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Purpose. One of the key characteristics of water quality and marine ecosystems’ sustainability is
nutrients supply, which are the main factors of phytoplankton bloom. Since the mid-20" century, in
the northwestern Black Sea and on its western shelf significant changes in nutrients concentrations
took place, which were manifested in increase of the inorganic nitrogen and phosphorus
concentrations and decrease of the dissolved silicon content, that in its turn, led to a strong
anthropogenic eutrophication of the above-mentioned regions. The aim of the work is to assess
the current state of the Black Sea based on the data on the nutrients distribution and dynamics in
the surface water layer.

Methods and Results. The data obtained in the cruises of R/V Professor Vodyanitsky in 2016-2019
were analyzed. The main regions under study included the deep part of the Black Sea, as well as
the Crimean and Caucasian sectors of the economic zone of Russia. The data obtained showed
significant variability in the nutrients concentration both in the coastal and open areas.

Conclusions. A decrease of nutrients concentration in 2016-2019 as compared to that in 2009-2014
was noted, that can indicate a decrease in the eutrophication degree and an improvement of the Black
Sea waters quality. Intra-annual variability of the nutrients concentration in the sea surface layer is
observed. No pronounced features in spatial variability of the nutrients concentration in this layer
were revealed. It is assumed that in the central deep part of the sea, their concentrations are governed
mainly by the physical processes of water transfer. In addition to physical transport, the increased
nutrients concentrations in the coastal areas are, probably, also related to influence of
the anthropogenic factor, namely inflow of nutrients from the coastal sources or their formation
resulting from the biogeochemical processes with organic matter.
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Introduction

The Black Sea is one of the world’s largest inland semi-enclosed seas [1] with
limited water exchange and pronounced vertical density stratification. In view of
the geographical location and structural features of the water column (the presence
of a hydrogen sulfide layer below 120-150 m), the Black Sea is the subject of
increased attention and active research [1-11]. In addition, the activities of
the countries situated on its shores (Russia, Ukraine, Romania, Bulgaria, Turkey,
Georgia) affect the characteristics of the sea ecosystem both directly and through
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river runoff, the total contribution of which averages 350 km®/year [1]. The north-
western part of the Black Sea is most affected by river runoff (> 70% of river
runoff). The southeastern part of the sea with the rivers of the Caucasus receives ~
13% of the runoff, the contribution of the Turkish coast rivers is estimated at about
10% [1, 11]. River runoff is a powerful source of fresh water, as well as suspended
matter, nutrients, organic matter and pollutants. Thus, the influx of river runoff, as
well as an active anthropogenic load both in the coastal areas of the sea and in its
central part (due to active navigation) can lead to various changes in the marine
ecosystem, some of which may be critical. In addition to the anthropogenic impact,
the Black Sea is sensitive to climate change [11-13]. The paper [14] discusses
the effect of global warming on the change in the physical characteristics of
the Black Sea water column since 1993: an increase in the average annual
temperature of the surface water layer (on average by 0.25°C), an increase in the
sea level and river runoff are noted.

One of the key characteristics of water quality and stability of marine systems
in general, and for the Black Sea in particular, is the supply of nutrients, which are
the main factors of phytoplankton bloom (the basis of a food base for fish and
mollusks) and changes in its biomass [15, 16]. An excess of nutrients can have
a devastating effect on the marine system, leading to eutrophication, hypoxia and
anoxia, outbreaks of algal blooms, the death of algae and coral, as well as to
a decrease in fish and shellfish populations. So, for example, in the Black Sea from
the mid-1980s to the mid-1990s a large biomass of phytoplankton was observed,
which, according to some researchers, was a consequence of anthropogenic
pollution [11, 17].

The main nutrients that determine the functioning of marine ecosystems
include dissolved forms of nitrogen, phosphorus and silicon. Phosphorus and
nitrogen are present in the seawater in the form of a variety of inorganic and
organic compounds, while silicon is found mainly in the form of inorganic
compounds. Inorganic nitrogen compounds include ammonium (NH,"), nitrite
(NO7") and nitrate (NO3") ions, which are interconnected, can pass into each other
and therefore are considered together. The most widespread and most studied form
of inorganic phosphorus are phosphates (PO,*), silicon - silicic acid (SiO,-nH;0).

It was determined [11, 16, 17] that from the mid-20" century in
the northwestern part of the sea and on the western shelf significant changes
occurred in the nutrient’s concentration, which manifested themselves in
an increase in the concentration of inorganic nitrogen and phosphorus and in
a decrease in the dissolved silicon content. These changes took place most
dramatically in the 1970s and 1980s, which led to a powerful anthropogenic
eutrophication of the abovementioned regions. With some time delay,
the accumulation of dissolved nitrogen was also observed in the deep-water basin.
It was the most pronounced in the period from the mid-1970s to the mid-1990s.
In addition, over the past 40 years in the Black Sea due to changes in
the concentration, composition and ratio of nutrients in the pycnocline and the cold
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intermediate layer, there has been a sharp increase in the amount of
coccolithophorids and a decrease in the biomass of silicoflagellates [11].

The purpose of this work is to assess the current state of the Black Sea based
on data on the distribution and dynamics of nutrients in the surface water layer.

Methods and materials

The paper analyzes field data obtained in 2016-2019 during expeditionary
research on R/V Professor Vodyanitsky. The surveys were carried out in different
hydrological seasons — spring (April — June), summer (July — September), autumn
(October — December) [10]: 30.06.2016 —20.07.2016, cruise 87; 30.09.2016 —
19.10.2016, cruise 89; 16.11.2016 —05.12.2016, cruise 91; 22.04.2017 -
05.05.2017, cruise 94; 14.06.2017 —03.07.2017, cruise 95; 14.11.2017 -
28.11.2017, cruise 98; 14.12.2017 -28.12.2017, cruise 101; 09.06.2018 -
02.07.2018, cruise 102; 28.08.2018 —20.09.2018, cruise 103; 18.11.2018 —
10.12.2018, cruise 105; 11.07.2019 — 05.08.2019, cruise 108. The main research
areas were the deep-water part of the Black Sea, as well as the Crimean and
Caucasian sectors of the economic zone of Russia. The scheme of the study area
and sampling points is shown in Fig. 1.
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F i g. 1. Region under study and sampling points in 20162019

In order to study the features of nutrient concentration spatial variability,
the study area was conditionally divided into coastal (limited by the 100-m isobath)
and open (> 100 m) parts. The paper considers data for the surface water layer.

Seawater sampling, temperature and salinity measurements at hydrochemical
stations were carried out using the SeaBird 911 plus measuring complex. Chemical
analysis of the samples included the determination of concentrations of the silicic
acid, and inorganic forms of nitrogen. Ammonium concentration was determined
directly on board the vessel. Samples filtered through a membrane filter with a pore
size of 0.45 um were subsequently frozen and delivered to the laboratory to
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determine the concentrations of the sum of nitrates — nitrites, phosphates, and
silicic acid.

Mineral forms of nutrients were analyzed photometrically. When determining
the concentration of silicic acid, a correction for salinity [18] was made.
Ammonium was determined using a modified Sagi — Solorzano method for
the seawater, based on the determination of an indophenolic dye formed in an
alkaline medium from phenol, ammonia, and hypochlorite. The method uses
nitroprusside as a reaction catalyst, that significantly increases its sensitivity [19],
which is 0.05 uM *. In order to determine the sum of nitrates and nitrites on
a flow-through autoanalyzer, we used the method of reducing nitrates to nitrites
using copper-bonded cadmium. With a minimum detectable nitrate concentration
of 0.36 uM, the method error is + 0.20 uM **. The error in the determination of
inorganic phosphorus by the method based on the formation of a blue
phosphoromolybdenum complex is £ 2-15% (the maximum error is observed at up
to 0.20 UM concentrations) **. Determination of the silicic acid concentration is
based on the formation of a blue silicomolybdenum complex. The method error
ranges from 3 to 20%, with the maximum determination error corresponding to
concentrations not exceeding 0.36 uM **,

Results
According to the data acquired in 2016-2019, a significant variability in
the concentration of nutrients both in the coastal and in the open regions of
the Black Sea (Fig. 2) can be traced back. At the same time, the difference between
coastal and open areas was either minimal or not observed (Table).
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F i g. 2. Dynamics of the nutrients concentration in the northern part of the Black Sea based on
the data for 2016-2019 (solid line is the sea surface temperature)

* Sapozhnikov, V.V., ed., 2003. [Guidelines for the Chemical Analysis of Marine and Fresh
Waters in Environmental Monitoring of Fishery Water Bodies and Potential Fishery Areas of the
World Ocean]. Moscow: VNIRO Publishing House, 202 p. (in Russian).

** Guiding document 52.10.243-293. [Guidelines for the Chemical Analysis of Marine Waters].
Saint Pitersburg: Gidrometeoizdat, 1993. 264 p. (in Russian).
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Average temperature of the surface water layer, the nutrients concentration (median)
(uM) and the range of their variation for the coastal regions (< 100 m) and the open
part (> 100 m) of the Black Sea

Cruise |T,°C ¥NO2NO3 NH4 PO4 SiO2
number <100m | >100m | <100m | >100m | <100m | >100 m| <100 m| >100 m
1.33 1.49 0.10 0.15 0.02 0.02 3.8 3.8
PV 87 251
1.02-3.96 0.93-3.09 0.00-0.31 0.00-1.38 0.00-0.10 0.00-0.16 0.6-4.8 1.3-5.4
1.03 1.26 0.03 0.01 1.1 0.6
PV89 202 - —
0.62-2.08 0.70-7.07 0.00-0.07 0.00-0.2C 0.3-1.9 0.3-1.8
0.21 0.66 0.24 0.16 0.04 0.05 1.7 1.8
PVO91 127
0.04-1.69 0.07-5.15 0.09-0.39 0.03-0.46 0.01-0.06 0.01-0.11 0.2-2.1 1.0-2.5
1.99 1.25 0.16 0.12 6.1 4.9
PV94 117 - —
0.87-2.55 0.27-5.48 0.02-0.94 0.02-0.19 1.5-9.4 1.4-7.3
1.19 1.07 0.26 0.23 0.01 0.02 5.2 6.5
PV95 221

0.63-2.51 0.11-3.42 0.15-0.36 0.13-0.39 0.00-0.03 0.00-0.18 4.4-78 4.1-8.3

1.15 1.14 0.39 0.35 0.12 0.09 3.1 3.0
PV98 131
0.96-1.63 0.49-3.88 0.00-3.23 0.00-1.54 0.01-0.24 0.00-0.21 2.3-3.7 1.9-3.9

0.74 0.44 0.14 0.40 0.05 0.04 4.0 3.8
PV101 11.0
0.48-0.99 0.02-3.27 0.06-0.21 0.05-1.15 0.01-0.09 0.00-0.26 3.2-4.9 2.2-5.3

1.08 121 0.12 0.14 0.08 0.06 4.8 3.9
PV102 231
0.48-1.48 0.27-1.72 0.00-0.62 0.00-0.59 0.02-0.21 0.01-0.36 2.3-9.6 1.6-8.2

0.93 1.07 0.09 0.11 0.10 0.08 11 1.0
PV103 251
0.00-1.74 0.00-1.67 0.00-0.73 0.00-0.53 0.00-0.51 0.00-1.03 0.0-3.6 0.0-5.8

0.48 0.25 0.28 0.12 0.10 0.10 1.2 1.6
PV105 13.6
0.16-1.50 0.00-1.33 0.04-0.50 0.00-0.34 0.00-0.40 0.00-0.8C 0.3-10.4 0.4-8.0

0.54 0.49 0.15 0.16 0.00 0.00 0.8 19
PV108 24.4
0.00-1.13 0.00-5.50 0.00-0.75 0.00-0.94 0.00-0.30 0.00-0.9C 0.2-15.9 0.1-11.1

N ote: PV isR/V Professor Vodyanitsky; “~" is not determined.
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In spring (cruises 94, 95, 102), when the intensity of vertical convection is
weaker than in winter, the main source of nutrients is the river runoff. High
concentrations of oxidized forms of nutrients observed during this period (Fig. 2,
Table), among other factors, create favorable conditions for the activation of
phytoplankton bloom processes. By the end of spring, the concentration of
nutrients decreases due to their utilization by phytoplankton, while increased
concentrations of ammonium (0.23 + 0.06 uM) are noted, their share was 20%.
An increase in the concentration of silicic acid from April to June (Fig. 2) is
probably associated with its accumulation as a result of its inflow with deep waters
and river runoff (which reaches its maximum distribution over the sea area after a
spring flood [1]), and as a result of dissolution suspended matter of terrigenous and
biogenic origin, while nitrogen and phosphorus are consumed during biological
and chemical processes.
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F i g. 3. Spatial variability of the nutrients concentration (a — d) and vectors of the instrumentally
measured currents at the 10 m depth (e, [20]) based on the data of the 102" cruise of R/V Professor
Vodyanitsky

It should be noted that there were no pronounced features in the spatial
variability of the concentration of nutrients (Fig. 3, @ — d). In the middle of spring,
the predominance of the concentration of all nutrients in the coastal part was noted
(Fig. 2, Table), which may be due to the contribution of river runoff. In late spring,
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the difference in the concentration of nutrients in the coastal part and in the open
areas was not observed (Fig. 2, Table), however, a spatial heterogeneity of their
distribution was noted (Fig. 3, @ — d). It coincides with the dynamics of waters
(Fig. 3, e): the transport of nutrients occurs due to the Sea of Azov waters along
the eastern coast of Crimea, river runoff in the northwestern part and in the region
of the Caucasian coast [20].

In addition, increased concentrations of inorganic forms of nitrogen and
phosphorus were found in the coastal part (Fig. 3, a — d), in areas with significant
anthropogenic load (the area of the Kerch Strait, Feodosiya Bay [21], Karkinitsky
Bay [22]). Also, local maxima of the concentration of ammonium (0.62 uM) and
silicic acid (9.55 uM) were noted on the coast of Krasnodar Territory in the area of
the Afips River runoff (Fig. 3, b, d). This river is distinguished by high
mineralization [23], the maximum value of its runoff occurs in spring (up to
272 m3/s) [24]. With the distance from the coast, the concentration of ammonium
decreases down to 0.10 uM (Fig. 3, b), silicic acid — to 5.58 uM (Fig. 3, d).

In summer (cruises 87, 103, 108) a decrease in the concentration of nutrients
was noted in comparison with spring (Fig. 2, Table). This is primarily due to their
involvement in biological and chemical processes and their consumption as a result
of photosynthesis [7, 16] with the absence of convective transport of deep waters
and weakening of the transport by the Rim Current, coastal currents and gyres [1].
During this period, the contribution of anthropogenic sources (mainly municipal
wastewater) increases in coastal areas. However, there was no pronounced
difference in the concentration of nutrients in coastal and deep-sea areas (Table).

The content of inorganic forms of nitrogen in comparison with the spring
period decreased to ~ 1.00 uM for the sum of nitrates — nitrites (with a maximum
concentration of 3.96 uM) and to ~ 0.13 uM for ammonium (maximum 1.38 uM).
The proportion of nitrogen reduced forms was 17%, which may indicate
the absence of a significant contribution from the remineralization of organic
matter. The concentration of silicic acid by the summer period decreased almost
two times, to 2.15 uM (maximum 15.90 uM). The phosphate content was below
the detection limit (0.02 uM). Moreover, in 2016-2019 a decrease in the average
concentration of the sum of nitrates — nitrites from 1.46 to 0.50 pM, silicic acid
from 3.75 to 1.65 uM and an increase in the average concentration of ammonium
from 0.11 to 0.16 puM. The contribution of ammonium to total nitrogen increased
from 19% (2016) to 24% (2019).

In July, the spatial distribution of nutrients differed from survey to survey by
its heterogeneity, which may be due to the significant variability of water dynamics
[20] and the heterogeneity of biological and chemical processes. However, in
September 2018, the distribution of nutrients was homogeneous both in the open
part and in the coastal areas of the studied area (Fig. 4, a — d). Their maximum
concentrations were typical for the Caucasian sector, with the exception of silicic

acid. An insignificant concentration of silicic acid (Fig. 2, Table) is the main
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feature of this period. Nevertheless, its highest concentrations were noted in
the eastern part of Crimea, slightly southward of Feodosiya Bay (Fig. 4, d), where,
according to [20, 25], anticyclonic gyres are formed (Fig. 4, e).
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F i g. 4. Spatial variability of the nutrients concentration (a — d) and vectors of the instrumentally
measured currents at the 25 m depth (e, [20]) based on the data of the 103" cruise of R/V Professor
Vodyanitsky

In autumn (cruises 89, 91, 98, 101, 105), in general, a decrease in
the concentration of nutrients to ~ 0.73 pM takes place (Fig. 2, Table). However,
during the period, a change in their content is observed. At the end of October
increased wind activity and the destruction of the upper quasi-homogeneous layer
(UML) [1] contribute to the nutrient flow with deep waters into the surface layer.
This, in turn, creates the prerequisites for an autumn wave of phytoplankton bloom
in the first half of November [26]. With the attenuation of the activity of chemical
and biological processes (by the end of November, in December), there is
a decrease in the concentration of oxidized forms of nutrients and an increase in
the contribution of reduced forms (ammonium) due to remineralization of organic
matter.

No pronounced differences in the concentration of nutrients in the coastal and
open parts of the area under study were observed (Fig. 2, 5, Table). In 2018,
the maximum concentrations of oxidized forms of nitrogen and phosphates were
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noted in the western part of the studied area (Fig. 5, a, ¢), while the distribution of
ammonium was inverse — its maximum concentrations were noted along the coast
of the Caucasian coast and in the eastern part Crimean coast (Fig. 5, b). Local
maxima of silicic acid concentration were observed on the Caucasian coast and in
the Feodosiya Bay area (Fig. 5, d).

During the period under consideration, there is an interannual variability in
the concentration of nutrients (Fig. 2), which may indicate a different intensity of
biological and chemical processes and water dynamics. The same applies to
the features of spatial distribution. From cruise to cruise, the areas with pronounced
extremes of nutrient concentrations also changed.
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F i g. 5. Spatial variability of the nutrients concentration (a — d) and vectors of the instrumentally
measured currents at the 10 m depth (e, [20]) based on the data of the 105" cruise of R/V Professor
Vodyanitsky

Discussion of the results
The distribution of nutrients shows a pronounced intra-annual dynamics (Fig. 6).
According to the literature [16], the maximum concentrations of nutrients
occur in winter (January — March), which is due to their entry into the upper layer
due to the processes of vertical convection and insignificant consumption by
phytoplankton.
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In spring, river runoff serves as an additional source of nutrients [1, 11].
However, in general, by April the content of inorganic nitrogen decreases due to
a decrease in the flux of its oxidized forms from deep layers [16]. In this case,
the proportion of reduced forms of nitrogen increases (up to 85%) due to an
increase in the reduced flow. The phosphorus content in winter and spring reaches
0.1-0.2 uM [16]. According to our data, in April the maximum concentrations of
phosphates (0.15 uM), the sum of nitrates — nitrites (1.45 pM) and silicic acid
(5.81 uM) takes place (Fig. 6, Table). By May, the organic carbon of the UML is
consumed and the concentration of nutrients decreases, while inorganic nitrogen is
consumed first of all. In the same period, active blooming of phytoplankton begins
[16], a deficiency of nitrates in relation to phosphates is noted (Fig. 6). In June,
which is the peak of coccolithophorids bloom [27], the content of nitrogen
inorganic forms is 1.2-1.3 uM, and the proportion of reduced forms of nitrogen is
20%. A decrease in the
concentration of phosphates by 2—3 times is observed, as a result of which they can
become a limiting factor of photosynthesis. The silicic acid content remains high
(4-6 uM). This can be explained by the fact that as a result of bloom, nitrogen and
phosphorus are consumed first, and after their depletion — silicon, which is also
confirmed by the data on the phytoplankton species composition: the predominance
of coccolithophorids in June and diatoms in July [16, 27, 28]. By July, the content
of phosphates is below the detection limit (< 0.02 uM), and the content of nitrogen
and silicic acid also decreases. Due to the deficiency of nutrients, in particular
phosphorus, it should be expected that photosynthesis is attenuated. The minimum
concentrations of silicates are observed in September — October (~ 1 uM).
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F i g. 6. Intra-annual dynamics of the nutrients concentration
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By December, the content of nitrogen oxidized forms decreases to 0.25 pM,
however, a peak of their concentration (1.23 pM) was noted in October, which is
determined by the contribution of wind impact, leading to the destruction of the
UML and the influx of nutrients from the underlying layers [26]. In the dynamics
of ammonium, a different character is manifested: a decrease in concentration from
June to September (from 0.21 to 0.11 pM) and its increase to 0.19 pM in
November and to 0.31 uM in December (Fig. 6). The share of nitrogen reduced
forms increased from 10% in September to 22-38% in November and to 55% in
December. Based on the change in the concentration and ratio of oxidized and
reduced forms of nitrogen, it can be assumed that, in addition to the spring bloom,
in early November, the autumn phytoplankton bloom and the development of its
biomass begins, and in December — attenuation, as evidenced by a decrease in the
concentration of oxidized forms of nitrogen, which are involved in the oxidation of
accumulated organic matter, and an increase in the content of ammonium as an
intermediate product.

In November, the concentration of phosphates also slightly increases to
0.09 uM and by December it is reduced by half; in November — December an
increase in the of silicic acid was noted up to 3.3 uM.

In addition to seasonal dynamics, attention is drawn to the interannual
variability of the concentration of the considered nutrients (Fig. 2, Table). So, in
2017, in different seasons their maximum concentrations, which were two times
higher than in 2016, 2018, and 2019 were observed. In the summer of 2019, on
the contrary, the minimum concentrations of nutrients, compared to previous years,
were noted. This can be explained by the impact of meteorological conditions and
the hydrodynamic factor, as well as by the hypothesis of pulsating bloom described
in [16]. So, the winters of 2015 and 2016 preceding 2017 were relatively soft
(http://pogoda-service.ru/archive_gsod_res.php), which contributed to a weakening
of the convective vertical exchange, a lower supply of nutrients to the upper water
layer and their accumulation in the underlying layers. In 2017, the intensification of
vertical exchange led to a significant supply of nutrients to the upper water layer,
which contributed to an increase in their content. The combination of a number of
factors — the content of nutrients, meteorological conditions and illumination,
which are the main characteristics, led to an outbreak of blooming in the summer
of 2017 (Fig. 7).

Based on the change in the concentration of nutrients, as well as taking into
account the absence of their convective transport with deep waters and a decrease
in the contribution of waters carried by the Rim Current and coastal currents, it can
be assumed that in the summer period the involvement of nutrients in biological
and biogeochemical processes makes a predominant contribution to their dynamics.
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F i g 7. Satellite image of the Black Sea surface, 26.06.2017
(https://satellitemaps.nesdis.noaa.gov/arcgis/apps/webappviewer/index.html?id=5decde660f5f47189d
0433cd2al1500ac) (turquoise color points at the coccolithophore bloom)

We can also note a decrease in the concentration of the listed nutrients in
2016-2019 compared to 2009-2014 [11] (Fig. 8). According to the average
variation of nutrient concentration, a decrease of its concentration, compared to
2014, was revealed: the amount of nitrates — nitrites is almost 2 times,
ammonium — 9 times, phosphates — 6 times, silicates — 4 times [11]. A decrease in
the proportion of the contribution of ammonium to the total inorganic nitrogen
(from 90 to 23%) may indicate a decrease in the organic matter flow. Thus, since
2009, a tendency towards a decrease in the nutrient content in the surface layer of
the Black Sea, which indicates a decrease in the level of eutrophication and an
improvement of the water quality, took place.
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Fig. 8. Interannual nutrients dynamic (the data for 2009-2014 are taken from [11]; the data for 2019
are given based on one survey)
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The spatial distribution of nutrients was heterogeneous (Fig. 3-5). In spring
and autumn, the spatial dynamics of the concentration of inorganic forms of
nitrogen was mainly determined by the hydrodynamic effect [20, 25]: in
the northwestern part, the influx with the river runoff occurs, with the transport
from the Rim Current, with local gyres (as indicated by the zones of local
maxima); in the deep-water part — due to the rise of deep waters enriched with
nutrients. In the eastern part of Crimea, the main source of nitrogen inorganic
forms is the Sea of Azov, in the Caucasian polygon — river runoff in the coastal
areas. In summer, the distribution of nutrients (sum of nitrates — nitrites) is mainly
determined by biological and chemical processes. In addition, in the late spring and
summer periods the maximum concentrations of inorganic forms of nitrogen were
recorded in coastal areas (Fig. 3, 5) — local maximum concentration in the areas
with significant anthropogenic impact [21, 22]. This is most clearly manifested in
the eastern part of the Crimean coast.

The distribution of phosphates was mostly uniform. The maximum
concentrations of phosphorus and silicon in summer were also noted in the coastal
regions and in the Kerch Strait region.

At the same time, it should be noted that during the entire study period in the
coastal areas no rise of cold deep waters, which serve as an additional source of
nutrients, was observed. Consequently, an increase in the concentration of nutrients
during this period is most likely the result of anthropogenic activities (municipal
wastewater, an increase in the recreational load, etc.).

Conclusions

The concentration of nutrients was determined by a combination of physical
and biological-chemical processes, and it is rather difficult to separate
the contribution of each one individually. The regime of nutrients in the Black Sea
upper layer is subject to regular intra-annual variability: in winter, they accumulate
due to their removal from the underlying water layers and due to their minimal
consumption. During the transition from winter to spring, as the accumulation of
nutrients and their additional input with the river runoff, conditions for
photosynthesis are created. Then their dynamics is determined by their
involvement in biological and chemical processes. By the end of the spring and
the beginning of the summer period, the concentration of nutrients decreases due to
their extraction by phytoplankton during photosynthesis, as well as due to
the weakening of the vertical convection intensity, and by the middle of the
summer period their minimum content is observed. Some delay in the variation of
the silicic acid concentration was noted: first of all, phytoplankton extract nitrogen
and phosphorus compounds, while the accumulation of silicic acid occurs.
In autumn, the concentration of nutrients is determined by their vertical transport
with deep waters. By the middle of the autumn period, a sufficient amount of

nutrients is accumulated, which creates the preconditions for the second peak of
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phytoplankton bloom. By December, a decrease in the concentration of nutrients is
observed.

Based on the spatial distribution of nutrients, it was assumed that in the central
deep-water part of the sea their concentrations were mainly determined by
the physical processes of water transport. The increased concentrations of nutrients
in coastal areas, in addition to physical transfer, are probably also associated with
the anthropogenic factor impact — with their entry from coastal sources or with
their formation as a result of biogeochemical processes with the participation of
organic matter.

In the interannual dynamics of nutrients in 2016-2019, the trends of a decrease
in the concentration of the sum of nitrates — nitrites, an increase in
the concentration of phosphorus and the absence of visible changes in
the concentration of silicic acid and ammonium are noted. At the same time,
the concentrations of all of the listed nutrients were significantly lower than in
2009-2014. A decrease in the proportion of the contribution of ammonium to
the total inorganic nitrogen (from 90 to 23%) may indicate a decrease in
the organic matter flow as a whole. Thus, a decrease in the level of eutrophication
and an improvement in the quality of the Black Sea waters can be noted.
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