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Purpose. Assessing changes in the oxygen regime of the deep-water part of the Black Sea under
the influence of climatic and anthropogenic factors over the past 40 years is the goal of the work.
Methods and Results. For the analysis, the expedition data (2015-2019) and those from the Databank
of the Marine Hydrophysical Institute, Russian Academy of Sciences, (1980-2013) were used.
The data for the deep-water part of the Black Sea (the depths exceeding 200 m) were selected from
the array. The data on hydrophysical and hydrochemical parameters were subjected to expert
assessment, and those including random errors in the values were excluded from the array. Then
the average profiles of temperature, salinity, oxygen concentration, oxygen saturation, and nitrates
concentration were plotted in the density scale (ot). Averaging was carried out by the inverse distance
method followed by additional smoothing by the low-frequency filtering method.

Conclusions. Against the background of the tendency of temperature increase in the upper layers of
the water column and decrease of winter convective mixing intensity, the oxygen supply diminishes
in all the layers of the Black Sea aerobic zone. Having been analyzed, of the data for the 1980-2019
period showed that at the present stage, a "regime shift" resulting from the joint effect of climate
changes and anthropogenic load took place in the ecosystem of the deep-water part of the Black Sea.
Decrease in the oxygen saturation of water throughout the entire thickness of the aerobic zone shows
that the process of the Black Sea basin eutrophication constitutes a significant factor affecting oxygen
dynamics in the Black Sea waters.
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Introduction

The Black Sea is a water body with limited water exchange with other seas.
It receives ~ 255 kmd/year of the salty Marmara Sea waters with the lower
Bosphorus current [1] and a similar volume of fresh river water into the surface
layer (~ 338-355 kmd/year) [1, 2]. The atmospheric precipitation inflow is
equalized by their evaporation. This determines the presence of a permanent stable
vertical stratification of waters, which results in a permanent halocline and
pycnocline presence in its hydrological structure. The constant pycnocline presence
limits the vertical exchange between the surface and deep-water layers, being one
of the reasons for the occurrence of anaerobic conditions below the main
pycnocline at depths exceeding 100—200 m. So, it is necessary to study the oxygen
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distribution dynamics in the Black Sea waters, processes of various natures that
determine this dynamics on different spatio-temporal scales.

In the 1980s, the Black Sea was subjected to intense anthropogenic pressure
[3-8]. The intensification of human economic activity in 1980-1990 resulted in
doubling of the nutrients flux into the sea compared to previous decades. This led
to the eutrophication of the Black Sea basin and more intensive oxygen
consumption for the oxidation of the increased flux of organic matter. However, in
the period from the mid-1990s the agricultural activity intensity was reduced,
which contributed to the transition of the Black Sea ecosystem to a relatively stable
state in the post-eutrophication period [8]. At the same time, it was noted that
the system did not return to the state before the start of eutrophication, which
leaves open the question of the mechanisms and processes determining the content,
fluxes and dynamics of oxygen in the Black Sea waters.

Many works have been devoted to the study of the Black Sea eutrophication
and the ongoing changes in the hydrochemical structure as a result of the increased
anthropogenic impact on the sea ecosystem [3-7]; however, consideration of
the post-eutrophication period ends in the mid-2000s. Some publications in recent
years [9] indicated only a decrease in the oxygen content as a result of the observed
warming.

The present paper is aimed to estimate the changes in the oxygen regime of
the deep-water part of the Black Sea under the impact of climatic and
anthropogenic factors over the past 40 years (1980-2019).

Materials and Methods

Modern data on the oxygen content and distribution in the Black Sea waters
for 2015-2019 were obtained in expeditions of Marine Hydrophysical Institute
(MHI) of RAS in the northwestern, northern and northeastern parts of the Black
Sea (Fig. 1, b). For the earlier period of 1980-2013, the data were taken from
the MHI Databank [10] (Fig. 1).

The dissolved oxygen concentration in the samples was determined by
the Winkler volumetric titration method modified by Carpenter [11].

For the analysis, data were selected for the deep-water part of the Black Sea
(with depths over 200 m). Spatial distribution of data for 1980-2019 shown in
Fig. 1, the number of dissolved oxygen measurements over the period under study
is shown in Fig. 2.

Since the distribution of hydrochemical parameters in the deep-water part is
isopycnic throughout the year, except for special cases of intensive winter
ventilation of the pycnocline [12], it possible to average hydrochemical data over
the entire sea area and time intervals using a density scale instead of a depth scale.

From the data of each expedition, deliberately false oxygen concentration
values which were characterized by random outliers of values and did not
correspond to similar features in the distribution of other hydrological and
hydrochemical parameters were rejected. Further, the mean profiles of temperature,
salinity, oxygen concentration, oxygen saturation and concentration of nitrates
were calculated on a density scale. Averaging was carried out by the inverse
distance method followed by additional smoothing by the low-frequency filtering
method [13].
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Fig. 1. Location of drift oceanographic stations for the periods 1980-2013 (a) and 2015-2019 (b).
The line shows the 200 m isobath
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Fig. 2. Number of the dissolved oxygen measurements in the selected years within the period 1980-2019
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Results and Discussion

To exclude spatial differences in the vertical distribution of chemical
characteristics associated with a change in the main pycnocline and cold
intermediate layer (CIL) depth, the vertical profiles of oxygen and nitrates were
analyzed in density coordinates [14-19].

In studies of long-term variations in the Black Sea eutrophication level [3-8],
the following three periods of the Black Sea ecosystem state are distinguished:
the first — pre-eutrophication (1960-1970s); the second — intensive eutrophication
(second half of the 1980s — early 1990s) and the third — post-eutrophication
(the second half of the 1990s — the first half of the 2000s). In each of these periods,
the hydrochemical structure of the Black Sea passed from one stable state,
characterized by reversible interannual, seasonal and shorter-period fluctuations in
the system structure, to another, different only in the nature of reversible
fluctuations. This phenomenon is called "regime shifts", i.e., relatively rapid
changes between contrasting, stable states of the ecosystem caused by natural
impact and/or anthropogenic activity [20].

In the vertical distribution of oxygen three zones can be distinguished, such as:
the upper one, well ventilated and saturated with oxygen; the oxycline zone, where
the oxygen concentration decreases sharply with depth; and the lower one, in
which the oxygen concentration decreases from ~ 25 pumol/L to its disappearance
(Fig. 3, a).

The oxygen concentration in the upper layer is due to gas exchange at
the boundary with the atmosphere, the intensity of photosynthesis and consumption
in the processes of respiration and oxidation of organic matter and the oxygen
solubility, which depends on the water temperature and salinity. Oxygen enters
the oxycline layer as a result of physical transfer and is consumed mainly for
the oxidation of the sinking suspended organic matter (SOM).

Fig. 3 shows the vertical distribution of oxygen and its saturation according to
the data of expeditions carried out in different periods of the ecosystem state —
eutrophication, post-eutrophication and modern one. During the period of active
eutrophication, the oxygen concentration in the oxycline layer, for example, at
the depth of o; = 14.8, was 3 times less (Fig. 3, a, red line) compared to the beginning
of the post-eutrophication period (Fig. 3, a, blue line), which reflects an oxygen
consumption decrease for the SOM oxidation, the flow of which decreased during
the post-eutrophication period [6, 8]. Mean profiles for 2004 and 2017 (Fig. 3, a,
green and lilac lines, respectively) reflect the change in the ecosystem state. A similar
trend is observed in the distribution of the oxygen saturation (Fig. 3, b), which can be
caused by both climatic changes and intensification of anthropogenic activity.

In the hydrological structure of the upper sea layer, a subsurface temperature
minimum layer is distinguished — a cold intermediate layer, which is formed as
aresult of winter convective mixing in the centers of cyclonic gyres and in
the Black Sea shelf [1]. The oxygen reserve of the aerobic zone is determined by
the intensity of winter convection and the rate of its consumption in redox
biogeochemical and biological processes.
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The paper [9] analyzes the variability of the dissolved oxygen and temperature
of the upper layer of the Black Sea. The principal conclusion of this work is that in
the surface layer of the deep-water part of the Black Sea, there are synchronous
ten-year mean variations in temperature and oxygen concentration. The authors
showed that in 1970-1994 period the water temperature of the surface layer
decreased by 1.5° C, while the oxygen concentration increased by more than
25 umol/L. In 1995-2004 the opposite trend is observed.

The long-term variations in the concentration and oxygen saturation at
the depth of the minimum temperature, i.e., in the CIL core (Fig. 4, a, 4, b) were
analyzed. Correlation analysis showed a significant inverse relationship between
the temperature value in the CIL core and the value of oxygen concentration in this
layer; the Pearson correlation coefficient was —0.62. It was revealed that during
the period of intense eutrophication of the deep-water part of the Black Sea and
inthe post-eutrophication period, the oxygen concentration was relatively
stable, on average, fluctuated within 250 + 25 pmol/L, and the oxygen saturation
was 70-80%. After 2005, there is a gradual decrease in the oxygen concentration in
the CIL core, as well as in the saturation to 40-60%. The decrease in the oxygen
reserve in the CIL is associated not only with the transition of the hydrological
structure to the warming stage, characterized by a weak intensity of water renewal
in the CIL (generally below the climatic norm) and an increase in the average
temperature in the core to 8° C (Fig. 4, c¢) [21, 22], but also with a continuing
increase in oxygen consumption.

Since the rate of CIL waters renewal at the present stage was weak*, this
naturally led to an oxygen concentration decrease; a similar trend is observed in
deeper layers. In the oxycline layer (o: = 15.4) (Fig. 5, a, 5, ¢) and in the region
of the suboxic zone (o = 15.8) (Fig. 5, b, 5, d), the oxygen concentration decrease
by 2-3 times is observed in comparison with the eutrophication period of 1980-
1990, and a decrease in the oxygen saturation, which reflects a change in
the intensity of oxygen consumption in the deep layers.

In marine ecosystems the limiting factor in the photosynthesis rate is nitrogen,
which determines the level of primary and export production of phytoplankton.
From 75 to 95% of SOM produced in the euphotic layer is oxidized in the Black
Sea aerobic zone [8]. In the deep-water part of the sea, the regeneration of nutrients
in the water column, as well as their input from deeper layers below the main
pycnocline during the process of vertical water exchange, are the main input
sources of mineral nitrogen compounds for the phytoplankton development [23].

Nitrates are the end product of SOM oxidation, their maximum, as a rule, is
located at the depth of o; = 15.2-15.6.

* Belokopytov, V.N., 2017. [Climatic Changes in the Hydrological Regime of the Black Sea]:
Dr. geogr. sci. diss., 377 p.
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As shown in [3, 4], the average nitrates concentration in the layer of their
maximum increased by 2-3 times from the beginning of the 1970s to the end of
the 1980s, then significantly decreased by the mid-1990s. According to the data we
obtained for the modern period, the average concentration of nitrates in the layer of
their maximum continues to decrease (Fig. 6). This dynamics of nitrate
concentration is due to increase in the input of anthropogenic origin inorganic
nitrogen from the Danube since the 1970s, which reaches a maximum in the mid-
1980s and then decreases by the beginning of the 2000s. [24].

In addition, since the mid-1990s the Black Sea entered a warming phase when
the average winter sea surface temperature increased from 7.5° C in the 1990s up
to 9° C in the 2000s [22, 24]. As a result, the intensity of winter convective mixing
and oxygen solubility in the seawater decreased, water masses could not penetrate
to great depths, which is associated with a decrease in the oxygen inventory in
the CIL (Fig. 4, a; 7, a). The transition of nitrates from the main pycnocline layer
to the upper layers also slowed down, which significantly weakened the spring
phytoplankton bloom and caused a decrease in its biomass and chlorophyll a
concentration in the post-eutrophication period [24].
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Fig. 7. T-O-diagram of the Black Sea waters at the depths of the cold intermediate layer core (a)
and the middle part of the main pycnocline (ot = 15.4) (b) based on the multi-year data

The oxygen concentration in the main pycnocline layer depends on the ratio of
the oxygen flux from the CIL and the oxygen consumption for the sinking organic
matter oxidation. In [25], two different states of the Black Sea ecosystem were
identified — the period before intense eutrophication (until the mid-1970s) and
the eutrophication period (mid-1980s — early 2000s). During these two periods,
the dependence of oxygen concentration on temperature is almost linear, when
lower values of temperature correspond to higher values of oxygen concentration.
However, at equal temperatures in the CIL and in the main pycnocline layer,
the oxygen concentration during the period of intense eutrophication is much lower
than before the 1970s. This may be due to an increase in the flux of sinking organic
matter in the 1980s, which is confirmed by an increase in the concentration of
nitrates in the layer of their maximum.
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In Fig. 7 it can be seen that in the modern period, starting from 2004,
the system has passed into a qualitatively different state. The temperature both in
the CIL (Fig. 4, c; 7, a) and in the main pycnocline layer (Fig. 7, b) increased by
~ 1°C in comparison with the post-eutrophication period, the oxygen concentration
decreased and makes up ~ 20-50 pumol/L in the pycnocline layer, which is slightly
lower than during the period of the Black Sea basin active eutrophication.
At the same time, as we have demonstrated above (Fig. 6), the concentration of
nitrates in the layer of their maximum continues to decrease.

Conclusions

Against the background of the trend to an increase in the temperature of
the water column upper layers and a decrease in the intensity of winter convective
mixing, a decrease in the oxygen inventory is observed in all layers of the aerobic
zone of the Black Sea. The analysis of the data for 1980-2019 period revealed
the fact that at the present stage in the ecosystem of the Black Sea basin deep-water
part there has been a “regime shift” due to the combined effect of climatic changes
and anthropogenic load. Climate changes lead to a decrease in the oxygen
concentration in the CIL core, and hence to a lower oxygen flux into the oxycline.
However, the oxygen saturation demonstrates that the eutrophication effect remains
a rather important process that determines the oxygen dynamics in sea waters.
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