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ABSTRACT

A high level of anthropopressure has been registered in Sevastopol region, connected
with its strategic role as the main city in the region, but also due to Russian Black Sea
Fleet stationing there for many years. A significant source of the Black Sea contamina-
tion in Sevastopol area is the industry located in this city, municipal waste and agricul-
ture. Implementing measures aimed at protection of the Black Sea and the evolution of
their results requires monitoring conducted in the regions with various levels of anthro-
popressure. The work was aimed at the assessment of copper and cadmium content in
water and algae in selected bays of the Black Sea in the vicinity of Sevastopol. Samples
of water and algae were collected in August 2012 from eight Sevastopol bays (Galubaja,
Kozacha, Kamyshova, Kruhla, Strieletska, Pishchana, Pivdenna and Sevastopolska) and
from the open sea in the vicinity of Fiolent. Algae (Cystoseira barbata and Ulva rigida)
were collected from the same places. Collected water was preserved on the sampling
place and brought to the laboratory where its copper and cadmium concentrations were
assessed. Collected algae were rinsed in distilled water, dried, then homogenised and
mineralised. Copper and cadmium content were determined in the mineralizates using
ASA method with electrothermal atomisation. Cadmium concentration in water ranged
from 0.13 to 1.74 pg Cd-dm?, and copper from 7.07 to 22.56 pg Cd-dm>. Considerable
differences in the content of the analysed elements were registered in individual bays.
The highest content was assessed in Galubaja and Sevastopolska bays, whereas the low-
est one in the water collected in the open sea and in Pivdenna bay. Copper concentrations
in the analysed algae fluctuated from 3.375 to 14.96 mg Cukg! d.m. No differences
were noted in this element content between the algae species. Cadmium content in the
algae ranged from 0.133 to 1.133 mg Cd kg d.m. Higher accumulation of cadmium was
observed in Cystoseira barbata than in Ulva rigida. The value of copper bioaccumula-
tion coefficient (BC) ranged from 181 to 1201, whereas cadmium from 181 to 5256. The
contents of the analysed metals, both in biotic and abiotic elements of the studied ecosys-
tems point to anthropogenic enrichment and the results obtained for Sevastopolska, Ga-
lubaja and Kozacha bays indicate a hazardous, excessive bioaccumulation of copper and
cadmium and to potential threat to the life of aquatic organisms and seafood consumers.

Keywords: the Black Sea, pollution, water, algae, copper, cadmium, monitoring, bio-
accumulation.

INTRODUCTION city position in the region and from a many-year
stationing of the former Soviet and later Rus-
The Black Sea is the water reservoir with stra- sian Black Sea Fleet. Due to its location, trends

tegic importance in the scale of the region and the =~ of seaside areas development and the methods of
worldwide. Its importance results from its main ~ management and disposal of both industrial and
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municipal wastes, mainly discharged into the sea
without previous treatment, the coastal area of
this reservoir is the place where the outcomes of
such activities are noticeable very fast. The results
are connected with increased amount of biogenic
compounds, heavy metals and permanent organic
compounds in the abiotic part of the ecosystem,
which translates into a reduction of biodiversity
and excessive accumulation of xenobiotics in liv-
ing organisms, which negatively affect their life
processes and pose hazard to people as their con-
sumers [Caliceti et al. 2003, Chowdhury, Wood
2007, Das, Khangarot 2011]. Many substances
which find their way to seawater reveal high tox-
icity and persist in the environment, therefore,
measures aimed at protection of the environment
do not bring immediate effects. Ukrainian regula-
tions referring to the environment protection are
rather restrictive, however, not fully observed due
to economic reasons. Duties concerning environ-
mental monitoring and their enforcement are dis-
tributed among ministries and their organizations
[Strategic Action Plan... 2009]. Geographical lo-
cation and quantitative and qualitative research of
waters are necessary to understand the changes
occuring in the Black Sea ecosystem and preserv-
ing biodiversity [Sundseth, Barova 2009]. In re-
cent years the importance of the Black Sea in the
policy of the European Union and Atlantic Treaty
has been growing [Black sea synergy... 2007].
Over the last 50 years many changes have taken
place in the land use in this region. The coastal
zone becomes more and more polluted as a re-
sult of progressing intensification of agriculture,
development of industry, marine transport and
tourism [Langemad et al. 2009]. The Black Sea
catchment is the area with considerable natural
resources and advantageous strategic location
between Central Asia, Europe and Near East.
At the same time this region is facing numerous
problems, such as “frozen” conflicts or problems
with natural environment protection. Undertak-
ing regional measures aimed at protection of the
natural environment, energy, transport or safety
may both prove beneficent for the welfare of the
Black Sea countries’ inhabitants and contribute
to the welfare and political stability, therefore, to
the improvement of safety [Black Sea synergy...
2007]. Countries of the region facing the difficul-
ties need cooperation with international organiza-
tions [Langmead et al. 2009].

The presented investigations aimed at deter-
mining the level of pollution with copper and
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cadmium of selected elements of the Black Sea
ecosystem in the Sevastopol region. Content of
the studied elements in water and in algae from
the green and brown algae genera were the pa-
rameters used for the accomplishment of the goal.

MATERIALS AND METHODS

In order to accomplish the assumed aim of in-
vestigations, water was sampled from 8 bays of
Sevastopol and from the open sea in the vicinity
of Fiolent in August 2012. The samples were col-
lected from the surface water (the depth of 0-120
c¢m) by means of 200 cm?® probe. The collective
sample, 3 dm® in volume, was composed of 15 pri-
mary samples, which were averaged. Mean labo-
ratory sample was 500 cm® in volume. The points
of sample collection were chosen so as to make
it possible to obtain a most representative sample
for the whole bay. For this purpose, data on water
movement and sea currents flows were used. The
samples were collected from: Galubaja, Kozacha,
Kamyshova, Kruhla, Strietelska, Pishchana, Piv-
denna and Sevastopolska bays and from the open
sea in the Fiolent vicinity (Figure 1).

Elements of biomonitoring were included in
the research in order to better assess the state of
anthropopressure. Samples of Cystoseira bar-
bata and Ulva rigida were collected from the
same places, because these species are common
in the investigated area, and in the regions with
similar conditions [Akcali, Kucuksezgin 2011].
After sampling, the water was preserved with
65% nitric acid used in the amount of 2 cm® per
each 100 cm?® of water, whereas the algae were
rinsed in distilled water, dried at 65°C and ho-
mogenized. Samples prepared in this way were
transported to the laboratory. Laboratory samples
of algae were wet mineralized in a closed system
using microwave energy. Analytical weight was
c.a. 0.5 g in conversion to dry mass. The material
was dissolved in HNO, and H,0, mixture, in 5:1
ratio (v/v). Copper concentration was assessed
by atomic absorption spectrometry with electro-
thermal atomization in M6 Thermo apparatus, at
the wave length 342.8 nm. Copper detection limit
in the applied measurement was 0.054 pg-dm>.
Measurement uncertainty of the applied method
was +6%. The method limit of detection was 2.70
pg Cu-dm? d.m. of the biological material and
0.06 ug Cu-dm? of water. Cadmium concentra-
tion in the obtained solutions was assessed using
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Figure 1. Points of sampling (1-9)

atomic absorption spectrometry with electrother-
mal atomization at M6 Thermo apparatus, at the
wavelength of 228.8 nm. Cadmium limit of de-
tection of the applied measurement method was
0.027 pg-dm. Uncertainty of measurement in the
applied method was +£9%. Detection limit of the
method was 1.35 ug Cd-dm d.m. of the biologi-
cal material and 0.03 pg Cd-dm? of water. The
correctness of analyses of the studied elements
was verified using a certified reference material
CRM 16-050.

The assessed contents of metals were used
to compute the values of bioaccumulation coef-
ficients as a ratio of metal content in algae to its
concentration in water.

RESULTS AND DISCUSSION

Copper is a microelement crucial for living
organisms’ development. In sea algae organisms
it participates in electron transport during the
photosynthesis process and in many enzymatic
transformations. However, if it occurs in excess,
it becomes very toxic. Among the elements com-
mon in the environment, copper is the second
after mercury most toxic element for sea algae
[Gledhill et al. 1997]. Its excess in the environ-
ment causes inhibition of photosynthesis process,
decline in the pigment content, which directly or
indirectly translates into growth inhibition. Opti-
mum copper concentration in water immediately
available to sea algae ranges from 0.063 to 6.3
pg-dm= [Gledhill et al. 1997]. However, the share
of copper available to these organisms may con-

stitute from several to over forty percent of this
element total content in water.

Copper content in water sampled from indi-
vidual bays of Sevastopol ranged from 7.07 to
22.56 pug Cu-dm? (Figure 2), and the mean con-
tent was 14.7 pg Cu-dm.

The lowest copper concentrations were as-
sessed in water collected in the open sea and in
Pivdenna and Kruhla Bays. Copper contents in
these samples were on the level of 7-8 ug Cu-dm.
The other water samples contained about 2—3 fold
less of copper, while the highest concentrations
were assessed in water from Kozacha and Sevas-
topolska Bays.

Copper is the element which occurs in the
natural environment in small quantities. Due to a
common use of copper by man, its elevated con-
tents are always registered in the areas of strong
anthropopressure. The source of this element is
industry, agriculture, activities of human life, but
also transport and fuel burning.

Copper is one of the most toxic metals for
aquatic organisms. Considering its toxicity, it
poses third (after mercury and silver) among the
metals commonly present in the environment
[Sanhita, Khangarot 2011]. In the world ecosys-
tems negative results of elevated copper concen-
trations are rare because of strong affinity of this
element to organic matter.

Kahle and Zauke [2003] stated cooper con-
centrations in water of the Arctic Sea between 0.1
and 0.2 pg Cu-dm, which may be regarded as a
natural level in seawater. Copper content in fresh
water from the unpolluted areas usually fluctu-
ated from 1 to 2 pg Cu-dm3 [Kabata-Pendias,
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Figure 3. Content of copper in macroalgae [mg Cu-kg']

Pendias 1999]. In sea ecosystems, generally low-
er copper concentrations in water are registered.
However, the total content of trace elements in
water says little about the hazard they pose to liv-
ing organisms, because the number of their bio-
available forms depends not only on the contents
in the biotope, but on their chemical forms and
physicochemical properties of water. Copper bio-
availability in sea environment is always greater
due to the specificity of physiological processes
in aquatic organisms connected with osmoregula-
tion. High water temperature causes increase in
copper toxicity, which is connected with dimin-
ishing oxygen content in water, which results in
increased concentration of copper compounds
dissolved in water, but also limited ability of liv-
ing organisms to detoxificatin [Richards, Cha-
loupka 2009]. On the other hand, increased water
salinity limits copper bioavailability [Mamboya
et al. 2009]. Therefore, the assessment of hazard

122

posed to aquatic ecosystem in connection with
trace element pollution should base on the use
of living organisms as bioindicators. Bioaccu-
mulation of trace elements in living organisms is
determined by two processes. The first relies on
reducing this element’s absorption from the en-
vironment, whereas the second is associated with
its excretion from the organism. Depending on
the organism strategy, one of these processes is
more intensive and protects the organism against
poisoning [Richards, Chaloupka 2009]. In order
to obtain reliable information about the state of
the environment on the basis of biomonitoring
research, one should use organisms which reveal
the ability to accumulate pollutants at limited ef-
fect of these substances on their growth and de-
velopment.

Algae are organisms commonly used as bio-
indicators of the natural environment pollution
with trace elements. Due to their common oc-
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currence, high ability for accumulation of trace
elements, high resistance to their increased con-
centrations in the environment and being easily
obtainable material for analyses, algae are re-
garded as good bio-indicators of sea environment
pollution with heavy metals [Huerta-Diaz et al.
2007, Mamboya et al. 2009, Brito et al. 2012,
Horta-Puga et al. 2013], for example, algae from
the Ulva genus [Boubonari et al. 2008]. However,
it is important to choose appropriate algae spe-
cies later used for biomonitoring. One of the more
important environmental factors which may limit
the growth and development of macroalgae is
water salinization. Macroalgae, of Padina genus,
reveal high abilities for trace element accumula-
tion, but they are sensitive to changes in salini-
zation, which, to a great extent, limits their pos-
sible applications [Lou, Liu 2011, Chakrabort et
al. 2014]. It is particularly important in the zones
of strong river water mixing with seawater, es-
pecially in the areas with great seasonal fluctua-
tions of river water flow. The use of algae as bio-
indicators of sea environment pollution has also
other important practical aspect. High affinity
of macroalagae to heavy metals may be a factor
limiting their use for consumption. About 6 mil-
lion tons of algae fresh mass is used annually for
consumption and by industries. However, many
authors point to a hazard of excessive accumula-
tion of trace elements in aquaculture and seafood
products, despite the fact that they are produced
in the areas of limited anthropopressure and low
concentrations of trace elements in biotope [Be-
sala et al. 2009, Naser 2013].

Copper content in Cystoseira barbata ranged
from 3.725 to 14.95 mg-kg! d.m. The highest con-
tent of this element were noted in algae obtained
in Kamyshova Bay and by 69% lower in Piv-
denna Bay, where respectively 14.95 and 8.80 mg
Cu'kg! d.m. were registered. In algae collected in
other bays, copper concentrations were between
1.5-4.5 times lower, fluctuating from 3.375 to
6.025 mg Cu-kg' d.m with the difference between
them reaching 78.5%. Copper content in Cystosei-
ra barbata taken from the open sea was 3.858 mg
Cu-kg!' d.m. This element content in Ulva rigida
algae differed slightly from the value registered
in Cystoseira barbata and ranged from 3.375 to
11.45 mg Cu-kg' d.m., but higher quantities of
copper were found in algae from most of the bays
(Figure 3). The greatest amounts of copper were
noted in Ulva rigida from Kamyshova Bay, then
from Sevastopolska and Pishchana, whereas the

least amount in algae taken in the open sea and in
Kozacha Bay. Strezov and Nonova [2009] stated
copper contents in Ulva rigida and Cystoseira
barbata, collected in Bulgarian coastal zone of
the Black Sea, similar to registered in the Author’s
own studies in algae from the bays of Sevastopol,
however, much higher contents than in the same
organisms collected in the open sea.

The obtained results are approximate to those
registered by Brito et al. [2012] in various algae
species from the area with strongly intensified
anthropopressure in Brazil. Horta-Puga et al.
[2013] stated lower copper concentrations, rang-
ing from 2.3 to 2.9 mg Cu-kg' d.m. in various
algae species collected from the vicinity of Ve-
racruz coral reef in Mexico. On the other hand,
Wallenstein et al. [2009] noted between 1.18 and
about 6 mg Cu-kg' d.m. in various algae species
from the vicinity of the Azores islands collected
on sites with diversified level of anthropopres-
sure. At the same time they demonstrated the ef-
fect of rainy season and connected with it greater
deposition of pollutants in the region on the trace
element content in the algae.

The authors call attention to the sensitivity of
the environment pollution assessment method us-
ing algae. On the other hand, Rodriguez-Figueroa
et al. [2009] registered values exceeding even 100
mg Cukg' d.m. in algae from the Gulf of Mexico
in the region of copper mines influence at very
high fluctuations of the content dependent on the
sampling point. In the Author’s own research, in
all bays, except Kozacha Bay, a greater copper
accumulation was observed in both algae species
in comparison with its contents in the algae col-
lected in the open sea.

Waters of the bays and coastal zones are usu-
ally more polluted in comparison with the open sea
area because of their limited mixing and greater
pollutant inflow [Gao, Chen 2012]. Ulva rigida al-
gae are characterized by a very fast growth under
favourable environmental conditions. The growth
of these organisms and their uptake of trace ele-
ments are in the first place affected by the envi-
ronmental conditions, such as water temperature or
the amount of light but primarily by the saliniza-
tion [Besda et al. 2009]. Under favourable condi-
tion the algae may quickly produce large amounts
of biomass causing dilution of elements in tissues.

Values of copper bioaccumulation coefficient
in Cystoseira barbata from the individual bays
in Sevastopol region fluctuated from 181 to 1202
(Table 1).
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Table 1. Values of bioaccumulation coefficent of copper and cadmium in studied ecosystem

Bioaccumulation coefficent
Points of sampling Cu Cd
Cystoseira barbata Ulva rigida Cystoseira barbata Ulva rigida
Gatubaja Bay 250 257 833 208
Kozacha Bay 181 201 753 181
Kamyshowa Bay 804 616 1303 394
Kruhla Bay 633 752 2120 598
Striletska Bay 281 328 1667 556
Pishchana Bay 404 523 986 476
Pivdenna Bay 1201 758 5256 2821
Sevastopolska Bay 267 332 651 431
Open Sea 546 477 1714 381

Small differences of this parameter were no-
ticed in Ulva rigida algae collected in the indi-
vidual bays in relation to Cystoseira barbata, but
the range of this coefficient value was lower, i.e.
from 201 to 759. Copper bioaccumulation coef-
ficient reached the highest values for both algae
species collected in Pivdenna Bay. High values
of this coefficient in this sampling point resulted
from low copper concentration in water. Copper
content in both algae species collected in this
bay points to considerable anthropogenic enrich-
ment. In both species copper bioaccumulation
coefficient reached the lowest values in the algae
from Kozacha Bay. Low values of copper bioac-
cumulation coefficient were assessed also in the
studied algae from Galubaja, Sevastopolska and
Strieletska Bays, where low values of this param-
eter resulted from high copper concentration in
the water.

Much higher values of copper bioaccumula-
tion coefficient in Cystoseira barbata and Ulva
rigida than those obtained in the author’s own re-
search, i.e. within the range of 1151-16 162 were
noted in various regions of the Aegean Sea [Ak-
cali, Kucuksezgin 2001]. Such big differences in
this parameter value result from a considerable
diversification of copper concentrations in water.
Melville and Putkownik [2007] report very high
values of copper bioaccumulation coefficients,
within the range from about 5000 to 80 000, in
algae taken from several estuaries of the western
Australia. The authors registered a great diversi-
fication of copper content in algae at small differ-
ences in this element water concentration in the
individual estuaries.

Natural cadmium contents in fresh water do
not exceed 0.02 pg Cd-dm™ [Bandara et al. 2010].
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This element concentration in seawater is much
lower, however, due to the specificity of sea or-
ganisms metabolism, considerable cadmium
concentrations are usually assessed in sea ani-
mals which live in unpolluted environment. This
element content in the analyzed water fluctuated
from 0.13 to 1.74 pg Cd-dm (Figure 4), on aver-
age 0.69 ug Cd-dm>.

The biggest quantities of this element were
assessed in waters collected from Sevastopol-
ska Bay, and then from Galubaja Bay. The least
amount of cadmium was found in water taken
from Pivdenna Bay, whereas in water from the
open sea its concentration was over 2.5-fold
higher. Cadmium concentrations registered in all
samples indicate anthropogenic enrichment of the
ecosystem in this element.

Average cadmium concentration in the coastal
waters of Denmark was 0.025 pg Cd-dm™ [Bjer-
regaard et al. 2005]. Waters of Gioronde estuary
in France contained much less of this element
than assessed in the author’s own investigations,
i.e. between 0.03 and 0.207 pg Cd-dm?. At such
cadmium concentrations, a high and exceeding
the norm allowable for food products, accumula-
tion of this element was determined in aquacul-
ture animals [Boutier et al. 2000], therefore, it
is necessary to monitor the quantity of cadmium
entering human food chain through the organisms
originating from the aquaculture.

Cadmium concentrations registered in the
author’s own research may be dangerous both
for sea organisms and seafood consumers. This
element content in Cystoseira barbata fluctuated
from 0.483 to 1.133 mg Cdkg' d.m. (Figure 5)
and was on average 0.769 mg Cdkg' d.m. The
biggest amounts of this element were determined
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in Cystoseira barbata algae taken in Sevastopols-
ka Bay, and then from Galubaja and Kruhla Bays,
respectively 1.133, 1.000 and 0.975 mg Cd-kg"'
d.m. Algae collected in Pishchana Bay and from
the open sea contained the lowest quantities of
cadmium, 0.483 and 0.600 mg - kg!' d.m., respec-
tively. Average cadmium content in Ulva rigida
algae collected in all sampling points was over
2.5 times higher than assessed in Cystoseira bar-
bata, i.e. 0.290 mg-kg! d.m. This element content
in samples from individual points fluctuated from
0.133 to 0.750 mg Cdkg' d.m. (Figure 5). Al-
gae of this species collected from Sevastopolska
Bay contained the greatest amounts of cadmium,
0.750 mg'kg' d.m., whereas those collected in
other bays had between 2 and 5 times less cad-
mium. The least of cadmium was found in Ulva
rigida algae collected in the open sea and in Ko-
zacha Bay.

Cadmium contents in Ulva rigida algae col-
lected in various regions of the Aegean Sea were

much lower than those assessed in the author’s
own research and fluctuated from 0.014 to 0.056
mg-kg! d.m. [Akcali, Kucuksezgin 2011]. The
authors also noted higher accumulation of this
element in Cystoseira barbata than in Ulva rigi-
da algae. On the other hand, Strezov and Nono-
va [2009] registered higher content of cadmium
in Ulva rigida in comparison with Cystoseira
barbata. The level of this metal accumulation
in algae collected in Bulgarian coastal zone of
the Black Sea was similar to registered in the
asuthor’s own investigations in algae from Sev-
astopol bays, but much higher than in algae from
the open sea. Horta-Puga et al. [2013] reported
much lower than obtained in the author’s own
studies cadmium contents in algae collected
from Veracruz Coral Reef. On the other hand,
Brito et al. [2012] found approximate cadmium
contents in various algae species from Todos os
Santos Bay, whereas Wallenstein et al. [2009] in
algae from the Azores region. Cadmium contents
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in algae assessed in the author’s own research
are comparable with those presented by Denton
et al. [2009] in algae collected from polluted
area of the Marianas. Rodriguez-Figueroa et al.
[2009] reported much higher cadmium content
in Padina durvillaei algae from the region under
the influence of copper mine in the coastal zone
of Santa Rozalia than presented in the author’s
own studies.

Values of cadmium bioaccumulation coeffi-
cients in the studied algae ranged widely, from
181 to 5254 (Table 1). The highest values of
bioaccumulation coefficient were registered for
both algae species collected in Pivdenna Bay:
5243 for Cystoseira barbata and 2823 for Ulva
rigida. High values of bioaccumulation coef-
ficient in this bay resulted from low cadmium
concentration in water. For Cystoseira barbata
algae values of bioaccumulation coefficient
from the other bays were between 2.5 and 8
times lower and from 4 to 14.5 times lower for
Ulva rigida. The lowest value of bioaccumula-
tion coefficient was noted in Cystoseira barbata
collected in Sevastopolska Bay, and for Ulva
rigida in Kozacha Bay, 651 and 181, respec-
tively. In the research conducted by Akcali and
Kucuksezgin [2011], cadmium bioaccumulation
coefficient in the studied algae from various
places of the Aegean Sea assumed values within
a narrower range than in the author’s own inves-
tigations, i.e. from 40 to 896, depending on this
element content in water.

CONCLUSIONS

1. Copper and cadmium contents in water col-
lected from individual bays and open sea in
the region of Sevastopol revealed consider-
able diversification, pointing to anthropogenic
enrichment.

2. Copper and cadmium concentrations in Cysto-
seira barbata and Ulva rigida greatly differed,
depending on the sampling point, which evi-
dences a diversified level of anthropopressure
and limited ability for water mixing.

3. Generally, both water and algae collected in
all bays contained greater quantities of copper
and cadmium in comparison with the samples
collected in the open sea.

4. The contents of the studied elements in algae
are approximate to assessed in polluted areas.
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