network analysis. Comput.
Biol. Chem. 28 (5–6), 321–339.
Ulanowicz, R.E., Puccia, C.J., 1990. Mixed trophic impacts in ecosystems. Coenoses 5 (1),
7–16.
Umani, S.F., Beran, A., Parloto, S., Virgilio, D., Zollet, T., de Olazabal, A., Lazzarini, B., Cabrini,
M., 2004. Noctiluca scintillans Macartney in the Northern Adriatic Sea: long-term
dynamics, relationships with temperature and eutrophication, and role in the food
web. J. Plankton Res. 26 (5), 545–561.
Weslawski, J.M., Legeżyńska, J., 1998. Glaciers caused zooplankton mortality? J. Plankton
Res. 20 (7), 1233–1240.
Yunev, O.A., Vedernikov, V.I., Basturk, O., Yilmaz, A., Kideys, A.E., Moncheva, S., Konovalov,
S.K., 2002. Long-term variations of surface chlorophyll-a and primary production in
the open Black Sea. Mar. Ecol. Prog. Ser. 230, 11–28.
Yunev, O.A., Carstensen, J., Moncheva, S., Khaliulin, A., Ærtebjerg, G., Nixon, S., 2007. Nutrient and phytoplankton trends on the western Black Sea shelf in response to cultural
eutrophication and climate changes. Estuar. Coast. Shelf Sci. 74, 63–76.
Zaitsev, Y.U.P., 1992. Recent changes in the trophic structure of the Black Sea. Fish.
Oceanogr. 1 (II), 180–189.
Zaitsev, Y.U.P., Mamaev, V., 1997. Biological Diversity in the Black Sea: A Study of Change
and Decline. United Nations Publications, New York (208 pp.).

