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Variability of nutrients and the carbonate system components in the Sevastopol Bay is considered
based on the hydro and -chemical surveys’ data obtained in Marine Hydrophysical Institute in 2007–
2016. Their inter-annual and seasonal variations are assessed proceeding from the nutrients’ data and
carbonate system components. Our results permit to draw a conclusion that the anthropogenic component constitutes a predominant pressure upon the ecological state of the Sevastopol Bay. At that
spatial distribution of the nutrients and the carbonate system components is also conditioned by the
Chernaya River fresh waters in the inner part of the bay. It is shown that organic matter oxidation and
the carbonates‘ dissolution resulting from strong eutrophication determine the modern state of the
carbonate system in the Sevastopol Bay. The decreasing difference between the atmospheric and surface waters pCO2 provides the basis at which the bay ecosystem can soon become a source of carbon
dioxide. The conclusion is that shift of equilibrium towards predominance of the organic component
in the natural cycles, as well as the increasing anthropogenic influence upon the Sevastopol Bay ecosystem can negatively affect both its ecological and recreational status.
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Introduction. The Sevastopol Bay is a typical coastal area under heavy anthropogenic pressure due to maritime activity like navigation, seaports and docks.
Domestic sewage and household wastewater outlets located in the bay provide additional flux of nutrients and fresh organic matter. Protection piers between the
outer part of the bay and open sea restrict water exchange between the bay and sea
[1]. Over the past 20 years in the bay ecosystem significant changes in hydrochemical (oxygen concentration, nutrients‘ levels in the water column), physicochemical (grain size, humidity, porosity, organic and inorganic carbon content in
the bottom sediments) and biological characteristics [2, 3] had happened which led
to hypoxia and even anoxic conditions in the upper layer of bottom sediments,
transformation of natural regimes and cycles [4, 5]. The changes that occur in the
Sevastopol Bay ecosystem in 1998–2006 are described in more detail in [1, 3].
In the present work the results of hydrologic and hydrochemical research carried out in the Sevastopol Bay over 10 years (since 2007) which include the analysis of variability of nutrients and components of carbonate system are considered.
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Nutrients are one of the main limiting factors of numerous processes occurring
in the marine environment. Their budget determines the basic biological and biochemical characteristics of marine environment and their evolution [6], possibility
of organic matter photosynthesis and oxidation. Due to this changes the carbon dioxide concentration determining the concentration and ratio of carbonate system
components [7].
Carbonate system is a complex system of equilibriums including the reactions
with atmospheric and surface waters carbon dioxide, as well as inorganic carbon
and cations of calcium and magnesium [8].
The most representative characteristic reflecting the stability of the ecosystem
and its ability to recover is dissolved inorganic carbon (DIC) as the total content of
dissolved inorganic carbon forms: DIC = [НСО3-] + [СО32-] + [СО2] [9, 10]. The
change in the content of one of DIC components leads to a redistribution between
the dissolved forms of inorganic carbon. Thus, under the natural conditions this
parameter is not subjected to significant fluctuations and its any noticeable variations indicate a violation of the equilibrium of production-destruction processes
and a change in the value of the flow of carbon dioxide. The increase of СО2 concentration leads to the рН decrease and water acidification, to the increase in the
concentration of bicarbonate ions (НСО3-) in accordance with the system of equilibria:
СО2(g)↔СО2(aq)↔СО2(aq)+Н2О↔Н++НСО3-↔2Н+ + СО32-.

(1)

The increase of СО2 concentration (due to organic matter oxidation and/or its
input from the external sources) and, as a consequence, the increase of DIC provides the decrease of the ecosystem buffer capacity and its ability to absorb atmospheric carbon dioxide, which is reflected in changes in the hydrochemical regime
and biodiversity [7, 10] ].
For assessing the stability of the carbonate equilibrium system in the bay, such
as DIC, partial pressure of carbon dioxide (pCO2), pH and total alkalinity (Alk) are
used.
The purpose of the work is to perform a complex analysis of spatial and temporal variability of nutrients and the components of carbonate system (pCO2, DIC,
pH and Alk) in the water column to study the hydrochemical regime of the Sevastopol Bay ecosystem.
Materials and methods. The Sevastopol Bay is semi-enclosed water basin with
restricted water exchange. Its depth at the entrance is 20 m and closer to the inner
part it reduces to 4–5 m. Mean depth makes up 12.5 m at that. More detailed physical
and geographical description is given in [1].
Samples were taken with Niskin bottles from the surface and bottom waters according to the stations scheme (Fig. 1). Inorganic nutrients (phosphates, silicon,
nitrates and nitrites) were analyzed photometrically after filtering seawater samples
through a membrane filter with 0.45 μm pore size [11]. When determining the concentration of silicon, a correction for the salinity was applied. Ammonium nitrogen
was determined using the modified Sagi –Solorzano method for the sea water,
which is based on the phenol-hypochlorite reaction using sodium nitroprusside and
sodium citrate [12]. Total alkalinity was determined by direct potentiometric titration, pH was determined potentiometrically in an open 40 ml cell using NBS scale,
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the calculation was performed taking into account the temperature correction [12].
A glass electrode was applied as a working electrode, and the reference electrode
was filled with KCl.

Fig. 1. Scheme of location of sampling stations

DIC, СО2 and рСО2 were calculated from pH and Alk data [5, 8, 9] using the
carbonic acid constants recommended by the Department of Marine Sciences of
UNESCO [13]. It was assumed that boron is a conservative element and its content
is proportional to salinity. Therefore, the borate component of total alkalinity was
calculated from the salinity [6]. The effect of the dissociation of water, phosphoric,
sulfuric, hydrofluoric and other acids (present in small concentrations in sea water)
on the alkalinity was not taken into account. The methods of carbonate system
components are described in detail in [12, 13].
Results and discussion. Hydrochemical regime of the Sevastopol Bay determines the circulation of water directly inside the bay, the intensity of water exchange with the Black Sea waters, river and storm runoffs (as well as domestic
wastewater discharge), atmospheric precipitation, etc. In addition, active navigation
leads to disturbance and redeposition of bottom sediments. As a result of a combination of these factors, in the bay waters the concentrations of nutrients which are
several times greater than their background values in the open sea are recorded.
However, during the period under study the cases of exceeding the maximum permissible concentrations (MPCs) for fishery waters (the order of the Federal Agency
for Fisheries No. 16326 of 09.02.2010) for nitrates and ammonium were not recorded, and for nitrites, phosphates and silicon these cases were single.
The range of changes in the concentration of inorganic forms of nitrogen in
the bay waters is wide enough: 0.00–286.35 μmol/dm3 for nitrates, 0.00–
6.37 μmol/dm3 for nitrites, 0.00–40.70 μmol/dm3 for ammonium. The content
of phosphates varied within the range of 0.00–5.20 μmol/dm3, the one of the
silicon – 0.00–97.98 μmol/dm3.
The distribution of nutrients in the Sevastopol Bay waters is largely determined by the source of their input: by the Chernaya River runoff and discharge of
domestic and storm wastewaters. This is evidenced from the spatial variability of
nutrients. In 2007–2016 the maximum concentrations were recorded in the apex of
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Yuzhnaya Bay (station 17). Their concentrations in the surface waters were significantly higher than in the bottom ones due to lower density of river waters and
wastewater. The increased content of nutrients in the Yuzhnaya Bay, in addition to
the anthropogenic impact, is due to limited water exchange with the central water
area of the Sevastopol Bay.
The maximum concentration of ammonium was detected in the areas affected
by domestic sewage discharge and storm wastewaters (stations 17 and 25). In the
area of fresh warm water discharge from local wastewater cogeneration plants
(SDPP – State District Power Plant, station 8), the maximum of ammonium (more
than 2 times higher than its concentration at station 17) was observed in the bottom
layer, which is due to the recess in this area, contributing to the accumulation of
pollutants. The maximum concentrations of silicon and phosphates are also characteristic of the surface layer of the southern part of the Yuzhnaya Bay (station 17)
and the bottom layer in the SDPP area (station 8); moreover, the increased concentrations are recorded in the surface layer of the River Chernaya estuary (stations 1–
4) and in the Artilleriyskaya Bay (station 25) in the area of domestic and storm
wastewater discharges.
Despite the dependence of nutrient concentrations on the productiondestruction processes which have a pronounced seasonal course [14], its intraannual variations for various nutrients is different.

Fig. 2. Intra-annual variation of nitrates (a) and Fig. 3. Intra-annual variation of DIC (a) and
phosphates (b) in the Sevastopol Bay (the distri- pCO2 (b) in the Sevastopol Bay (see Fig. 2 for the
bution in the surface layer is shown by red color, legend)
in the bottom one – by blue)
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In spring, the development of phytoplankton leads to a decrease in oxygencontaining forms of nitrogen, their minimum concentration is observed in the
summer period (Fig. 2, a). In spring the concentration increases, the maximum values are determined in late autumn and winter periods. This is due to an increase in
the contribution of river runoff, the intensification of vertical mixing processes,
a decrease in temperature and light intensity that resulted in a decrease in the activity of photosynthesis in the upper layer and the mineralization of organic matter
in the bottom one. During the entire year the concentration of nitrates in the surface
layer was exceeded in comparison with the bottom one, which confirms the assumption of significant impact of river waters and wastewaters.
Intra-annual variation of the ammonium concentration on the surface and bottom waters is different. In the surface layer the increase of ammonium concentration from spring to winter period was noted. In the bottom layer, on the contrary,
there is an increase in the ammonium from winter to summer with a further decrease in autumn. The increase in ammonium input with the coastal runoff with the
beginning of the resort season, as well as a decrease in its consumption by phytoplankton in the upper layer of the bay water during the warm period [15] provide
an increase of its concentration. In summer, the difference in concentrations between the surface and bottom layers reaches its maximum, which is due to the water stratification and a limited oxygen flux into the bottom layer. This leads to the
fact that under conditions of lack of oxygen bottom sediments (as a result of organic matter bacterial destruction) become a source of reduced compounds, including
ammonium ions. It should also be noted that in summer the concentration of ammonium in the bottom layer near the station 8 is practically by an order of magnitude higher than at other stations. With a decrease in temperature and enhanced
hydrodynamic effect in late autumn and winter periods a “leveling” of the concentration of ammonium in the surface and bottom layers is observed.
The increased concentration of silicon on the surface waters during the autumn-winter period is mainly due to continental runoff: the maximum concentrations were observed during the flood period of the Chernaya River (December –
April). At the same time, the silicon concentration in the surface layer was two
times higher than in the bottom one, which is most pronounced in the vicinity of
the of river water inflow area (stations 1–4).
A tendency towards the increase from the winter period to the autumn one
(Fig. 2, b) exists in the phosphates content on both horizons. In the surface layer
a dramatic increase in the concentration was recorded in late autumn, in the bottom
layer – in summer. At the same time, the maximum phosphates concentration on
the surface exceeded the winter minimum at least by 2 times, at the bottom – by 3
times. In winter and autumn periods the phosphate concentration in the surface layer was higher than in the bottom one, but in summer, on the contrary, mean concentration in the bottom waters exceeded the one at the surface by more than 60%,
which is largely due to phosphate absorption by phytoplankton. Seasonal stratification of the bay waters maintains this difference. It should be pointed out that similar seasonal changes in phosphate concentrations are somewhat contrary to the
well-known regularity according to which the maximum concentrations fall on the
winter period due to removal from the underlying layers, as well as insignificant
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consumption of phosphates; with the temperature increase from spring to summer
period, the phosphate content should decrease sharply due to hydrodynamic impact
reduction and their active consumption in the photosynthesis process. Probably,
this discrepancy is caused by the presence of additional anthropogenic sources of
phosphates.
Thus, the intra-annual change of the nutrients in the Sevastopol Bay waters is
determined not only by natural factors, including the inflow with river runoff and
consumption by phytoplankton, but also by additional inputs from domestic sewages, storm wastewaters and atmospheric precipitation.
The classical ratio of nutrients for phytoplankton Si:N:P is 31:15.5:1 [16].
However, for the Sevastopol Bay waters this ratio differs significantly and is 50:
82:1, which implies that for the bay ecosystem, in conditions of a significant predominance of inorganic nitrogen in the water, inorganic phosphorus may be the
main limiting nutrient. Correspondingly, the change in its concentration in the water area has the greatest effect on the bay carbonate system.
Carbonate system components. In addition to physical factors (mixing processes), DIC value depends on the chemical and biological processes of photosynthesis and the organic matter destruction:
6СО2 + 6Н2О ↔ С6Н12О6 + 6О2,

(2)

С6Н12О6 + 6О2 ↔ 6СО2 + 6Н2О.

(3)

Carbon dioxide, which gets from the atmosphere, dissolves in the surface waters and is involved into the photosynthesis (2) spending on the organic matter production. Phosphates that get into the bay water with the Chernaya River, domestic
and storm wastewaters are the limiting factor of photosynthesis in the Sevastopol
Bay. In the bottom layer DIC value is determined by organic matter oxidation (3)
which is accompanied by carbon dioxide concentration increase and oxygen consumption.
The organic matter concentration in the bottom layer depends on the intensity
of photosynthesis on the surface and the intake of fresh organic matter with external sources (domestic, storm, river runoff, etc.). In addition, its level is determined
by the presence of oxygen, which provides the reduction of the suspended matter
flux to the bottom as a result of organic matter mineralization in the photic layer. In
its turn, oxygen concentration in the water column is determined by the temperature (as the gas solubility decreases with the temperature increase) and hydrodynamic effect providing its entry to the bottom layer. In case of the oxygen deficiency in the water column for the oxidation of the entire organic matter, its accumulation in the bottom sediments (which most often can subsequently become a source
of carbon dioxide for the bottom layer) takes place. At the present time a low oxygen concentration (less than 30% saturation, or 63 μmol/l) and high content of organic matter (more than 4% by dry weight) are observed in the bottom sediments
of the bay [4].
Seasonal dynamics of carbonate system components is shown in Fig. 3. As expected, DIC in the surface waters of the Sevastopol Bay is lower than at the bottom
(Fig. 3, a), which is determined by the consumption of inorganic carbon during the
photosynthesis (2) in the upper layer and oxidation of organic matter (3) in the botPHYSICAL OCEANOGRAPHY VOL. 25 NO. 2 2018
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tom one. Seasonal variability was not pronounced and did not exceed 6% in different
seasons of the year.
The most obvious changes are characteristic for the surface layer, which is due
to its dynamism and various sources of CO2 (river runoff, domestic and storm water
discharge). In winter, the decrease in light and phosphates concentration (Fig. 2, b)
and, as a result, the photosynthesis deceleration (not least because of the gas solubility increase) provide the maximum of DIC (Fig. 3, a). In addition, bicarbonates
make the main contribution (~ 90%) to DIC and its source is the Chernaya River
runoff. The increase of its content falls precisely on the high water period of the
Chernaya River (December – April). DIC minimum is observed in summer due to
active photosynthesis maintaining by additional input of nutrients with domestic
wastewater and light activity. During this period the impact of the Chernaya River
waters, which are a source of dissolved carbon dioxide and bicarbonates, is minimal. The maximum of DIC at the river mouth indicate a significant impact of the
River Chernaya waters on the hydrochemical characteristics of the Sevastopol bay.
The river waters are not only a source of inorganic carbon but also of fresh organic
matter that deposits near the mouth of the Chernaya River and, being oxidized, also
makes an appreciable contribution to DIC.
A pronounced seasonal stratification restricts the oxygen flux which gets to the
bottom layer. Due to this fact, the amount of oxygen getting into the layer is not
sufficient to oxidize the entire organic matter (equation (3)), which leads to its accumulation in the bottom sediments. The observed increase in DIC in the surface
layer during the autumn (Figure 3, a) is probably the result of organic matter oxidation in the bottom sediments and CO2 input into the bottom and surface layers due
to vertical mixing.
It should be pointed out that in autumn-winter period vertical mixing of waters
results in DIC homogeneous distribution in the bottom and surface layers (Fig. 3, a).
рСО2 in the surface layer has very noticeable seasonal fluctuations (Fig. 3, b),
which are resulted from a change in the activity of the chemical and biological processes, temperature regime and hydrodynamic impact. In the bottom layer in spring
and winter рСО2 levels were similar and corresponded to the minimum values, in
spring and summer – to the maximum ones (Fig. 3, b). Considering the seasonal
dynamics, we can notice the fact that the greatest difference (confirmed by statistic
calculations) in рСО2 in the surface and bottom layers is observed in summer period: the maximum – in the bottom layer, the minimum – in the surface one. This is
the result of a combination of several factors: carbon dioxide solubility decrease
with the temperature increase and photosynthesis intensification which lead to the
decrease of carbon dioxide concentration and, correspondingly, to the decrease of
рСО2 in the upper layer; more active oxidation of organic matter with the temperature increase in the bottom layer despite the decline of oxygen flux leading to рСО2
increase; water stratification due to hydrodynamic effect weakening.
In addition to the abovementioned parameters for estimating the components
of the carbonate system and the factors that determine their current state, total alkalinity value, which depends to a great extent on the salinity and concentration of
the carbonate ion supplied with terrigenic sources, river runoff and decomposition
of carbonates in the bottom sediments, is of a great interest. Alk value is not affected by the CO2 at that [8]. In the Sevastopol Bay the greatest effect on its value is
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exerted by the Chernaya River waters as a source of carbonate and bicarbonate
ions, which manifests itself in its maximum value in the surface layer in winter. In
general, Alk distribution over the depth is rather homogeneous.
The analysis of the seasonal dynamics of the carbonate system components
showed that in summer they are determined primarily by the chemical and biological processes of photosynthesis and organic matter oxidation, in winter – by the
flood runoff of the Chernaya River (December – April). Moreover, in winter and
autumn the vertical distribution of carbonate system components is rather homogeneous; this is due to the mixing processes.
In addition to natural factors, anthropogenic influence contributes to the spatial
variability of the Sevastopol Bay carbonate system components. At its edge the
Sevastopol Bay takes the Chernaya River waters (Fig. 1), which largely determines
the hydrochemical characteristics of this area (stations 1–4): the increased values of
DIC, pCO2, Alk and pH decrease in the surface layer. This is the result of organic
matter oxidation brought with the Chernaya River waters and photosynthesis limitation in spite of high concentration of nutrients. With the distance from the bay
edge to the exit therefrom into the seaward part ТСО2, рСО2 and Alk decreases
whereas рН increases. The exception is Inkerman and the Yuzhnaya Bay areas
(stations 8 and 17, respectively). Sharp changes in the values of the carbonate system components in these areas are due to the anthropogenic impact of sewage discharge, as well as the location of production sites where ship repairing and moorage are carried out. The maximum DIC, рСО2, Alk values and the minimum рН in
the surface layer of the Yuzhnaya Bay apex indicate the presence of the source of
waters enriched with nutrients, fresh organic matter and bicarbonates. According to
pCO2 value (~ 500 µatm) it can be assumed that in the Yuzhnaya Bay waters CO2
evasion takes place.
The location of SDPP (station 8), which results to the discharge of fresh warm
waters, largely determines hydrochemical features of this region. The presence of
deepening here also contributes to the formation of a concentration gradient between the bottom and surface layers, which leads to the hypoxia appearance, accumulation of organic matter and other pollutions in the bottom layer. In the bottom
sediments this results in the appearance of anaerobic conditions [4].
In accordance with the temporal variability of the Sevastopol Bay water hydrochemical characteristics, the decrease in ammonium and silicon concentrations in
2007–2012 with the subsequent increase by 2016 on both the surface and the bottom
layers were recorded. A significant difference in the concentrations at the surface and
bottom waters is characteristic of ammonium in 2007–2010, in 2007 it was ~ 80%.
The decrease in the ammonium concentration in the bottom layer reached 86% by
2011. Then, by 2016 its threefold increase took place. In the surface layer from 2007
to 2016 there was than twofold increase of ammonium concentration.
A long-term variations of nitrates concentration on both horizons is generally
characterized by a decrease from 2007 to 2009, and then by a steady growth from
2011 to 2016 (Fig. 4, a). At the same time, inter-annual difference in concentrations in the surface layer is more pronounced. Three periods can be distinguished in
the change in the phosphates in the waters of the bay (Fig. 4, b): from 2007 to 2009
the concentration increased 1.5–2 times on the surface and near the bottom, then it
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decreased by 2012 and sharply increased by 2016. In addition, in 2016 in both surface and bottom layers phosphate concentration was 2.5 times higher than in 2012.
Over the past 10 years on there is a trend to the increase of DIC, рСО2, Alk and
pH decrease in the carbonate system. It is most pronounced in the surface waters
(Fig. 5).
Since 2007, DIC has increased by ~ 5% (in the surface and bottom layers), the
increase is especially pronounced in the autumn. This is already quite significant
value, indicating the negative changes taking place in the bay ecosystem. DIC increase is also due to the rise of the level of both atmospheric and dissolved CO 2
due to the contribution of natural and anthropogenic factors.

Fig. 4. Inter-annual variations of nitrates (a)
and phosphates (b) in the Sevastopol Bay (see
Fig. 2 for the legend)

Fig. 5. Inter-annual variation in DIC (a) and
pCO2 (b) in the Sevastopol Bay

According to the difference in the atmospheric and surface waters pCO2, one
can conclude that the bay water currently absorbs carbon dioxide from the atmosphere, except for the summer period of 2014, when the water itself was a source of
carbon dioxide (Fig. 5) which is typical for coastal water areas [17, 18]. The increase of СО2 concentration resulted in рН drop by 0.06 in 2008–2016. At the
same time, in comparison with 1998–2005 pH has a wider range of variation limits
(on average by ± 0.08). The most obvious pH decrease is characteristic of the warm
period (summer, early autumn), which is due to the intensification of organic matter oxidation and production of carbon dioxide, facilitating by an increase in temperature. Steady pH decrease in the surface layer indicates an unstable organic matter concentration growth, its active oxidation and CO2 concentration increase. It can
also be a consequence of a decrease in primary production as a result of anthropo132
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genic pressure. pH decline in the bottom layer, especially in summer-autumn period, indicates the presence of additional organic matter source, which is bottom sediments. This is confirmed by previous work, according to which organic carbon
abundance in the bottom sediments of the bay is ≥4% [2, 4]. Alk increase (by ~ 4%)
from 2008 to the present time also reveals the growth of the contribution of the organic matter oxidation in the bottom layer and in the bottom sediments to the carbon cycle and formation of the current state of the Sevastopol Bay ecosystem.
According to NOAA data [19], in 2016 atmospheric рСО2 value was 407µatm.
There is no linear increase in the variation of pCO2 of the surface layer of the Sevastopol Bay waters, however, the upward trend is obvious. By the variation of
atmospheric рСО2 and рСО2 annual average values in the surface waters, it can be
seen that the difference between them decreases (Fig. 5, b). This indicates the decrease in the carbon dioxide absorption by the Sevastopol Bay waters. Currently,
this value has dropped by 6%. It reached its minimum value in 2015 when we suggested that the regime of the bay would change by 2018 [5]. However, in 2016 this
difference slightly increased (Fig. 5, b) and slowed down the observed trend in the
decline of the bay ecosystem absorptive capacity.
Conclusion. Active development of the Sevastopol Bay, uncontrolled discharge of domestic wastewaters (often untreated) led to negative changes in its
ecosystem. This is revealed most clearly in the summer period: due to a growth of
anthropogenic load on the bay waters, the absence (or the minimum) hydrodynamic
effect, a decrease in the solubility of gases, an increase of the fluxes of nutrients
and organic matter, there is the most pronounced difference in the hydrochemical
characteristics in the bottom and surface layers. In the autumn-winter period the
bay waters are well mixed and their practically homogeneous vertical distribution
is observed.
Distribution of nutrients and carbonate system components over the bay area is
determined by the effect of the Chernaya River fresh waters in the inner part of the
bay (the area of sea and river water mixing), sources of anthropogenic origin near
the SDPP as well as discharge of wastewater without treatment and storm water
sewage.
According to the results of the study, it can be drawn a conclusion about the
predomination of anthropogenic component impact on the hydrochemical regime
of the bay. This is manifested in:
 elevated (in comparison with the background values of the open part) concentrations of nutrients which approach or even exceed the MPC value;
 the growth trend of almost all nutrients, DIC and рСО2 in the bay waters
by 2016.
рСО2 value variation (more than by 30%) indicates the change in the ratio of
carbonate system components. Currently, the processes of organic matter oxidation
determine the state of the Sevastopol Bay carbonate system.
Judging by the decreasing difference between the atmospheric and surface waters рСО2, there is a possibility that the bay ecosystem will soon serve as a source
of carbon dioxide. The shift of equilibrium towards the organic component predominance in the natural cycles of the bay ecosystem will negatively affect not only its ecological state but also its recreational attractiveness.
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