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During the period from 1970s to 2000s in the open waters of the Black Sea ecosystem has passed the stage of
eutrophication, which manifested in high values of chlorophyll a, biomass of phytoplankton, primary produc-
tion, etc. The goal of current research is to trace the long-term (1969-2008) dynamics in supply of nutrients
and their ratios in the pycnocline, as well as changes in intensity of the upward flow of nutrients into the
euphotic zone and impact of these factors on abundance and the taxonomic structure of phytoplankton.
Based on changes of the total phytoplankton biomass three periods were revealed: Pre-eutrophication (PR)
in 1969-1983, Eutrophication (EU) in 1984-1995 and Post-eutrophication (PS) in 1996-2008. The cold inter-
mediate layer (CIL) in the Black Sea is formed by winter convection and store attributes of its intensity during
the subsequent period of the year. Based on this, changes of nutrient content in this layer, as well as in the
upper layer of the main pycnocline (Pycnocline) were used to track long-term variations of the annual
bottom-up flux of nutrients to the euphotic zone. Data on nutrient content (P-PO;, N as N-NO3~ + N-NHj
and Si) and their ratios were analyzed both for the CIL and the Pycnocline. Averaged depth-integrated phy-
toplankton biomass increased 6 times from 3.3 g m~2 in PR to 19.6 g m~2 during EU and decrease down to
10.6 g m~2 in PS, what was still 3 times higher than during PR. Similar changes were observed in N both in
the CIL and in the Pycnocline. N in the CIL averaged 1.2, 3.3 and 2.5 pM in PR, EU and PS, respectively. P has
increased significantly on 30% from 0.28 uM during PR to 0.37 puM in PS, while Si sharply decreased from
20 uM in PR to 12.1 pM in PS. Nutrient ratios changed similarly in the CIL and in the Pycnocline. In the CIL,
N:P ratio increased from 6.4 in PR to 11.2 in EU and then dropped down to 8.8 in PS. Si:N ratio decreased
from PR to PS from 19.6 to 7.3. Different algae groups predominated in the total phytoplankton biomass:
dinoflagellates in PR (58%), diatoms in EU (47%) and both diatoms and coccolithophorids (31% and 28%)
in PS. Comparative analysis of nutrient dynamics and changes in taxonomic structure of phytoplankton
communities showed dependence of dinoflagellates and diatoms on high N and N:P ratios. Decreasing Si
did not affect diatoms while probably it limited a growth of silicoflagellates. Increase of abundance of
coccolithophorids during recent decades was governed by high P.

Keywords:
Phytoplankton
Nutrients (mineral)
Bottom-up flux
Long-term changes
Eutrophication
Black Sea

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Obvious source of inorganic nutrients in euphotic zone in the open
waters of the Black Sea is the bottom-up flux from the upper part of
pycnocline layer, caused mainly by wind-induced vertical mixing
during the winter convection processes (Oguz, 2008). Nutrients
from the upper part of the main pycnocline down to depth of nitrate
maximum located in density layer of ~15.4 sigma-t are washed away
in the upper mixed layer providing the main annual nutrient flux to
euphotic zone. After formation of seasonal thermocline in spring
this winter mixed water is locked in the Cold Intermediate Layer
(CIL), which formally is bounded by isotherm of 8 °C. Its parameters
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depend upon severity of previous winter conditions. For example,
average water temperature in cold years is lower on 1.1 °C in compar-
ison with that in warm years (Titov, 2003). The thickness of the CIL
and water volume also is higher in abnormally cold years in 2.5-2.6
times. The CIL is formed both in the central part of the sea and on
shelf areas first of all in the north-western part (Ivanov et al., 1997;
Ovchinnikov and Popov, 1987). The contribution of these two sources
is still debated. According to resent estimates the main volume of the
total CIL water mass is formed in the central sea area, while shelf
waters contribute from 16 to 25% (Polonsky and Popov, 2011). Part
of this water penetrates directly in the CIL and the other is mixed
with surface open waters due to horizontal advection. Both these pro-
cesses load nutrients in the sea basin. Nevertheless, this contribution
presumably is not the main source of ‘new’ nutrients in the deep sea
area. For instance, only 20% of nitrates consumed by phytoplankton in
the open waters are the allochthonous origin (McCarthy et al., 2007).
Vertical flux of nutrients from the pycnocline is a key factor which
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supplies phytoplankton growth in sea interior and supports new pro-
duction (Yunev et al., 2005).

During the warm period in April-November the CIL is located below
the seasonal thermocline and euphotic zone on 40-100 m depending
on sea regions (Titov, 2003, 2004b) which prevents consumption of
nutrients with phytoplankton. Due to low vertical mixing between the
CIL and layers above and below changes in this layer are not substantial
during a warm season (Piotukh et al., 2011). Therefore, variations of
nutrient content (high or low nutrient concentrations) in this layer as
well as in the upper part of the main pycnocline could be used for
tracing changes in the winter bottom-up flux.

During the last decade's, drastic changes in content of nutrients oc-
curred in the coastal areas in the north-western part and western shelf
of the Black Sea where the increase in inorganic nitrogen and phospho-
rus and decrease in dissolved silicate were observed (Cociasu and Popa,
2005; Oguz and Velikova, 2010; Tugrul et al., 1992). It was hypothesized
that these changes were caused by a powerful anthropogenous eutrophi-
cation in 1970s and 1980s and with some delay appeared in the open
waters during the period from mid-1980s to mid-1990s (Konovalov
and Murray, 2001; Yunev et al., 2005). Gradual changes of maximum
of nitrate were observed from ~2 pM in 1969 to ~4-5 uM in 1970s and
to ~6-8 uM in the 1990s and then to ~5-6 pM in the second half of
1990s (Konovalov and Murray, 2001; Oguz and Gilbert, 2007; Tugrul et
al., 1992; Yunev et al,, 2005). In contrast to inorganic nitrogen weak
(less than 20%) reduction of inorganic phosphorus was reported in the
upper layer (above depth of 14.8 sigma-t) for the period between 1969
and 1990s (Konovalov and Murray, 2001). Obvious decrease in content
of dissolved silicate was observed from the beginning of the 1970s to
the 1990s both in surface waters and in the CIL (Humborg et al., 1997;
Konovalov and Murray, 2001; Tugrul et al.,, 1992). Most of these long-
term observations were completed in early 1990s. Since the mid-
1990s, the dynamics of hydrochemical parameters in the open waters
is poorly known. The last made observations indicated a possible change
of some long-term trends.

Anthropogenous impact on a shelf did not significantly influence
an ecosystem of the deep part of the Black Sea in the 1970s and to
mid-1980s (Kideys, 2002). Sharp changes in functioning of pelagic
ecosystem have been recorded in the mid-1980s (Oguz and Gilbert,
2007). On increase of phytoplankton biomass, chlorophyll a and pri-
mary production were reported in many studies (Mikaelyan, 1997;
Nesterova et al., 2008; Yunev et al., 2002, 2005). This regime shift
occurred under the influence of eutrophication in the open waters
and coincided with the onset of regional cold climatic period since
the mid-1980s, which ended in the mid-1990s (Oguz and Gilbert,
2007). The hypothesis according to which, gradual accumulation of
a stock of nutrients at a depth temporarily did not affect surface layer
was stated. From the beginning of the cold period with powerful winter
convection this stock of nutrients became available to a phytoplankton
in euphotic zone that led to sharp increase in primary production
(Yunev et al, 2005). It could be assumed that changes of hydrochemical
environment at a depth and the bottom-up flux of nutrients before the
eutrophication period, in time and after had to determine not only the
abundance of planktonic algae, but also the taxonomical structure and
species composition of phytoplankton communities.

The goal of current research is to trace the long-term (40 years)
dynamics in supply of nutrients and their ratios in the subsurface
layers in the open waters of the Black Sea, changes of bottom-up
fluxes of nutrients to euphotic zone at different stages of eutrophica-
tion and the effects of these processes on the biomass and taxonomic
structure of the phytoplankton.

2. Materials and methods
Long-term changes in phytoplankton communities were analyzed

using the Black Sea phytoplankton data base with the addition of
more recent data (Mikaelyan et al, 2007). For the deep basin

phytoplankton biomass under water column and taxonomic structure
of the community were available from 1969 to 2008. Data on phyto-
plankton were analyzed for sea area with depths more than 100 m.
The total number of stations with depth-integrated phytoplankton
biomass was equal to 245 (Table 1).

Data on nutrient content (P-PO;, N-NO3', N-NHJ and Si) were
collected using different sources. Recent data were mainly obtained
in regular cruises to the north-eastern and central part of the sea
from 1999 till 2007 (P. P.Shirshov's Institute of Oceanology RAS,
Moscow, Russia). Historical data from 1969 were taken from NATO
TuBlack Project data base (Ivanov et al., 1998), SESAME European Project
data base (http://isramar.ocean.org.il/sesamemeta) and NOAA (http://
www.nodc.noaa.gov). Initially quality check of data was executed by
expert groups of projects or scientists — data providers. After collecting
base, additional procedures on quality control (doubling data, outlying
values) were carried out. Eventually the total number of samples which
are available for the deep basin (seabed depths more than 200 m)
exceeded 29,000 (Table 2).

Stations were distributed over sea area more or less evenly (Fig. 1).
In each sample the content of at least one nutrient was measured.
Analytical methods for the estimations of nutrient concentrations
partially differ in the riparian countries of the Black Sea and some
distinction in values can be caused by distinctions in modification of
used technology (Konovalov et al., 1994). In the current research we
analyze average data for the long period and we believe that in this
regard the general tendencies could not significantly be masked or
distorted by these methodological peculiarities. Analysis of long-term
trends was performed for concentrations of inorganic nitrogen (N, as
sum of nitrates and ammonia), phosphorus (P), silicon (Si) and their
ratios.

The ratios between nutrients are very sensitive to extreme values
resulting in these cases to extremely high or low values which seri-
ously influence average values. Because of these, core with 95% of
data was used, i.e. 2.5% from the lowest and from the highest parts
of range was excluded from the analysis.

Vertical distribution of physical properties in the Black Sea is differ-
ent between central and peripheral areas. Permanent pycnocline is
located at a depth of 60 to 100 m in the central part of the sea in the
areas of two cyclonic gyres, and at a depth of 100 to 180 m or more
on the outskirts of the sea (Titov, 2004a). In this regard the analysis of
temporary changes was carried out for 4 ranges of isobaths: 200-
1000 m, 1000-1500 m, 1500-1800 m and more than 1800 m.

For biological data standard statistical analysis ANOVA was used.
For chemical parameters the preliminary analysis showed that some
of them don't correspond to normal distribution. In this regard, for the
nutrients statistical significance of difference between the means was
assessed using the nonparametric Kruskal-Wallis test. Mean values in
the text below are given with standard error (+SE) and the number
of measurements (n).

3. Results
3.1. Phytoplankton biomass alterations
During 40 years total phytoplankton biomass in the warm period

(mean for May-October) varied in the wide range from 1.5 to
41 g m~2, while the average for all years was 14.2 g m~2 (Fig. 2a).

Table 1

Phytoplankton data base statistics.
Years 1969-2008
Data sets 45
Stations (>100 m) 245
Samples 1676

Species entries 58,066
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Table 2 o High phytoplankton biomass was observed from mid-1980s to
Nutrient data base statistics. mid-1990s. This period coincided in time with severe winters caused
Year Months Datasets Stations Samples deep winter convection and reflected in low sea surface temperature
1969 Mar, Apr 1 35 a3 .(Flg. 2;}). Period of hl.gh phytoplankFon bloma!ss_more clearly revealed
1970 Feb 1 5 113 in the interannual biomass anomalies — deviations from the average
1973  Mar, Apr 1 42 268 of 40 years (Fig. 2b). One of the simplest methods for the detection
1974 Apr, Jul 1 4 23 of different periods is the method of cumulative sum based on varia-
1978 Sep, Oct 1 10 m tions of mean (Rodionov, 2005). The minimum and maximum points
1980  Feb, Mar, Apr 1 29 217 ; S
1981 Sep, Oct 1 45 364 on the curve of cumulative sum mark the beginning and end of the
1984 Apr, May 1 46 671 period with high abundance of phytoplankton (Fig. 2b), which corre-
1985  Oct 1 19 76 sponds well to the period of eutrophication in the open waters of the
1986 Jan, May, Jun, Jul, Sep 5 43 342 Black Sea (Oguz and Gilbert, 2007). On the basis of long-term changes in
1987  Apr, May, Aug 3 49 423 phytoplankton biomass 3 periods with different state of phytoplankton
1988 Mar, Apr, May, Jun, Jul, Aug, Sep, Nov 5 232 3693 . . . L. .
1989  Jan, Feb, Mar, Apr, Jul, Aug, Sep, Nov, Dec 7 185 2202 community were identified: Pre-eutrophication (PR) in 1969-1983,
1990  Feb, Apr, Sep, Oct 4 134 1737 Eutrophication (EU) in 1984-1995 and Post-eutrophication (PS) in
1991 Feb, Mar, Apr, Jun, Sep, Oct, Nov, Dec 6 221 3428 1995-2008. Average of integrated phytoplankton biomass under water
;ggg k’;} S‘i%g O;tov bec ‘7‘ 323 3;22 column for PR was 33 + 38 gm~2 (n = 23) and increased by 6
, Aug, Nov, . . o . .
1994  Apr. May, Sep. Oct, Dec 6 108 2469 times during EU to 129.6 +20gm™“(n = 88). Durlng PS {t decre:ased
1995 Mar, Apr, Jul 4 106 1457 to 10.6 £ 24 g m™ “ (n = 64), but nevertheless it was 3 times higher
1996  Apr, Jun, Jul, Sep, Oct 3 96 1232 than during PR. Average for EU is statistically different (p < 0.05) from
1997 Jul 1 49 440 both PR and PS.
1998 Jun, Sep 2 8 47
1999  Jun, Sep, Oct, Dec 8 93 1350 . ) . L. .
2000 Apr, Sep, Oct, Nov, Dec 7 69 735 3.2. Nutrient vertical and spatial distribution
2001 Apr, Jun, Sep, Nov 6 36 427
2002  May, Aug 2 2 394 After the formation of the seasonal pycnocline in March and up to
2003 Apr, May 2 18 344 December the winter mixed water is retained in the CIL. Because of
2004 May, Jun, Dec 3 5 142 . . . . . .
2005 Jun 1 1 16 this, the interannual changes in nutrient content in this layer can be
2006 May, Aug 3 6 144 considered as an indicator for changes in bottom-up flux of nutrients.
2007 Jun, Aug, Sep? 4 6 157 In order to avoid spatial differences in vertical distribution of physical
Total 102 2223 29118 and chemical properties vertical profiles were analyzed versus density.
Sea bottom >200 m. Usually, in a warm season CIL occurs in density range from 14 to
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Fig. 1. Long-term changes of total phytoplankton biomass (g m~?2) in the open waters (see bottom depths >100 m) during May-October and mean winter December-March SST
°C. a) Columns — mean annual total phytoplankton biomass; dots — winter SST (after Oguz et al. (2008) with addition of recent years); solid and dashed lines — mean SST and mean
phytoplankton biomass for Pre-eutrophication, Eutrophication and Post-eutrophication periods. b) Columns — annual anomalies of mean in phytoplankton biomass; line — cumulative
sum of the anomalies.
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Fig. 2. Locations of stations in the open waters of the Black Sea (sea bottom depths >200 m) used for chemical data analysis.

15.2 sigma-t (Fig. 3a). On an average for the period from May to
October, the temperature profile shows that the core of this layer with
low temperature gradients was located between 14.3 and 14.9 sigma-t.
This layer was used in order to monitor changes in nutrient concentra-
tions and below, for shortness, it will be denoted as a CIL.

Nutrients penetrate to euphotic zone from the upper part of the
main pycnocline. Thus, concentration of nutrients in this layer can
be used as an indicator of the potential for upward flow. Layer from
15.2 to 15.6 sigma-t was chosen for this analysis. In this layer the
maximum of nitrates is located (close to 15.4 sigma-t) and ammonia
is distributed more or less evenly (Fig. 3b). Simultaneously vertical
profile of phosphates demonstrates a small preliminary peak very
important from the point of view of their access to the upper layers,

while silicates decreased gradually (Fig. 3c). For shortness, the layer
between 15.2 and 15.6 sigma-t will be denoted below as a Pycnocline.

N (represented as a sum of nitrate and ammonia) showed weak in-
crease trend in Pycnocline from the peripheral to the central part of the
sea (Fig. 4). During PR trend was evident, but this could be due to the
low number of measurements (n = 9) for this period in the sea area
adjacent to the shelf. The same trend was not found in PS and was
very weakly expressed in EU. During EU throughout the sea N was
higher than in the other two periods. Means for PR, EU and PS were
53 uM, 7.2 M and 5.2 uM, respectively (Table 3). During PR and PT,
increase in N from outskirts to the central sea area was observed also
in the CIL (Fig. 4). Conversely, N clearly decreased in the same direction
during EU. In this period, N was almost three times lower in the central

Temperature, °C NOj;, NH} (uM) PO}, Sif20 (pM)
6.5 75 8.5 9.5 0 2 4 6 8 |0 2 4 6 8
14.0 4 : : — . . . ) . L . )
14.5 1 14.3
CiL
14.9
15.0 4
% ? P 15.2
5 15.5 15.6
7]
16.0
16.5 NO, PO,
(1940) (595) (444) (1337) (1633)
07 (a) (b) (c)

Fig. 3. Average May-October vertical distribution of temperature (a), nitrates and ammonia (b), silicates and phosphates (c) versus water density (sigma-t) in subsurface layer of
the water column. Grey areas show position of core of the CIL (a) and layer in the upper part of Pycnocline (b, ¢) which were chosen for nutrient concentration analysis. Values in
white rectangles show upper and lower boundaries of sigma-t. Numbers of averaged profiles are shown in brackets.
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Fig. 4. Mean (April-November) concentration (uM) of inorganic nitrogen (N, NO; + NH,), phosphorus (P) in the CIL (top panels) and in the Pycnocline (bottom panels) in 4 ranges
of isobaths during Pre-eutrophication (PR), Eutrophication (EU) and Post-eutrophication (PS) periods. Vertical bars show SE.

region (1.4 + 0.11 uM, n = 52) than in the near shelf (4.1 4+ 0.2 pM,
n = 230) regions (Fig. 4).

A similar pattern was observed in the distribution of P (Fig. 4). In
the Pycnocline, during EU and PS trends were absent, while in PR,
content of P increased from periphery toward the center of the sea
in 2 times. The mean of P for all sea area was highest in PS (1.5 uM)
in comparison with PR and EU (Table 3). In the CIL, like in the case
with N the highest P was measured in the center of the sea during
PR and PS (Fig. 4). On the contrary, during EU period P decreased in
direction off shelf (0.28 £ 0.01 pM, n = 450) to the central sea area
(021 £ 0.01 uM, n = 949).

3.3. Case study
Weak trends in nutrient content or their absence in the Pycnocline
are expected given the relatively static hydrochemical properties of

this layer. A slight increase in nutrient content in the central part of

Table 3
Mean concentrations (UM =+ SE) of nutrients and their ratios during 3 periods.

Parameter

Pre-eutrophication
1969-1983

Eutrophication
1984-1995

Post-eutrophication
1996-2007

Pycnocline, all deep sea basin >200 m

N 53 + 05 (31) 72 + 013 (171) 52 + 0.16 (135)
P 1.0 + 0.03 (152) 1.0 + 001 (1399) 1.5 + 0.02 (511)
si 39.9 + 0.99 (68) 37.8 + 03 (1163) 362 + 0.5 (504)

Pycnocline, central deep sea basin >1500 m

N 57 + 0.6 (24) 74 + 0.16 (118) 53 + 0.19 (104)
P 1.1 + 0.03 (96) 1.0 + 0011 (853) 1.5 + 0.026 (350)
si 432 + 0.78 (98) 376 + 038 (672) 347 + 0.61 (342)
N:P 49 4 029 (21) 6.5 + 0.12 (113) 3.9 + 0.15 (75)
Si:N 9.7 + 0.7 (24) 57 + 031 (112) 62 + 031 (71)
Si:P 40 + 1.4 (87) 38 + 0.46 (627) 25 + 0.7 (301)

CIL, peripheral deep sea basin 200-1500 m

N 12 + 0.1 (39) 337 £ 017 (107) 245 + 0.28 (22)

P 028 4+ 0.019 (137)  0.27 + 0.009 (860)  0.37 + 0.024 (184)
Si 19.9 + 0.6 (123) 10.7 + 0.25 (684) 12.1 + 047 (181)
N:P 6.4 + 0.96 (36) 112 + 0.6 (95) 8.8 + 137 (18)
Si:N 19.6 + 0.9 (37) 526 + 1.34 (87) 73 + 0.6 (87)
Si:p 97 + 5.8 (107)° 69 + 2.5 (579) 62 + 4.6 (170)

Number of measurements is given in brackets.

the sea in the CIL is well consistent with the concept of an intense up-
ward flow over the two central cyclonic gyres during winter convection,
and with the fact that the thickness of this layer in the central part of the
sea is minimal (Phiotukh et al., 2011). Reduced content of nutrients in
the center of the sea during EU does not correspond to the described
pattern and points to unusual situation where another factor deter-
mines the concentration of biogenic elements in the CIL. This factor
can be shown on an example of transect across the sea carried out in
February 1991. During this severe winter the main pycnocline lifted
up at depth of 30-40 m below surface in the centers of both eastern
and western cyclonic gyres. This induced the powerful bloom of phyto-
plankton in the center of the sea represented mainly by diatom species
Pseudo-nitzschia pseudodelicatissima (Mikaelyan, 1995). This bloom
lasted over a month and occurred on a repeated transect at the
beginning of March. The total phytoplankton biomass reached up to
3 g m~>, on some stations the integrated biomass under water column
amounted up to 70-125 g m~2 (Mikaelyan, 1995). This phenomenon
was observed earlier during the cold winter in 1988 when the high
values of chlorophyll a and primary production were measured in the
western central part of the sea (Krupatkina et al.,, 1991).

With the forming of seasonal pycnocline and termination of
winter convection in mid March nutrients are rapidly consumed by
high phytoplankton biomass. The bloom terminated and the water
with depleted nutrients is locked in the CIL. That is why, in cold
years with severe winters concentration of nutrients in the CIL in
the center of the sea cannot be used as an indicator of bottom-up
flux in wintertime. This gives an explanation of unusual spatial distri-
bution of nutrients in the CIL during EU (Fig. 4). Based on these find-
ings and considerations, long-term changes in nutrients in the CIL
were analyzed for periphery of the sea from 200 m to 1500 m bottom
depths, where they are more conservative and located well below
euphotic zone. In turn, changes in potential of the bottom-up flux
were traced in the Pycnocline in the central part of the sea with
depths more than 1500 m.

3.4. Nutrient changes in the CIL and in the Pycnocline
During 40 years mean annual concentration of nitrates in the

CIL varied from 0.3 to 8.2 uM. The highest values were observed in
1984-1993 (Fig. 6). The same pattern was observed in the Pycnocline.
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N (nitrates + ammonia) generally followed by this dynamics was
showing the highest values in 1984-1989 both in the CIL and in the
Pycnocline. P demonstrated an increasing trend in both layers espe-
cially in the period from 1998. On the contrary, Si decreased gradually
in the CIL and in the Pycnocline. These data series are based on not
regular observations with different number of measurements per
year. Due to this, only general trends could be detected and correct
statistical comparison could be done using an averaging for the
long-term periods.

N in the CIL was 3 times higher during EU than that in PR (Fig. 7a,
Table 3). After EU content of N decreased on 35% to 2.45 uM. This
value was not statistically different (p = 0.08) from that in EU but
was significantly (p = 0.02) higher in 2 times than during PR. P sig-
nificantly increased on ~40% from 0.27 uM during EU to 0.37 pM in
PS. Si sharply decreased from 20 uM in PR to 10.7 uM during EU and
stayed on approximately the same level in PS. As a whole, changes
of the nutrients in the Pycnocline in the central sea area were similar
to those in the CIL on the sea periphery (Fig. 7b, Table 3). N increased
on 30% from 5.75 uM in PR to 7.4 pM during EU, and then decreased
on 40% in PS. P increased on 50% from 1.0 uM during EU to 1.5 pM
in PS. Si decreased from 43 uM during PR to 35 pM in PS.

Nutrient ratios changed in a similar way in the CIL and in the
Pycnocline (Fig. 8, Table 3). In the CIL, N:P ratio increased from 6.4
in PR to 11.2 in EU and then dropped down to 8.8 in PS (Fig. 8a). In
the Pycnocline, N:P ratio followed the same dynamics, but values
were lower than in the CIL (Fig. 8b). Means for PR, EU and PS were
equal to 4.9, 6.5 and 3.9, respectively. Si:P ratio decreased from 97
during PR to 62 during PS in the CIL. The same means for the
Pycnocline were 40 and 25. Si:N ratio sharply decreased from PR to
EU both in the CIL (from 19.6 to 5.2) and in the Pycnocline (from
9.7 to 5.7). In both layers this ratio slightly increased during PS.

Distribution of N:P ratios showed that only in several cases they
were higher than Redfield stoichiometric average ratio equal to 16.
This level was exceeded in PR, EU and PT only in 8%, 9% and 17% of
samples, respectively. In the Pycnocline they were lower in all samples.
During all periods in both layers Si:N ratio was higher than stoichiomet-
ric average ratio which is approximately equal to 1. Si:P ratio in the CIL
was lower than stoichiometric average (~15) in 1%, 7% and 14% of all
cases during PR, EU and PS, respectively. The similar trend increasing
in time was observed in the Pycnocline. The same values were equal
to 1%, 4% and 10%, respectively.

3.5. Taxonomic structure of phytoplankton

Different changes were observed in various taxonomic groups of
phytoplankton (Fig. 9). Biomass of dinoflagellates during EU (7.9 +
1.6 g m—2) was significantly higher than that in PR (1.3 & 3.2 g m—2)
and PS (2.3 + 1.9 g m™2). The role of this group in phytoplankton
community decreased from PR to PT. Biomass of diatoms changed in
similar pattern like dinoflagellates. Highest biomass was observed
during EU (8.1 + 1.0 g m~2). It was significantly higher than in PR
(18 +19gm™2) and PS (3.5 + 1.2 g m™2). It should be noticed
that in PR mean biomass of diatoms was higher than that of dinoflagel-
lates. However, the latter more often dominated the phytoplankton
communities, which explains the higher average share of this group in
the total phytoplankton biomass. For diatoms this value increased
from 33% in PR to 47% in EU and decreased to 31% in PS (Fig. 10). The
same values for dinoflagellates were equal to 58%, 36% and 22%,
respectively.

Another pattern was observed in a case of coccolithophorids
(Fig. 9). During PR their biomass was low (0.05 &+ 0.08 g m—2) and
sharply increased during EU (1.9 & 0.4 g m~2) and further in PS
(2.7 £ 0.5 g m™2). Their share in the total phytoplankton biomass
also increased drastically from 1.3% in PR to 28% in PS (Fig. 10). On
the contrary, biomass of silicoflagellates demonstrated an opposite
trend. Mean biomass decreased from PR (0.08 & 0.03 ¢ m™2) to PS

(0.02 £ 0.02 g m~2) in 4 times. During PR they have played a sub-
stantial role in the phytoplankton communities of the Black Sea.
They comprised 8% of the total phytoplankton biomass. During EU
and in the aftermath this value decreased to 0.3-0.5%.

During all three periods taxonomic structure of phytoplankton com-
munities differed (Fig. 10). In PR, dinoflagellates prevailed in phyto-
plankton biomass at a noticeable role of diatoms and silicoflagellates.
In EU, diatoms contributed a highest portion to the total phytoplankton
biomass with significant share of dinoflagellates and coccolithophorids.
In PS, the proportion of diatom, and coccolithophorids in the total
biomass of phytoplankton were approximately equal. In addition, the
role of “other algae” represented mainly by small non-identified flagel-
lates increased. Biomass of this group and its contribution to the total
phytoplankton biomass has increased several-fold. However, we do
not trust the trend, because in the former times, small flagellates usually
were underestimated due to low quality of the equipment and inability
to identify them on species level.

4. Discussion

Eutrophication in the deep waters of the Black Sea at the end 1980s
and in early 1990s was documented in many studies as increase of the
water-column-integrated phytoplankton biomass (Mikaelyan, 1997;
Nesterova et al., 2008), chlorophyll concentration and primary produc-
tion (Vedernikov and Demidov, 2002; Yunev et al., 2002) and as de-
crease in water transparency according to Secchi disc measurements
(Mankovsky et al., 1998). For the period from the mid-1980s to the
mid-1990s, which is referred to as the intensive phase of eutrophica-
tion, the exact terms have not been clearly defined. The latter is crucial
for understanding the factors responsible for this phenomenon. Some
authors believe that reduction of top-down control of zooplankton on
phytoplankton biomass has played important role during EU (Oguz
and Gilbert, 2007). Long-term changes in zooplankton community
were marked by rather high level of biomass in the 1980s, a sharp de-
cline in 1990 due to income of invader ctenophore Mnemiopsis leidyi
and the subsequent recovery of the zooplankton abundance in the late
1990s (Kovalev et al.,, 1998; Vinogradov, 1990). However, these sub-
stantial from 2 to 15 g m~2 changes in zooplankton standing stock
were not correlated with corresponding increase and decrease in phy-
toplankton abundance. Based on this mismatch it could be postulated
that grazing press was not an important regulator of proliferation of
phytoplankton during EU. On the contrary, ideal (year by year) coinci-
dence of the beginning of the cold climatic period on regional scale in
1984 and its ending in 1995 with the period of high phytoplankton bio-
mass (Fig. 1) shows that this regime shift at low trophic level to high
algae abundance and back was a result of changes in bottom-up flux
of nutrients to the euphotic layer. Accordingly, regime shift at higher
trophic level from high to low zooplankton biomass and back was out
of touch with the cold period and was apparently caused by other fac-
tors, including those mentioned above.

In current study, content of nutrients in the CIL was used as an in-
dicator of bottom-up flux to the euphotic zone. In warm months, this
water mass remains almost unchanged because of the low vertical
mixing. From April to November, the average temperature does
not change significantly in the CIL slightly increasing by 0.3-0.4 °C
(Ivanov and Belokopytov, 2011). Seasonal dynamics in the vertical
distribution of nitrate is not expressed (Konovalov and Murray,
2001; Yunev et al., 2002). Such conservatism of physical and chemical
properties in the CIL gives the grounds for annual averaging for warm
months. At the same time, the horizontal exchange in the CIL occurs
throughout the year. After winter, CIL water formed in the sea center
extends to the periphery within 3-4 months and mixes up with the
waters formed during 1-2 previous years (Ovchinnikov and Popov,
1987). This makes it difficult to analyze interannual fluctuations, but
averaging at a time scale of several years gives the reliable values. A
special case is the winter phytoplankton bloom in the central part
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of the sea during severe winters (Fig. 5). In this case, the content of
nutrients in the CIL is not a proper indicator of the upward flow to
the euphotic zone. That is why, exception of the central part of the
sea from the analysis, although it reduces the amount of data, allows
attaining a more real picture of long-term changes of nutrients in the
CIL. We believe that the observed increase of N in the CIL on the pe-
riphery of the sea during EU reflects the eutrophication process
(Fig. 4). In addition, these changes in the CIL were consistent with
the alterations in the Pycnocline in the center of the sea (Figs. 7 and
8), which also confirm the correctness of our understanding of the
CIL, as the layer in which changes in the bottom-up flux of nutrients
is “recorded”.

Changes in concentration of nitrates in the Pycnocline have been
reported earlier. On average, the maximum concentration of nitrate
increased from ~2 pM in 1969 to ~4-5 puM in 1970s and to ~6-8 pM
in the 1990s and then decreased to ~5-6 pM in the second half of
the 1990s (Konovalov and Murray, 2001; Oguz and Gilbert, 2007;
Tugrul et al,, 1992; Yunev et al,, 2005). As a whole, similar pattern
was observed in the upper part of the pycnocline in our study
(Fig. 6). N has increased from 5.7 uM in PR to 7.4 uM in EU and then
has decreased to 5.3 uM in PS (Table 3). Long-term dynamics of ni-
trates in the CIL have not been reported earlier, but similar changes
were documented for depth of summer chlorophyll maximum
which is located above this layer. Concentration of nitrates has in-
creased from ~0.1 uyM in the 1970s to ~0.2 uM in the 1990s and
then decreased back to ~0.1 uM in the mid-1990s (Yunev et al,
2005). Dynamics in the CIL revealed that N has declined after EU,
but its concentration was significantly (p = 0.03) higher than before
EU (Fig. 7). This could be considered as an evidence of more intensive
bottom-up flux and more comfortable environment for growth of
phytoplankton in PS compared to conditions which occurred in PR.

In contrary to N, concentration of P did not change remarkable from
PR to EU in the CIL and slightly decreased on 7% (p = 0.002) in the
Pycnocline (Fig. 7). These results are not in contradiction with weak
(less than 20%) depletion in P content which was observed in the upper
layer above depth of 14.8 sigma-t from 1969 to 1990s (Konovalov and
Murray, 2001). The most conspicuous feature in dynamics of P was a
sharp increase on 30-50% in PS both in the CIL and in the Pycnocline.
Increase in phosphate concentrations in 2 times was also observed
in the upper 15-m layer in summer-autumn period after 1990s
(Mikaelyan et al., 2011). These observations indicate a higher availability
of P to phytoplankton growth in the PS even in comparison with the EU.

The obvious tendency to decrease Si was observed both in the CIL
and in the Pycnocline (Fig. 7). The fall of Si in the interior of the basin
was reported earlier. In surface waters Si decreased by an order of
magnitude from 1969 to 1988 (Humborg et al., 1997; Tugrul et al.,
1992). Sharp decline from ~15uM to 4 pM was observed in the
layer above the CIL at depths of 14.0 sigma-t in oxic zone from early
1970s to 1990s (Konovalov and Murray, 2001). In the CIL, according
to our findings Si fell down in 2 times from PR (~20 uM) to EU
(~11 uM) and stayed on this level during PS (Table 3). In the Pycnocline,
further decline was observed also after EU. This trend means a decrease
in the bottom-up flux of Si into euphotic zone that can probably limit
growth of some siliceous phytoplankton species.

Ratios between different nutrient species varied in a similar way
both in the CIL and in the Pycnocline while absolute values differed
(Fig. 8, Table 3). In the CIL, N:P ratios during PR, EU and PS were
1.3, 1.7 and 2.3 times higher compared with those in the Pycnocline.
This discrepancy could be caused by additional nitrogen which was
loaded in the CIL from shelf areas. During severe winters, besides
the central part of the sea, the CIL also is formed in shelf regions
mainly in the north-western shelf. According to calculations under
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Fig. 5. Vertical distribution of the total phytoplankton biomass (ug 1~') along transect across the Black Sea in February 1991. (a) Station locations; (b) the total phytoplankton bio-
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Fig. 6. Mean April-November concentration (uM) of nitrates (NO3), inorganic nitrogen (N, NO; + NH,), phosphorus (P) and silicates (Si) in the CIL (white symbols) and in the

Pycnocline (black symbols) from 1969 to 2007.

severe winter conditions up to 50% of the CIL waters can be formed in
these areas (Ivanov et al., 1997), while during warm winters this pro-
cess does not occur at all (Polonsky and Popov, 2011). These
nitrogen-rich shelf waters penetrate directly in the CIL or, at first,
extend with numerous mesoscale eddies or intrusions of surface
waters into the open water (Zatsepin et al., 2003) and finally deliver
inorganic nitrogen in the CIL via organic particle sinking and complex
remineralization processes (Karl and Knauer, 1991; Konovalov and
Murray, 2001). The observed increase over time of difference in N:P
ratio between the CIL and the Pycnocline is consistent with rise in
nitrate concentrations in the north-western shelf from ~5 uM in 1970s
to ~15 uM in 2000s (Cociasu and Popa, 2005; Oguz and Velikova, 2010).

In both the CIL and the Pycnocline during all three periods N:P
ratio was lower than canonical Redfield ratio 16:1. This ratio is not

an optimum for growth of any species, but represents mainly an aver-
age of species-specific values. In dependence on temperature, light
conditions and species it varies in broad range from 4 to 160 (see
review of Zhang and Hu, (2011)). Optimum N:P ratio estimated by
model under different environmental conditions gave values ranging
from 8 to 45 (Klausmeier et al., 2004). In general, it is considered that
on a long-term time scale assimilation of nitrogen and phosphorus
by phytoplankton should be approximate to a ratio of 16:1. One can
assume that N:P ratio less than 10 indicates nitrogen limitation,
and the same ratio above 20 indicates phosphorus limitation of
phytoplankton growth in many species (Glibert and Buckholder,
2011). From this point of view permanently low N:P ratio from 4 to
7 in the Pycnocline (Table 3.) means strong nitrogen limitation
“programmed” in bottom-up flux into the euphotic zone. Similar
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low N:P ratios from 2.5 to 6.5 were observed in the upper nutricline in
both central gyres and in the outlying areas in the early 1990s
(Basturk et al., 1997). This nitrogen limitation decreased significantly
in the EU, but then returned to the level of PS (Fig. 8). Addition of
terrestrial nitrogen increases the stock of N in the upper layer and mit-
igates the nitrogen limitation, as evidenced by higher N:P in the CIL
compared with the Pycnocline. This was especially substantial during
EU when N:P ratio in the CIL was higher than 10. It can be assumed
that during this period, nitrogen and phosphorus were more or less bal-
anced, which provided favorable conditions for phytoplankton growth.

These findings are in line with representations on N-limitation of
phytoplankton growth in the central basin of the Black Sea (Yilmaz et
al., 2006). Experiments which were conducted with natural phytoplank-
ton communities in the open waters also revealed the N-limitation in
most cases (Krivenko, 2008; Yayla et al., 2001). The temporal changes
of the total phytoplankton biomass as well as biomass of dinoflagellates
and diatoms (Fig. 9) corresponded well to changes in N (Fig. 7) and N:P
ratio (Fig. 8) in the CIL. This coincidence is consistent with the general
ideas that the development of the two groups of algae in the open
water depends mainly on the availability of nitrogen in the environment.
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Remarkable changes of Si were not coherent with diatoms dynamics. It
decreased gradually in the Pycnocline and fell down twice in the CIL
from PR to PS (Fig. 7). Nevertheless, in PS, Si averaged ~4 uM in the
upper mixed layer. This value is higher than concentrations limiting
the growth of diatoms (1 to 3 uM) which are observed for most diatom
species in experiments (Martin-Jézéquel et al., 2000). In nature, for
example, Si > 2 pM was sufficient to maintain constant predominance
by diatoms in Norwegian waters (Egge and Aksnes, 1992). Experiments
performed in the open waters of the Black Sea also showed that silicate
was not a limiting nutrient of phytoplankton growth in natural popula-
tions (Yilmaz et al., 2006). It can be assumed that Si did not limit growth
of diatoms in the interior of the basin during all observed time period.

Unlike diatoms and dinoflagellates, coccolithophorids number and
their share in the phytoplankton biomass gradually increased (Figs. 9
and 10). This trend in general coincided with increase in P content in
the Pycnocline and in the CIL (Fig. 7). The same positive relationship be-
tween changes in biomass of coccolithophorids and P was revealed for
the last 40 years in the upper 10 m layer in the Black Sea (Mikaelyan
et al,, 2011). Until 1992 average May-June phosphate concentration
was equal to 0.21 pM, and for the period after 1991 it increased up to
0.4 uM, while the biomass of coccolithophorids for the same periods
averaged to 45 pg 17! and 175 pg 17!, respectively. Series of experi-
ments performed during several years both on shelf and in the open
waters also confirmed P-limitation of coccolithophorids growth in May-
June (Silkin et al., 2009). During these months regular annual bloom of

coccolithophorids occurs in the Black Sea. May-June observations from
2004 to 2009 showed that high abundance of coccolithophorids was ob-
served simultaneously with high P in the upper 15 m layer (Mikaelyan
et al., 2011). Share of this group of algae in the total phytoplankton
biomass was 56-69% in years when P changed from 0.5 to 0.8 uM and
20-30% when P varied from 0.05 to 0.3 uM. Physiological properties of
coccolithophorids also point out high demand in P in contrary to N. In
several experiments, the limiting concentrations (considered as a half-
saturation constant in nutrient uptake kinetics) were very low both for ni-
trate and ammonium and varied from 0.1 to 0.2 uM (Eppley et al., 1969),
while for phosphates they were much higher and ranged from 0.3 to
0.5 uM in dependence of growth rate (Riegman et al., 2000). Other exper-
iments showed a phosphate stress when concentrations fell below
0.25 M (Dyhrman and Palenik, 2003). All of these relationships and
the experimental results support the conclusion that in the Black Sea
growth of coccolithophorids was primarily determined by the available P.

Long-term decrease of abundance of silicoflagellates (Fig. 9) coin-
cided with a similar trend of Si both in the Pycnocline and in the CIL
(Figs. 6 and 7). These algae have an internal silicic skeleton and like
diatoms they acquire Si from the environment. To our knowledge,
data on growth-limiting concentrations of N, P and Si are not known
for this group. There are some data that at concentrations less than
1 uM of silicate growth rate of silicoflagellate species Synura petersenii
greatly decreased (Klaveness and Guillard, 1975). Also it is known
that cell morphology of silicoflagellates is sensitive to Si and at low
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concentrations their skeleton is getting thinner up to total disappear-
ance (Sandgren et al., 1996). Silicoflagellates are mainly developed in
fertile areas of the oceans with the moderate-to-high level of nutrients
(McCartney, 1993), that point out possible high growth-limiting con-
centrations of Si. With the lack of direct data on Si uptake kinetics it
can be only assumed that unlike diatoms fall of Si in the upper layer
could restrict development of silicoflagellates in the Black Sea.

As follows from many studies, the ratio of nutrients to a large
extent determines the taxonomic composition of phytoplankton
communities (Glibert and Buckholder, 2011; Philippart et al., 2000;
Zhang and Hu, 2011). In many cases, high N:P ratio leads to the pre-
dominance of diatoms while the lower ratio often is favorable for
dinoflagellates (Heil et al, 2007; Hodgkiss and Ho, 1997). In general,
our results are in line with this opinion. Intensive bottom-up flux of N
during harsh winters in EU caused the bloom of diatoms Pseudo-nitzschia
sp. (Fig. 5), which prefers high nitrogen content (Carter et al.,, 2005). This
increased amount of nutrients retained in the euphotic zone during sum-
mer. As a result, in the warm months during EU with balanced N:P ratio
(>10 in the CIL) biomass of diatoms and dinoflagellates reached maxi-
mal values (Fig. 9). Meantime, diatoms more frequently prevailed in
phytoplankton, and this has changed the community structure from pre-
dominance in the total biomass of dinoflagellates (58% in PR) to diatoms
(47% in EU). Meanwhile, changes in N:P ratios were not reflected in dy-
namics of coccolithophorids. The same result was observed in the upper
mixed layer in the Black Sea (Mikaelyan et al,, 2011). It seems that
growth of this group of algae mainly depends upon the absolute phos-
phate concentration. Some authors consider that decrease of Si:N ratio
in the Black Sea has affected the species composition of phytoplankton
and has led to the development of coccolithophorids and non-siliceous
flagellates (Humborg et al., 1997). Despite the decrease in Si:N ratio cur-
rent values (4-5 in the CIL) are much higher than 1, which is the bal-
anced ratio for the growth of the most species of diatoms (Cloern,
2001; Egge and Aksnes, 1992; Turner et al., 1998). Besides, the dynamics
of diatoms was not consistent with changes of Si:N ratio (Figs. 8 and 9).
Based on these findings it could be suggested that the changes of Si:N
ratio in the open water did not affect development of diatoms, but
might have impact on reducing the abundance of silicoflagellates.

On the basis of a past and present condition of a hydrochemical
background in the Black Sea the qualitative medium-term forecast on
changes in community of a phytoplankton can be made. Climate regime
in the region is characterized by cycles of warm and cold periods with
approximate intervals of 15-25 years (Kazmin and Zatsepin, 2007;
Oguz and Gilbert, 2007; Ovchinnikov and Popov, 1987). As from end
of the previous cold period already passed 18 years, the probability of
the next cooling period is quite high. Nowadays the potential of
bottom-up flux of inorganic nitrogen is lower than that in EU (Fig. 7).
The current N:P ratios are also lower (Fig. 8). On this basis, it can be
assumed that within the next expected cold period the total phyto-
plankton biomass as well as biomass of diatoms and dinoflagellates
will not reach the level of the EU. Due to high P further increase of
share of coccolithophorids in the total phytoplankton biomass can be
expected, while the low Si will define a minor role of silicoflagellates.

5. Conclusions

Long-term dynamics of phytoplankton showed an evident in 6
time increase in the total phytoplankton biomass during EU. After
this period, biomass has decreased 2 times but was still 3 times higher
than before eutrophication stage. Start of EU in 1984 and its termina-
tion in 1995 exactly coincided with cold climatic period on regional
scale. This points out that “regime shifts” on lower trophic level to
high phytoplankton biomass and back were result of changes in the
bottom-up flux of nutrients into the euphotic layer in the open waters
of the Black Sea.

N increased and decreased in a similar way both in the Pycnocline
and in the CIL. In the CIL, during EU concentration of inorganic

nitrogen was 3 times higher than in PR. After EU, N decreased but it
was 2 times higher than before eutrophication period. This could be
considered as an evidence of more intensive bottom-up flux of N
and therefore more comfortable conditions for phytoplankton growth
in PS compared with PR.

Other nutrients showed multidirectional dynamics. P considerably
increased for 30-50% while Si gradually decreased 2 times in the CIL
and by 25% in the Pycnocline. N:P ratio varied from 6.4 to 11.2 in
the CIL and from 3.9 to 6.5 in the Pycnocline. Permanently low N:P
ratio in the Pycnocline means strong nitrogen limitation coming
with the bottom-up flux to the euphotic zone. This relative nitrogen
deficiency was somewhat reduced in the EU, but afterward the situa-
tion had returned to a state of PS.

Changes of the total phytoplankton biomass as well as diatoms and
dinoflagellates were similar to the dynamics of N. Their biomasses were
highest during EU and decreased after, but remained at a higher level
than before the eutrophication. Like P coccolithophorids showed a
marked increase over time, which is consistent with their dependence
on phosphate concentration. Abundance of silicoflagellates fell down
in 4 times what coincided with decreasing trend in Si.

All these factors have changed the taxonomic structure of the phy-
toplankton communities from the predominance of dinoflagellates in
the total biomass (58% in PR) and then to diatoms (47% in EU) and
further to coccolithophorids together with diatoms (28 and 31% in
PS). Based on the current nutrient concentrations and their ratios in
the Pycnocline it can be assumed that within the next expected cold
period the total phytoplankton biomass as well as biomass of diatoms
and dinoflagellates will increase but will not reach the level of EU.
Due to high P further increase of share of coccolithophorids in the
total phytoplankton biomass can be expected, while the low Si prob-
ably will limit a growth of silicoflagellates.
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