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Abstract.

A zero dimensional ecosystem model is applied to the Black Sea to sim-
ulate the behaviour of its regional ecosystems. The modelling is guided by
the analyses of the seasonal changes of mixed layer depth, nutrients and
chlorophyll-a in the model regions, based on the available data in these
areas of the Black Sea. Nutrients are continuously supplied to the adja-
cent coastal area by rivers, and in the other regions, mixed layer nutrient
concentrations generally increase by mixing in winter. Despite the scarcity
of data, it appears that the maximum chlorophyll-a concentration occurs
in February-March in the central Black Sea, and in April-May in the pe-
ripheral regions, where the level is also an order of magnitude higher, as
a result of riverine and coastal sources. The model successfully reproduces
basic features of seasonal plankton and nutrient changes, and helps inter-
pret the available observations and identify the factors creating the ob-
served regional differences in productivity. The computed seasonal cycle
of the chlorophyll-a compares well with the chlorophyll measurements in
the central Black Sea. On the other hand, advection of nutrients is found
to be important along the western and southern Black Sea coastal areas
downstream of the river sources. Near the Bosphorus, reasonable agree-
ment of model results and observations could only be ensured when the
seasonal pattern of advection of river nutrients were taken into account.
Better representation of the seasonal cycles including spring and autumn
blooms are obtained with a nine compartment size fractionated model. Pre-
liminary results are presented for a case including jelly organisms such as
the ctenophore Mnemiopsis leidyi.



2

1. Introduction

In the world ocean, as well as in the particular case of the Black Sea, the
physical properties, circulation dynamics and mixing of the ambient waters
are primary factors that influence the chemical and biological processes
leading to marine productivity. The active circulation of the Black Sea re-
distributes physical properties and chemical constituents, and eddies and
jets are believed to play important roles in the realization of primary pro-
ductivity, and in the entrainment, recruitment and growth of various marine
organisms (e.g. Sur et al., 1994, 1996; Uysal and Sur, 1996). The study of
mixing processes is essential in determining the sources and redistribution
mechanisms of nutrients, the main factors of new production, and for un-
derstanding eutrophication processes and the distribution of organisms.

Our objective in the present study is to understand the dynamical be-
haviour of the lower trophic levels at different levels of model complexity
including only first order physical effects, and to investigate the regional dif-
ferences of the Black Sea ecosystem. A zero-dimensional ecosystem model
after Fasham ef al. (1990) is used to solve the time dependent coupled
equations for the most essential system of biclogical and chemical elements.
The model excludes any spatial dependence because it is obtained by verti-
cally integrating the one-dimensional system of equations describing lower
trophic level ecosystem dynamics within the mixed layer. The eventual goal
of our studies is to construct box models corresponding to various modules
of the Black Sea, coupled through fluxes, as guided by coarse resolution
physical models.

2. Physical and Chemical Baseline Data

The model input data used in the present study were obtained from in-
dependent R/V Bilim cruises (1986-1995) of the IMS-METU (Institute of
Marine Sciences), and the intercalibrated and pooled data sets obtained
from joint cruises of ComsBlack programme (Aubrey et al., 1992a,b; Oguz
et al., 1993a,c; Konovalov et al., 1994; Ivanov et al., 1994) with the partic-
ipation of the IMS-METU, the MHI (Marine Hydrological Institute} and
the IBSS (Institute of Biology of Southern Seas) of Ukranie, and the RMRI
(Romanian Marine Research Institute) of Romania. Nutrient data of the
NATO TU - Black Sea Programme obtained after 1993 were kindly sup-
plied by S. Konovalov of the MHI. Additional data were introduced from
the hydrophysical data archives of Mamayev {(1923-1992) and the data ob-
tained from the Black Sea cruises of the R/V Knorr (1988 June-July). The
mixed layer depth and the NOj3 concentration below the mixed layer ob-
tained from these data were used as input parameters driving the model in
specific regions.
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Figure 1. A composite picture of the euphotic layer average chlorophyll concentrations
(mg Chl — a/m?®) within a year in the central part of the Black Sea, compiled from
different data sources (open and solid triangles: 1991; solid circles: 1989; open squares:
1988; plus signs: 1986; crosses:1985; open circles: 1984; solid reverse triangles: 1978). The
data are redrawn from Vedernikov and Demidov (1993).

3. Validation Data

Unfortunately, there are only very few sources of data for comparison of
the model results with observations, especially with regard to the biological
variables such as primary production. The only sets of data available to us
for comparison were mainly chlorophyll data assembled from the central
part of the basin, and similar measurements near the northern entrance of
the Bosphorus. Additionally, we compared mixed layer averages of nitrate,
obtained from the above sets of measurements with those produced by the
model.

The primary productivity and chlorophyll-a annual time series data
indicate that the Black Sea exhibits characteristics of temperate basins
with apparently two peaks observed during early spring and fall (Sorokin
1983; Vedernikov and Demidov, 1993). Figure 1 displays the annual cycle
of chlorophyll-a within the central part of the basin, based on a synthesis of
observations carried out during the last decade (Vedernikov and Demidov,
1993). The annual cycle of chlorophyll-a within the mixed layer in the
vicinity of the Black Sea exit of the Bosphorus is displayed in Figure 2
within the northern exit region of Bosphorus, where time series of data
were available (Chlorophyll-a measurements for stations {0 and B15 were
kindly supplied to us by Colpan Polat of the IMS-METU).
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Figure 2. Seasonal composites of average Chlorophyll-a concentration (mg Chifm?*)
within the euphotic layer near the northern entrance of the Bosphorus {stations K0 and
B15}, unpublished data (Colpan Polat, IM5-METU).

4. Identification of Model Regions in the Black Sea

Physical, biological and chemical properties of the Black Sea vary greatly
on various spatial and temporal scales. However, it is possible to identify re-
gions with specific characteristics of ecosystems. We divided the Black Sea
basin into different model regions, based on these characteristics. Firstly,
the Coastal Zone Colour Scanner data were used to qualitatively assess
these characteristics. Accordingly, a basic difference in pigment concen-
trations along the western continental shelf / rim current zone and the
interior regions, and secondly a gradual decrease along the periphery from
the northwest shelf zone towards the south, where succession and changes
in phytoplankton species occur. (USGOFSO, 1989; e.g. Sur et al., 1994,
1996; ASRSOMS, 1996; Nezlin, 1997). Secondly, the topography of the shelf
regions isolating the periphery from the interior were considered as a con-
straint, and circulation patterns obtained from numerical models were also
used to identify the specific regions (e.g. Oguz et al., 1993, 1996; Trukhchev
and Ibrayev, 1997).

The division of the basin into model regions was done on the basis of
circulation represented by the computed dynamic anomalies from CTD sur-
veys covering the entire area during the cruises between 1986-1995. Figure
3 shows the twelve model regions of the Black Sea, including the Danube
river mouth and the Bosphorus sub-regions, added as specific regions with
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Figure 8. Geographic areas of the regional ecosystems of the Black Sea.

local characteristics. Ten regions were identified to have common features
with respect to dynamic height anomalies, The regions with dynamic height -
anomaly < —3 cm were defined to be cyclonic {central), those with dynamic
height anomaly > 5 ¢m to be anticyclonic (peripheral) regions, and those
with dynamic height anomaly —3 to 5 c¢m were assumed to correspond to
the frontal zone of the rim current. In delineating the areas, mixed layer
depth characteristics were also compared, and adjacent eddies with similar
mixed layer depth changes in time were considered to belong together. The
following characteristic regions (Figure 3) emerged from the above analy-
ses: 1: central cyclonic gyre, 2: western Anatolian coast, 3: eastern Anato-
- lian coast, 4: Batumi anticyclonic gyre, 5: Crimea-Caucasus, 6: Sevastopol
' anticyclonic eddy, 7: northwestern shelf, 7a: Danube estuary mouth, 8: Bul-
garian coast, 9: Bosphorus shelf, 10: Bosphorus entrance, 11: Rim Current -
transition zone,
It is noteworthy that the division into regions 2 and 3 along the Anato-
lian coast is based on the differences in productivity between these regions
(e.g. Sur et al, 1994, 1996; Uysal and Sur 1995), despite the fact that
these two regions are similar in terms of dynamic topography but different
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in terms of mixed layer depth. A similar division into western and east-
ern parts could have been justified for the cyclonic central region, based
on differences in primary productivity (e.g. USGOFSO, 1989; Hay et al.,
1991). Because of the smaller east-west differences in the central region in
comparison to those amongst the coastal regions, and the lack of sufficient
data, a single central region was defined.

5. Seasonal Variations of Mixed Layer Depth

Although a large volume of physical oceanographic measurements exist in
the Black Sea, these are still not sufficient to reliably establish the cli-
matological seasonal cycle of physical properties in all parts of the basin
because of limited coverage in winter. When calculating the mixed layer
depths for each region, the data from the recent cruises {1986-1995) were
often insufficient, and therefore, bottle measurements of the Mamayev data
set (1923-1992) were used to supplement the available information, despite
the generally coarser sampling interval 5-10 m. The seasonal variation of
average mixed layer depth for the analysed regions are given in Figure 4,
with the 95 % confidence intervals marked with error bars.

6. Seasonal Variations of Nutrient Concentrations

Because the nutrient data are far less abundant than physical measure-
ments, it is not possible to reconstruct the climatological seasonal pattern
in all model regions. As a compromise, the regions are combined into larger
groups to facilitate analyses. The depth and density dependent composite
profiles of NO3;, PO,, St in the cyclonic region (1), the anticyclonic re-
gion (2, 3, 4, 5, 8, 9), the Danube estuary mouth region (7a), northwestern
region (regions 6, 7) and the Bosphorus exit region (10} are plotted in Fig-
ures 5 and 6. Noise is evident in these nutrient measurements, and although
the depth profiles in Figure 5 appear inconclusive, plots with respect to oy
density in Figure 6 leads to better characterisation of these regions.

The mixed layer NOj concentrations in the Danube and the Bosphorus
regions (Figure 5, panel D, E) display high values. For the Danube region,
the excess nutrients are introduced from the rivers. The Bosphorus exit
region differs from the other regions by its two layer flow structure resulting
from the exchange with the Mediterranean region and seems to receive
coastal nutrients.

The composite profiles in Figure 5 are thus used to obtain model inputs
for nutrient concentrations below the mixed layer and its rate of increase
with density, used to supply the surface mixed layer by entrainment and
mixing during mixed layer development.
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Figure 4. Seasonal variations of the average mixed layer depth in model regions, with
95% confidence limits marked by error bars; solid bars denote values obtajned from
the recent data base (1986-1995), while dashed bars denote values obtained from the
Mamayev (1923-1992) data base.
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in the {A) cyclonic region, {B) anticyclonic regions (C) northwestern region, (D} the
Danube estuary mouth region, {E) Bosphorus exit region.
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The onset of increase in NO3 and PO, in the cyclonic gyres appeared at
greater density, but at shallower depths, in comparison with the anticyclonic
regions including the north-west Black Sea. The sinking particulate organic
matter (POM) in the anticyclonic regions therefore appears to have more
time for remineralization. Other features of the nutrient distribution are in
agreement with the analyses of Bastiirk et al.,, 1996.

7. Modelling
7.1. MODEL STRUCTURE AND CHOICE OF PARAMETERS

In the present study we use the ecological model developed by Fasham et
al., (1990), with several levels of internal organization including plankton,
nutrients, detritus and bacterial production. The exchanges of matter, ex-
pressed in nitrogen units, are assumed to take place between the biological
and chemical entities in the biologically active surface mixed layer. The in-
active lower layer supplies nutrients to the mixed layer by entrainment and
mixing. The system of equations are solved by fourth order Runge Kutta
technique.

Model parameters specifically examined for the Black Sea are the mixed
layer depth, light attenuation, sub-mixed layer nitrate, initial slope of the
photosynthesis (P—1T) curve, phytoplankton maximum growth rate, cloudi-
ness and mixed layer temperature. We adjusted the values to k,, = 0.08 d~1
and k. = 0.02 m? (mMol N}~! so as to produce a seasonal variation of
ky = ky + k P in the observed range of 0.1-0.2 in the central region, and
varied them to match observed nutrient levels in the other regions. Phy-
toplankton maximum growth rates, based on in-situ data, were chosen as
(vp = 2 — 3 d71). The results were very sensitive to the initial slope of
the P — I curve: Values of o ranged within 0.049 - 0.094 (Wm=2)~14"1);
especially in regions influenced by river inputs, better results could only
be obtained by adopting specific local values guided by some in-situ mea-
surements. The other parameter values, such as the ammonium fraction of
zooplankton excretion, the bacterial maximum growth rate, the zooplank-
ton maximum growth rate, were mainly selected from the literature, from
regions with conditions similar to the Black Sea. Where estimates were
not available, parameter values were adopted from Fasham et al. (1990,
1994) and Ducklow and Fasham (1992), selecting reasonable ranges that
best reproduced the available observations.

7.2. MODEL SIMULATIONS

In ecological modeling, the need for sufficient realism and that for simpli-
fication often compete. The level of complexity for the appropriate model
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had to be determined by considering the amount of available data, minimal
groupings of biological functions and sizes etc. to obtain verifiable results.

7.2.1. A 7-compartment Model (Phytoplankton, Zooplankton, Bacteria,
DON, Nitrate, Ammonium, Detritus)

The model with seven state variables including phytoplankton and zoo-
plankton, bacteria, detritus, together with the nitrate, ammonia and DON
fractions of nitrogen nutrients (P, Z, B, D, N,,, N,, Ng), is described by
Fasham et al. (1990).

The model was modified to include density dependent nitrate concen-
tration below the mixed layer (see Table 2), determined with the help of
data analyses. In Region 1, the model successfully reproduced the major
observed features (Figure 7), only when realistic input parameters (first
column of Table 1) and variable nutrients below the mixed layer were used
together. Adjustments to model parameters were made in each of the other
regions according to Table 2, to obtain representative results.

The spring bloom starts in the beginning of March and continues for
more than a month, with a maximum value of 1.3 mmol N m=3 (Figure
8). The model NO3z concentrations within the mixed layer are close to
the observed values, except in summer, when they tend to agree better
with a subset of the observations obtained in the R/V Knorr experiments
(Codispoti et al., 1991).

7.2.2. A {-compartment (PZND) Model

The 4-compartment P~ Z ~ D — N model (see Appendix) is obtained from
the 7-compartment model, by combining nitrogen nutrients and bacteria
into a single variable, i.e. N = B+ N,, + N, + Ny, and therefore would
seem to be a good alternative to the 7-compartment, model. Since the only
terms dropped or simplified are those representing zooplankton grazing
on bacteria and ammonia uptake, phytoplankton assimilation efficiency is
increased (from 0.25 to 0.35) to establish equivalency. The runs made with
the parameters of Table 3 are presented in Figure 9.

The model produces the correct magnitude of a phytoplankton bloom,
but the timing of bloom is shifted by about 15 days relative 7-compartment,
case, as a result of the slightly different nutrient limitation function used.
Because the reduced model excludes the NH, compartment, the nitrogen
limitation is altered, with lower nutrient availability in winter (Figure 9),
resulting in higher nitrogen concentration in summer, forced by zooplankton
excretion and phytoplankton exudation.
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Figure 7. Results of the 7-compartment model runs, compared in terms of phytoplankton
and NO; within the mixed layer: (a) run with constant value of NO3 (= 2 mmol m™2)
below the mixed layer, (b) run with constant NQO; value approximated from Oguz et
al. (1995), (¢) the variation of NO; below the mixed layer, based on data analyses,
{d) run with variable NO; below the mixed layer based on data analyses, (e} run with
variable NOa below the mixed layer obtained from from Ofuz et al. (1995). The data of
Vedernikov and Demidov {1993) {biomass to chlerophyll conversion factor ~1, following
Oguz et al., 1996).

7.2.3. A 9-compartment Model (with Mnemiopsis and Mucus Added)

The next level of complexity is the 9-compartment set of equations (Ap-
pendix), including Mnemiopsis leidyi and mucus. It is assumed that ammo-
ntum is produced by the excretion processes of zooplankton, Mnemiopsis
and bacteria, and taken up by both phytoplankton and bacteria. The motile
organism Mnemiopsis leidyi is assumed to excrete mucus which is utilized
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Figure 8. Results of the 7-compartment model run with values of constants in Table
1 for region 1. Open circles show the euphotic layer average chlorophyll concentrations
mg Chl m™*. The data are redrawn from Vedernikov and Demidov {1993).

by bacteria. Dead Mnemiopsis are exported from the mixed layer without
contributing to the detrital mass. Their excreta can be remineralized, how-
ever, to give ammonia. The resulting equations are given in the Appendix.

In Figure 10, the results, using the parameters of Table 4, are shown
for the cylonic region only. The results were very sensitive to changes in
the parameters, especially to the zooplankton and Mnemiopsis maximum



14

TABLE 1. 7-compartment model parameters commen for all regions

| Parameter Symbol  Units Value Oguz |
Mixed layer depth h m
Diflusive mixing rate m md~! 0.1
PAR/total irradiance - 0.41
Cloudiness - oktas 4
Light attenuation by water ky m™! (Table 2) 0.08
Phytop. max. growth rate Tp da-! (Table 2) 1.5
Initial slope of P — I curve a (W m~2)=1d=!  (Table 2) 0.01
Half-sat., for NO;” uptake by P Kpn mmol N m™* 0.5 0.5
Half-sat., for NH} uptake by P Kpa mmol N m™> 0.2 0.2
Phytop. specitic mortality rate Bp d-! 0.045 0.04
Light atten. by phytoplankton ke m?(mmol N)~™'  0.02 0.07
Phytop. exudation fraction e 0.05
NHY inhibition parameter of P Vo (mmol N)}™! 1.5
Zooplankton max. growh rate vz da-! {see Table 1b}) 0.8
Zoop. ass. eff. feeding on P, B, D 85,884 0.75 0.75
Zoop. spec. excretion rate i da-t 0.1 0.07
Zoop. spec. mortality rate T d! 0.05 0.04
Zoop. half-sat. for ingestion K. mmol N m™3 1.0 0.5
Detrital frac. of Zoop. mortality d 0.33
NHY frac. of Zoop. excretion a 0.75
Bacterial max. growth rate e d-! 0.5
Bacterial specific excretion rate Vb d-! 0.05
Bacterial Half-sat.rate for uptake i mmol N m™> 0.5
NH} | DON uptake ratio 1 0.6
Detrital breakdown rate Hd d~! 0.05 0.01
Detrital sinking rate wy md! 1.0 1.0

growth and mortality rates. The grazing effect of Mnemiopsison zooplakton
caused a break in the bloom in winter time. Decreasing pressure on phyto-
plankton by its consumer zooplankton, consumed in turn by Mnemiopsis,
caused an increase in the phytoplankton biomass in April. In addition, the
bacterial biomass was increased considerebly in comparison to the previous
runs because of their mucus uptake.

Contrary to observed summer time increase in the mnemiopsis biomass
within the interior of the basin, the model provided a late spring - early
summer increase in response to the increasing zooplankton biomass, and
a delayed phytoplankton bloom. Improvements in understanding of the
basic Mnemiopsis behaviour in terms of selective feeding, growth and decay
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TABLE 2. 7-compartment model parameters for spe-
cific regions

region ky, T @ Y= oz 8 Yd
1 008 25 017 1.3 18 014 0.3
2 0.08 2.5 0.03 1.5 25 0.08 04
3 0.1 25 0.04 1.8 25 005 04
4 008 25 0025 2 25 007 04
5 008 25 0.03 1.8 28 0.07 04
6 0.08 25 0.03 1.7 25 004 0.4
7 0.1 2. 0.04 1.8 25 004 04
7a 0.18 25 0.03 1.5 10 0.1 2

8 0.1 2. 0.04 1.8 25 007 04
9 0.1 2.5 004 2 25 0.07 04
10 0.12 2.5 0.04 1 25 0.2 0.5
11 0.1 2.5 004 1.8 25 007 04

nutrients below the mixed layer modelled by:
Um = Ya, 2 < Z¢
Ym = yd + 9(5 - zc); >z

processes could lead to better forecasts in the future.

7.2.4. A 9-compartment Model (Size Classification of Phytoplankton and

Zooplankton)

A model with 9-compartments including size speciation is constructed, as
described in Table 5 and the Appendix. This is similar to the 7-compartment
model, but now 2 size-classes each of phytoplankton and zooplankton are
included. The two size-classes of the phytoplankton roughly correspond
to a division between net-phytoplankton (mainly diatoms) P;, and pico-
phytoplankton (other species) of phytoplankton P. The P, phytoplankton
have a maximum growth rate which is larger than the P, phytoplank-
ton, and also have a large sinking rate, while the sinking rate for the P,
phytoplankton could be neglected. The growth rate of P, phytoplankton
(diatoms) is also usually larger.

Similarly, the zooplankton can be divided into two large sub-groups,
namely the meso-zooplankton (mainly copepods) Z; that typically make
up about 80 % of the total zooplankton biomass, and micro-zooplankton
(mainly ciliates or protozoa) Z,, which make up about 20 % of the zoo-
plankton in the Black Sea. In the model, following Ducklow and Fasham
(1992), it is assumed that Z; consumes Py, Z; and D, while Z; consumes
F3, B and D. Both size classes of zooplankton produce fecal products, but
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Figure 9. Results of the 4-compartment model, run with values of constants in Table 3
for region 1 (nutrient bars show NOs}.

it is assumed that the mesozooplankton pellets have fast sinking rates, so
as to sediment out of the mixed layer before any significant re-ingestion
can take place. In contrast, the microzooplankton fecal pellets are assumed
to sink slowly to form part of the euphotic zone detritus capable of being
reingested by both size classes of zooplankton.

The behaviour of the model is sensitively dependent on light, grazing,
and mortality parameters, while it is less dependent on the growth param-
eters. Within a large range of parameters, this model gives stable results in
producing a pico-phytoplankton bloom P, in the winter periods, replaced by
a sustained high level of net-phytoplankton P; in spring, and late autumn
bloom of P, as shown in Figure 11. This pattern may be reminescent of the
continuous blooms of dinoflagellates in summer. The meso-zooplankton 7,
biomass increase during March-April and as a result of their grazing the
bacterial biomass decreases. Following the Z; depletion as a result of £,
consumption, the bacterial biomass increases once again. In this simulation,



17

TABLE 3. 4-compartment model parameters

I Parameter Symbol  Units Value
Mixed layer depth h m
Diffusive mixing rate . m md! 0.1
PAR/total irradiance - 0.41
Cloudiness - oktas 4
Light attenuation caused by water kw m! 0.08
Phytoplankton maximum growth rate =, d-! 2.5
Initial slope of P — I curve o (W m=2)"'d~ 0017
Half-sat., for nitrogen uptake by P Kpn mmol N m™* 0.5
Phytop. specific mortality rate iy d-! 0.045
Light atten. by phytoplankton ke m?(mmol N)™'  0.03
Phytop. exudation fraction e 0.05
Zooplankton maximum growh rate A d-! 2.2
Zoop. ass. efl. feeding on P Py 0.35
Zoop. ass. eff. feeding on D HBa 0.25
Zoop. spec. excretion rate 7 d=! 0.1
Zoop. spec. mortality rate T d~! 0.05
Zoop. half-sat. for ingestion I, mmol N m™ 1.0
Detrital fraction of Zoop. mortality d 0.33
Detrital breakdown rate Ty d! 0.05
Detrital sinking rate wy md! 1.0

the Z, grazing reduced the P, biomass to a low level before the nutrients
were exhausted from zooplankton regeneration and mixing was sufficient to
meet the demands of P growth. In fact, Z, is present in the system when
the P bloom occurs, because of its preferential grazing on P, so that the
bloom continues till the Z; biomass increases in the system.

7.2.5. Model Comparisons and Sensitivity Analyses
The simple four compartment model results in realistic simulations of the
qualitative features of the seasonal production cycle. The P - 2Z - D — N
model has the advantage of simplicity but better results are obtained when
more complexity is invoked with the 7-compartment model. Better repre-
sentation of the the seasonal cycles including spring and autumn blooms
(compare Figures 8 and 11) are obtained with a 9-compartment model with
size classes.

The performance of model run with Mnemiopsis was not satisfactory
for the Black Sea. The observations of Mnemiopsis biomass for the cen-
tral Black Sea show increases in summer. The model gave a late spring
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Figure 10. Results of model including Mnemiopsis, run with values of constants in Table
4 for region 1.

increase, in response to the increasing zooplankton biomass, and a delayed
phytoplankton bloom.

A sub-group of the 27 parameters used in the 7-compartment model and
the mixed layer depth, cross-pycnocline mixing rate and the sub-pycnocline
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TABLE 4. 9-compartment (Mnemiopsis, mucus) model parameters

Parameter Symbel  Units Value
Mixed layer depth h m

Diffusive mixing rate m md! 0.1
PAR/total irradiance - 0.41
Cloudiness - oktas 4
Light attenuation caused by water kuw m~! 0.08
Phytoplankton maximum growth rate  +, d-! 2.5
Initial slope of P — I curve o (W m=%)~1q—! 0.017
Half-sat., for NO; uptake by P Kpn mmol N m™? 0.5
Half-sat., for NH} uptake by P Kpa mmol N m™? 0.5
Phytop. specitic mortality rate ey 47! 0.045
Light atten. by phytoplankton ke m?(mmol N)™! 0.03
Phytop. exudation fraction € 0.05
NH} inhibition parameter of P v, (mmol N}™! 1.5
Zooplankton maximum growh rate ¥z d™! 1.6
Zoop. ass. eff. feeding on P, B, D Bp.Befa 0.75
Zoop. spec. excretion rate 7 d-! 0.1
Zoop. spec. mortality rate bz d=! 0.01
Zoop. half-sat. for ingestion K. mmol N m™3 1.0
Detrital fraction of Zoop. mortality d 0.33
Ammonium fraction of Zoop. excretion a 0.75
Mnemiopsis maximum growh rate Y d! 2.0
Mnemiopsis ass. eff. feeding on Z 3. 0.30
Mnemiopsis spec. mucus synt. rate Hu d! 0.1
Mnemiopsis spec. excretion rate 1 d=! 0.1
Mnemiopsis spec. mortality rate fm (mmol N m=*d)~'  0.005
Detrital fraction of Zoop. mortality d 0.33
Ammonium fraction of Zoop. excretion « 0.75
Bacterial maximum growth rate Yo d! 0.5
Bacterial specific excretion rate ¥y d-! 0.05
Bacterial Half-sat.rate for uptake I, mmol N m™3 0.5
NH} | DON uptake ratio 3 0.6
Detrital breakdown rate Ha d-! 0.05
Detrital sinking rate 1wy m d~! 1.0

nitrate gradient were varied to determine sensitivity of the analyses to the
choice of model and environmental parameters.

Allowing sub-pycnocline nutrient variations with respect to density pro-
duced better results compared to the case with constant nutrients. The
slope and timing of mixed layer deepening in winter were critical in deter-
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Figure 11. Results of the 9-compartment model run with values of constants in Table
5 for region 1 (dashed lines are pico phytoplankton and micro zooplankton.

mining model response (Figures 12a,b).

The phytoplankton bloom is depleted earlier when the sub-pycnocline
NQOj gradient S is increased (S = 0.16). Interestingly, the maximum phy-
toplankton concentration showed very little variation with .S but the bloom
was depleted about 15 days earlier, compared to the standard run, produc-
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Parameter

Mixed layer depth

Diffusive mixing rate

PAR/total irradiance

Cloudiness

Light attenuation by water
Net-phyto (P1) max. growth rate
Pico-phyto (P2) max. growth rate
Initial slope of P — I curve for P,
Initial slope of P — I curve for P,
Half-sat., for NO; uptake by P,
Half-sat., for NH} uptake by P,
Half-sat., for NO3 uptake by P
Half-sat., for NH} uptake by P,
Py Phytop. specific mortality rate
P; Phytop. specific mortality rate
Light atten. by phytoplankton
Phytop. exudation fraction

NH} inhibition parameter
Meso-zoo. {Z;) max. growh rate
Micro-zoo. (Z2) max. growh rate
Ass. eff., Zy feed. on Py, Z,, D
Ass. eff., Z5 feed. on P, D

Zy Zoop. spec. excretion rate

Z) Zoop. spec. mortality rate

Z3 Zoop. spec. excretion rate

Zy Zoop. spec. mortality rate

Zy and Z; half-sat. for ingest.
Detrital fraction of Z; mortality
Ammonium frac. of Z, excretion
Bacterial maximum growth rate
Bacterial spec. excretion rate
Bacterial Half-sat.rate for uptake
NH} | DON uptake ratio
Detrital breakdown rate

Detrital sinking rate

P phyto. sinking rate

Symbol
h

fz2

Bp1z1, Ba2zt, Baz
Bpa:2 and Pise
L£3

Hzl

L]

fiz2

K,

d

a

To

1y

Ky

Hd
Wy
Wyz

Units
m
m d-!

oktas

m~!

d-!

d-!

(W m=)~1dg-!
(W m=2)"'d!

mmol N m~?

mmol N m™

mmol N m™3

mmol N m~2

a1
d™!
m?(mmol N)™!

{mmol N)™!
d=?
4!

d-—-l
d=1
d-!
™!

mmol N m™3

d=!
d-1

mmol N m™*

d-!
m d™!

md?

Value

0.1
0.41

0.08
2.5
1.5
0.025
0.013
0.5
0.2
0.25
0.2
0.025
0.02
0.02
0.05
1.5

1.2
0.75
0.75
0.1
0.04
0.01
0.035
1.0
0.33
0.75
0.5
6.05
0.5
0.6
0.05
1.0

ing a small secondary peak (Figure 12c).

Although it is difficult to assign a priori values the cross-pycnocline

mixing rate m, varying its values from 0.1 and 0.15 m day~" increased the
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Figure 12. Results of the semsitivity analyses for the T-compartment model, {a} run
with values of constants in the first column of Table 1 for region 1, (b) increasing the
time rate deepening of mixed layer (c) increasing the sub-mixed layer gradient of NOs
(S = 0.16) (d) increasing the diffusive mixing rate (m = 0.15 m d™') (e) increasing the
initial slope of P-I curve, (¢ = 0.02 (Wm™%)~" d™') (f) decreasing the water attenuation
coefficient (k, = 0.06 m~'). Open circles show the euphotic layer average chlorophyll
cancentrations {rmg Chl m™*). The data are redrawn from Vedernikov and Demidov
(1993).

mixed layer NOj3 towards the observed levels, increasing the maximum of
phytoplankton, but also causing the bloom to be depleted earlier (Figure
12d).

The model is very sensitive to photosynthesis and light parameters.
The phytoplankton bloom occurs earlier by increasing the the initial slope
of P— I curve (& = 0.02 (Wm=2)~1 d-1) (also resulting in an earlier
grazing pressure by zooplankton, Evans and Parslow, 1985; Frost 1987),
or decreasing the water attenuation coefficient {k,, = 0.06 m~1) (Figures
12e,f). The mode} is also very sensitive to maximum phytoplankton growth
rate, vp.
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7.3. REGIONAL ECOSYSTEMS

‘The specific seasonal variation of mixed layer depth in each of the model
regions (Figure 4), resulting from local meteorological conditions, circula-
tion and seawater properties, is specified in terms of average observations.
The NOj concentration below the mixed layer, as influenced by mixed
layer depth changes and biochemical cycling is also specified as input for
the model. The values of k,,, Yp» @ ¥z, characterizing each region were
changed, keeping other parameters the same, to obtain results as close as
possible to the available observations of average mixed layer chlorophyll-a
or nutrients in the mixed layer.

7.3.1. Region !

In Region 1, the onset of NOj occurs at greater density surfaces but, rela-
tively shallower depths with a sharp sub-pycnocline NOj gradient ompared
to other regions. The sub-pycnocline NOj reaches 5.5 mmol m=3 in winter,
yielding 1.4 mmol m=> in the mixed layer. With a plankton bloom, con-
fined to a narrow time interval coincides with data from Vedernikov and
Demidov (1993). The annual mean of f-ratio is 0.65. It is around 0.7-0.8
from October till March as the heterotrophic stocks are low in this period.
Thus f reaches to its minimum value as nutrient regeneration appears to
be important in this system.

7.3.2. Region 2

The observed spring (March-May, Figure 2) or early summer (June-July,
satellite observations, Sur et al., 1994, 1996) phytoplankton blooms in the
coastal parts of the Black Sea are more difficult to generate within the given
parameter settings of the present model, unless lateral supply of nutrients
by advected river water are not taken into account. This is because the ob-
served concentrations of plankton in the peripheral region are much higher
than those encountered in the central region (Figure 1). Without any lateral
inputs the model results in Figure 13 show that the phytoplankton bloom
in Region 2 (southwest Black Sea) occur in February-March, and the peak
values are much smaller than the observed peak values of phytoplankton
pigments (conversion value ~1, following Oguz et al., 1996) in the nearby
area of the Bosphorus exit.

To account for lateral inputs of nutrients by advection along the coast,
the nitrate equation was modified as

dN (m + r*()) @
_dt— - _UnP_ —T(N - NnO) + ClmDn
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Figure 13. Results of the 7.compartment model run with values of constants jn Ta-
ble 1 for region 2. Bars show 95% confidence limits: solid bars, Bilim, HydroBlack and
CoMSBlack cruises (1986-1995); dashed bars, Mamayev data (1926-1992).

where D,,, 4, and @ denote respectively the Danube input, area con-
sidered, river flow rate, and ¢y is the fraction which defines the reduction
of the Danube nitrates arriving in the region of interest.

The mean seasonal discharge of nutrients was estimated by multiplying
the seasonal discharge and nutrient concentrations originating from the
Danube (Cociasu et al., 1996). We then assumed that a certain fraction of
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these nutrients reaches the adjacent regions, advected by the rim-current.
We distributed this source of nutrients uniformly over the area of the region
within the surface layer.

In the case allowing for 15 % of Danube nutrients reaching Region 2
an increased bloom of phytoplankton continuing throughout the summer is
created as a result of nutrients supplied by the spring flood of the Danube.
The increased primary production and phytoplankton abundance in sum-
mer is nevertheless suppressed by zooplankton grazing.

A further increase of lateral nutrient supply (to 70 %) produces radical
increases in phytoplankton (Figure 14), with peak values further shifted
towards the summer, although it should be noted that some additional
adjustments in parameters had to be made to obtain reasonable results.
Although nutrients were available throughout the year, the intensive bloom
occurrs as soon as the light availability increases in late spring.

With increased riverine nutrients, the separation between the phyto-
plankton peak and the zooplankton bloom is increased, and as a result,
nutrients are depleted for a short time in summer (during the gap between
phyto and zoo bloom peaks) by the massive phytoplankton bloom, when
the primary production collapses. Note that, in this particular case L 18
higher than the previous runs. It must be remembered that part of the
zooplankton mortality is a model closure term representing the predation
on zooplankton by higher predators which are not explicitely modeiled. By
comparing Figures 13 and 14, it can be seen that the time of maximum
concentrations of phytoplankton, zooplankton, bacteria, DON, NH, are
shifted about 2-3 months and increased 2-10 fold when the river input is
taken into account.

7.3.3. Hegion 3

Intensive mixing is observed in this region between January and Febru-
ary months, causing influx of nutrients from the lower depths. The model
produced the maximum NOjz concentration below the mixed layer when
the mixed layer depth was maximum (Figure 15). The bloom takes place
in the beginning of March. The model results are very close to those for
Region 1. However, NOj concentration in the mixed layer in February are
higher than the observations. By increasing the initial slope of P-1 curve
(@ = 0.06 (Wm=%)=! d~1), it becomes comparable with the observations,
with a bloom occurring 15 days earlier than the previous run. In addition,
the N Hy concentration is obtained about 3 times higher than the previous
case,
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Figure 14. Results of the 7-compartment model run with values of constants in Ta-
ble 1 for region 2 {except that ¢; = 0.70, kw = 0.12 m™', initial slope of P-I curve,
o =0.02 (Wm™?)"! d7', zooplankton mortality, . = 0.1 d”'). Bars show 95% confi-
dence limits: solid bars, Bilim, HydroBlack and CoMSBlack cruises (1986-1995); dashed
bars, Mamayev data (1926 1992) Open circles show the mixed layer average chlorophyll
concentrations (mg Chl m™*) on KO and B-15 stations.



27

PN I T I SO S S I T T P S
125 Mixed Layer Depth (mf |, ] NQ, in the ML (mmol m~}
X 10 | -
e 0.0 e
15 Phytoplankton {(mmol N m3f 4 - NO, below the ML (mmol m}
a i
1.0 1
2 i
0.5 4 ] /_
T T
0.0 A 6 ey
15 4 Zooplankton {mmol Nm3} 038 4 Detritus (mmol K m-3}
0.6 L
1.0 4 i
0.4 - L
051 /\M b 0.2 4 -
0.0 bt 00 =ttt
08 4 Bacteria {(mmol Nm3F 5 Primary Production (mmal N m2Y
0.6 - L] [
3 [
04 - i
2 [
0.2 4 E ] [
oo =ttt o T ——
044 DON (mmof Nm~F f-ratiqt.
0.3 1 L
1.0 4 3
0.2 4 L
0.1 -M- a5 7 1
oo B e o e e i e o S 0o T T T T
. ¢ 1 2 3 4 5 & 7 B 8 0 11 12
o8 NH, (mmol N m 3} Month
0.6 4 8
0.4 4 -
] A :
T oo T T f——— B e B S B
0 1 2 3 4 5 6 7 8 6 16 ¥ 12
Month

Figure 15. Results of the 7-compartment model run with values of constants in Ta-
ble 1 for region 3. Bars show 95% confidence limits: solid bars, Bilim, HydroBlack and
CoMSBlack cruises (1986-1995); dashed bars, Mamayev data (1926-1992).

7.3.4. Region 10

As noted earlier, the maximum phytoplankton concentration observed at
the beginning of May was about 10-12 fold larger, compared with the central
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region which is far from the effects of river inflow. The maximum of the
model phytoplankton concentration roughly coincides with the observations
if 45 % of the Danube flow is assumed to reach the Bosphorus (Figure 16).
The phytoplankton bloom occurs in the April-June period coinciding with
maximum Danube inflow and increased light availability.

8. Discussion and Conclusions

The large number of free’ parameters in sophisticated ecosystem models,
when combined with the lack of adequate environmental information to test
the results, can limit the usefulness of modelling. Simple models guided by
observations were considered in this study to guide and tune parameters
for approaching closer to realistic estimates. The preliminary results are
encouraging. Further studies are needed to test which one of these mod-
els leads to a better, yet simple approximation for the seasonal plankton
dynamics as elaborated by ohservations in the Black Sea.

The comparison of model results with available data shows that some
features of the model results are sufficiently realistic, such as the seasonal
cycle of the nitrates in the mixed layer and the seasonal timing and du-
ration of blooms. However, large uncertainties exist in estimating nutri-
ents supplied to the coastal waters and their effects in sustaining primary
production. The nutrient rich waters of the Danube reaching the western
Anatolian coast near the Bosphorus appears to support enhanced algal
production.

The differences in nitrate cycling between the regions are well repro-
duced in winter. The summer nutrient concentrations in the mixed layer
obtained from the model are lower than most observations, but agree well
with the R/V Knorr observations (Codispoti et al., 1991), which may be
relatively more accurate at the low concentrations measured.

Upwelling divergence resisting mixed layer deepening (greater nutricline
gradient at higher density) in the cyclonic region seems to lead to an de-
layed bloom that is also depleted earlier as compared to the other regions.
This is in agreement with the observations (e.g. Sur et al., 1994, 1996). Zoo-
plankton grazing is an important factor controlling the seasonal patterns.
If the time lag between the phytoplankton and zooplankton blooms is in-
creased, the magnitude of the zooplankton bloom and its N H4 excretion
are decreased.

The spring bloom in the central Black Sea and the Bosplhorus region are
reproduced well but the late autumn bloom observed in the central Black
Sea is not evident in the 7 compartment model and is underestimated using
the 9 compartment model inciuding size groups.

The seasonal phytoplankton blooms in the peripheral regions of the
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Figure 16. Results of the 7-compartment model run with values of constants in Table
1 far region 10 (except that ¢; = 045, ky = 0.14 m™, & = 0.02 (Wm™)"" ¢!,
p: = 0.18 d71). Bars show 95% confidence limits: solid bars, Bilim, HydroBlack and
CoMSBlack cruises (1986-1995); dashed bars, Mamayev data (1926-1992). Open circles
show the mixed layer average chlorophyll concentrations (mg C'hl m™2) on KO and B-15
stations.
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Black Sea, west Anatolian coast (region 2}, Danube estuary (region 7a),
Bosphorus {region 10), could only be reproduced reasonably well when nu-
trient advection from riverine sources was taken into account, emphasizing
the importance of the Black Sea circulation. The obvious next level of mod-
elling based on the present results is a network of regional ecosystem models
must be coupled by fluxes of matter between them.

The highest phytoplankton concentrations were obtained in regions 2, 7a
and 10. The central Black Sea and the south Anatolian coasts had the next
highest phytoplankton concentrations. The phytoplankton bloom is intense
in region 1 because of the higher diffusive mixing and the sharper nutricline
gradient compared to the other regions. The highest mixed layer depth was
observed in region 3, where the larger amounts of nutrients entrained into
the mixed layer causes an intensive bloom.

Improvements in the present model can be obtained by (i) coupling of
regional systems by interactive fluxes of matter, (47) improving the estimates
of the input by rivers (i) including the atmospheric input of nutrients (#2)
including more realistic nutrient limitation by including PO, and S in the
formulation of limitation.
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A. THE MODEL STRUCTURE AND EQUATIONS
A.l. MODEL EQUATIONS FOR 4 COMPARTMENTS

Model variables: P=phytoplankton, Z=zooplankton, D=detritus, N=nitrogen
{replacing N = B + N,, + N, + Ny in the 7 Compartment Model).

% =(l—e)oP — 9,2 — jt, P ~ UL‘*';:ﬂP
(fi_f = BogpZ + BuagaZ — v-Z — p. 7 — %fl 7
%g_’ =-(1-e€eoP+v.Z + (1 —d)p.Z + pyg D — @_j%iﬁﬁ(jv - Noo)
% = (1= 3y)0pZ ~ BagaZ — paD + 1, P — (m + ?‘+,£f) + wq) D
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B. Model Equations for 9 compartments including Mnemiopsis

Model variables: P=phytoplankton, Z=zooplankton, M =mnemiopsis, B=bacteria,
N,=nitrate (NO3 )}, N,=ammonia (N H}), Ny=dissolved organic nitrogen
(DON), U=mucus, D=detritus.

2 1o g7 - - T p
iz r(t)
P BoGpZ + Boge Z + BagaZ — v Z — p 2 — v M — TZ
Z—Af = BvmZM — (o + Vo + pi )M — f.%lM -
%?‘ = UngB + 4o B + Uin B 4 topue B — 424 — 1 B — wly “
% =edP+ gD+ (1 - a)v.Z — upyB — (—TE-—WNGE
dga = -0 P -t B+uB+(av.: + (1 - d)pt:) Z + v M (m+]—:+(t))Na R
d—dl\ti'i = g p_ T +,:+(t)) (Nw — Nag) )
% = tuM — u B (m +;+(5)) M
%? = (1=B8,)9pZ +(1 = Bo) g Z ~ BagaZ — pua D+ iy P — m r+}5t) - W)D -

C. Model Equations for 9 Compartments with plankton size spe- -
ciation i

Model variables: Py =net-phytoplankton, Pa=pico-phytoplankton, Z;—meso-
zooplankton, Z;=protozoa, B=bacteria, D=detritus, N,=nitrate (NO7},
Ny=ammonia (N H}), Ny=dissolved organic nitrogen (DON).
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dP, (m+ rt(t))
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For each phytoplankton group F;, (i = 1, 2), the phytoplankton specific
growth rate o, is
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Ui(t: h: Nna Nn) = am'(ta h'> Nn; Na) + aai(ta h, Na)1
Oni = Ji(t$ h’)ani(Nn» Na)a Tgi = J.‘(t, h)Qnai(Na)s

where the light limited growth rate Ji{t, M), the nutrient limitation
factors Qnn; for nitrate and Qnq; for ammonia, and the light integrals I;
corresponding to the particular photosynthesis-irradiance relationship F;(I)
of 7'th phytoplankton are given by

Ji(t,hy = 2L 7 M Rl dzdt,
Ny~ Yol

— . — N,
Quni(Np, Ng) = m, Qnai(Na) = I\,_.,,-‘t‘-Ta’
I

I"(Z,t) — Ig(t)e_(kw+kc'P'):, R(I:) = %.
m i

In this particular model, the meso-zooplankton Z; grazes on net-phytoplankton
P, protozoa Z; and detritus D. The protozoans Z; graze on pico-phytoplankton
P, and bacteria B. The grazing rates of meso-zooplankton on net-phytoplankton
and protozoans on pico-phytoplankton are defined by

_ Yz1Tpl Pf
gpl'ZI - I\'rzl("'plpl +"':2z2+"dD)+"'p1P12+":2222+”'dD2 ’

— 'T:?"p2P22
9p2:2 = I\"zl(rP2P2+1'bB)+r'p2P3+rsz’

and similarly for feeding on other food for each group.
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