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Fe, Mn, Cu, Zn, Pb, Cd, and Ni concentrations were measured in brown algae [Sargassum miyabei
Yendo and S. pallidum (Turner) C. Agardh] and green algae [Blidingia minima (Nigeli ex Kiitz-
ing) Kylin, Ulva lactuca Linnaeus, and U. linza Linnaeus] sampled in July 2017 in coastal waters
off the city of Vladivostok, Muravyov-Amursky Peninsula, Sea of Japan. Heavy metal concentra-
tions in algae were determined by atomic absorption spectroscopy after thalli mineralization with
nitric acid. Dissolved trace elements in seawater were measured by ultrafiltration of water samples
and CHCl;-DDTK-Na method. The degree of pollution in various areas of the coastal zone was as-
sessed applying the hazard coeflicient for algae (Ky;). It was calculated as the ratio of metal concentra-
tion in an alga to the upper threshold level of background concentrations of the element. Also, integral
Trace Element Pollution Index (TEPI-threshold) was applied using Ky; = 1. Coastal waters off Vladi-
vostok were slightly polluted by heavy metals. At stations located north and south from a solid waste
landfill, TEPI-threshold was 2.4-2.8 due to pollution by Pb and Cu (2.7-12 Ciyresnola), as well as Zn,
Fe, Mn, and Ni. Algae from upper areas of the Amur and Ussuri bays were Fe- and Mn-enriched be-
cause of river discharge; TEPI-threshold was 1.7-3.0. Macrophytes of the Eastern Bosphorus Strait
were polluted by Fe (3—10 Cypreshola), as well as Mn, Cu, Zn, and Ni (1-1.5 Cypreshola), Which results
from port activities, shipping, and construction of bridges; TEPI-threshold was 1.0-2.1. Off the east-
ern coast of the Muravyov-Amursky Peninsula, there was a local zone of high-degree pollution formed
due to rainwater drainage from the reclaimed solid waste landfill in Vladivostok; TEPI-threshold
was 16. Out of heavy metals studied, Fe and Cu were main pollutants at this station (Kg > 80
in algae), while Pb, Mn, Zn, and Ni were co-pollutants. In seawater at this station, concentrations
of dissolved elements exceeded the background levels, and pollution by Cu was equal to 3 MPC
for fishery reservoirs.

Keywords: heavy metals, brown algae, green algae, Amur Bay, Ussuri Bay, Peter the Great Bay,
Muravyov-Amursky Peninsula, Sea of Japan

Common species of marine algae have long been successfully used as bioindicators of metal and non-
metal pollution in the marine environment [Aboal et al., 2023; Bryan, Hummerstone, 1973; Malea,
Kevrekidis, 2014; Obluchinskaya et al., 2013; Pan et al., 2018; etc.]. Their application is based on the re-
lationship between metal content in the environment and organisms [Rainbow, 2020; Rainbow, Phillips,
1993; etc.].
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Periodic monitoring of heavy metal concentrations in brown algae from the northwestern Sea of Japan
has been carried out since 1976 [Khristoforova, 1989]. Spatial and interannual assessments of metal
pollution in coastal waters based on algal data have been obtained for the open sea coast [Shul’kin et al.,
2015], Peter the Great Bay, its pristine spots, and areas under significant anthropogenic load [Chernova,
Kozhenkova, 2016; Kozhenkova et al., 2006, 2021].

Several localized pollution sites exist in coastal waters of the Russian part of the Sea of Japan
[Kozhenkova et al., 2021; Shulkin, 2004]. One of them covers the northwestern Peter the Great Bay
off the Muravyov-Amursky Peninsula which is home to the Vladivostok agglomeration.

The aim of this study was to assess heavy metal pollution in coastal waters off the Muravyov-Amursky
Peninsula by analyzing content of trace elements in brown algae [Sargassum miyabei Yendo, 1907
and S. pallidum (Turner) C. Agardh, 1820] and green algae [Blidingia minima (Nageli ex Kiitz-
ing) Kylin, 1947, Ulva lactuca Linnaeus, 1753 (= U. fenestrata Postels et Ruprecht), and U. linza
Linnaeus, 1753].

MATERIAL AND METHODS

Brown algae S. miyabei and S. pallidum and green algae U. lactuca, U. linza, and B. minima were
sampled from coastal waters off the Muravyov-Amursky Peninsula: in the western Amur Bay, the eastern
Ussuri Bay, and the Eastern Bosphorus Strait. A total of 27 stations were surveyed (Fig. 1). S. miyabei
was sampled at 16 stations; S. pallidum, at 16 stations; U. linza, at 8 stations; U. lactuca, at 3 stations;
and B. minima, at 3 stations.

o — stations

Fig. 1. Sampling stations off the Muravyov-Amursky Peninsula. The Ussuri Bay: 1, Cherepakha Cape;
2, Muravyiny Cape; 3, Lazurnaya Cove, Zeleny Cape; 4, “Politekhnik” recreational base; 5, “Zhemchuzhina”
recreational base; 6, Desantnaya Cove; 7, “Gornostay” solid waste landfill; 8, Rybachy village; 9, Gornos-
tay Cove; 10, Promezhutochnaya Cove, north; 11, Promezhutochnaya Cove, south; 12, Sukhoputnaya Cove;
13, Sobol Cove; 14, Patrokl Cove. The Russky Island: 15, Akhlestyshev Cape; 16, Pospelov Cape. The East-
ern Bosphorus Strait: 17, Nazimov Cape; 18, Tokarevskaya Koshka Cove. The Popov Island: 19, Stark Strait.
The Amur Bay: 20, Tokarevsky Cape; 21, Primorskaya Railway harbor; 22, Bezymyannaya Cove; 23, Kir-
pichny Zavod Cove; 24, a site between Firsov Cape and Grozny Cape; 25, Krasny Cape; 26, Sanatornaya
railway station; 27, Uglovoy Cove
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Algae were sampled on 10-17 and 25-27 July, 2017, at depths of 0.5-1.5 m. Depending on size,
5-15 specimens of each species were sampled, washed with seawater, and packed in polyethylene bags.
In a laboratory, we cleaned algae of epiphytes and invertebrates, formed 5 samples, and dried them
at +85 °C. Dried samples were ground, and 0.5-g subsamples were mineralized in a microwave system
with 6 mL of high-purity nitric acid. Concentrations of Fe, Mn, Cu, Zn, Pb, Cd, and Ni were determined
by flame and flameless (Pb) atomic absorption spectrometry on a Shimadzu AA-6800 spectrometer
at the core facility “Center for Landscape Ecodiagnostics and GIS Technologies” (Pacific Geographi-
cal Institute FEB RAS). Quality control for sample preparation and trace element determination was
performed using blank samples and international certified reference material (Table 1). Concentrations
are presented in pg-g~ dry weight.

Table 1. Analysis of standard reference material “Leaf of Birch” (LB-1, GSO 8923-2007, Irkutsk)
and “Oyster” (NBS Oyster 1566a)

Metal content, ;,lgvg_1
Mn Fe Zn ‘ Cd ‘ Pb Ni
“Leaf of Birch”

Parameter
Cu ‘

Certified reference | 73106 | 930470 | 730£70 | 946 | 0164003 | 37+06 | 58+08

sample
Result Qf cpntrol 7.4 835 765 95.2 0.13 3.15 6.3
determination

“Qyster”

Certified reference

sample 66.3+43 | 123+1.5 | 539+15 | 83057 | 4.15+£0.38 | 0.37+0.014 | 2.25+0.44

Result of control

.. 64 11.4 517 903 4.65 0.34 2.09
determination

Seawater was sampled in plastic canisters from the undersurface layer at 13 stations. On the same day,
1 L of each sample was filtered through a 0.45-um membrane filter in the laboratory. Metal complexes
were concentrated from 1 L of filtrate using a chloroform—DDTK-Na system. Suspended matter was
determined by weighing filters before filtration and after it. Concentrations of dissolved metals were
established by atomic absorption spectrometry on a Shimadzu AA-6800 spectrophotometer. Quality
of determining Pb and Cd content in water and Pb in algae was additionally controlled using standard
additions, with recoveries ranging 80-85%. Salinity was measured conductometrically.

For each station, arithmetic mean and standard deviation of concentrations of trace elements were
calculated for algal samples consisting of 5 specimens.

Heavy metal contamination in the Amur and Ussuri bays was assessed by comparing measured con-
centrations in algae from this study with published upper threshold values of background ranges for cor-
responding species: Cepeshold (Table 2). These threshold values were derived as the median plus double
median absolute deviation from the sample median (median + 2 MAD) [Chernova, 2012; Chernova,
Kozhenkova, 2016] and subsequently validated [Chernova, Shulkin, 2019].

For U. linza and B. minima, threshold values for metals were adopted from those for U. lac-
tuca [Kozhenkova, Chernova, 2017]. The hazard coefficient (K;) for pollution of an area by an ele-
ment, defined as the ratio of the i-th metal concentration in an alga (C;) to Cypreshoid, Was calculated:
Ky = Ci / Cinreshola- Stations with Ky; > 1 were considered polluted.

Marine Biological Journal 2025 Vol. 10 No. 2
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Table 2. Median and threshold metal concentrations (Cieenoiq) 10 brown algae (Sargassum miyabei

and Sargassum pallidum) and green alga (Ulva lactuca) of coastal waters of the Sea of Japan (ug-g~' of dry
mass)

Parameter Taxon Cu Mn Fe Zn Pb Cd Ni
. . 2.9 266 353 17.0 0.8 1.6 2.3

S. miyabei - — —_— — — — -

. 714 746 23.9 1.8 2.9
Median* . 2.3 168 317 15.0

S. pallidum — — i - == kel -

Cihreshold 3.9 455 672 23.8 1.5 1.7 3.8
4.1 17.2 317 7.6 1.3 0.07 1.6

U. lactuca — —= i — i =2 =

7.3 34.6 672 13.9 3.0 0.15 3.5

brown 5.7 ﬂ @ ﬁ 5.5 1.0 6.0
“;‘.’ﬂ‘fk* algae 13.0 135 848 120 11.0 2.15 11.4
% oreen 7.1 81 492 36 52 0.42 39
algae 12.6 182 1,270 60.6 11.6 0.90 7.1

Note: *, [Chernova, Kozhenkova, 2016; Kozhenkova, Chernova, 2017]; **, [Sdnchez-Quiles et al., 2017].
Q3 is the element concentration corresponding to the value of the third quartile of the sample.

A comprehensive assessment was conducted using the Trace Elements Pollution Index, TEPI [Richir,
Gobert, 2014] modified as follows:

TEPI-threshold = (C'f; x C'fy x ... x Cf, )™,

where Cfy, Cf,... Cf, are normalized concentrations relative to Cireshold (Cfrn / Cihreshold);
n is the number of trace elements with C; 2 Ciyreshold-
Stations with TEPI-threshold > 1 were considered polluted.

RESULTS

The hazard coefficients (Ky;) for metal pollution in algae from waters off Vladivostok are presented
in Figs 2 and 3.

Stations with metal concentrations in Sargassum spp. exceeding threshold levels were located
in the upper part of the Amur Bay [sta. 26 and 27 (Mn, Fe, and Ni)], in coastal waters off the city
[sta. 22 and 23 (Zn and Ni1)], in the contact zone between the Amur and Zolotoy Rog bays [sta. 20 (Fe,
Mn, and Zn)], and in the Eastern Bosphorus Strait [sta. 19 (Mn, Fe, and Pb)] (Fig. 2). In the Ussuri
Bay, metal pollution was noted in algae growing near the “Gornostay” solid waste landfill reclaimed
in 2011 [sta. 6-8 (Cu, Mn, Fe, Zn, Pb, Ni, and Cd), sta. 9 (Cu, Zn, Pb, and Ni), and sta. 10 (N1)],
as well as in the upper part of the bay [sta. 1 and 2 (Fe, Mn, and Ni)] (Fig. 3).

The highest Ky; values for Fe and Cu were observed in a green alga B. minima at sta. 7: values
exceeded Cypreshoia by factors of 276 and 82, respectively (Figs 2, 3). Concentrations of Zn, Ni, Pb,
Cd, and Mn corresponded to 29, 26, 13, 3, and 3 Ky;. Ni content exceeded Cipreshola in algae at 50%
of the stations.

Concentrations of dissolved metals in water from sampling sites were elevated relative to background
levels for Peter the Great Bay only at sta. 7 (Mn, Cu, Zn, Cd, Pb, and Ni) and sta. 6 (Zn and Pb). Cu con-
tent in water at sta. 7 exceeded MPCyg,.,, (maximum permissible concentration for fishery reservoirs)
by a factor of 3 (Table 3). The amount of suspended matter was the highest at sta. 1, near the mouth
of the Artemovka River.

Marine Biological Journal 2025 Vol. 10 No. 2



Assessment of heavy metal pollution of coastal waters off the Muravyov-Amursky Peninsula. .. 99

9.2 82 15

35 f
30 i

5 25 :
020 /
< 15 :
(i

il

i

i

—
o o =
o o] o
S
e
===,
=
sy

12313512 14 BS. miyabei O08S.pallidum
40 12 oGreen Alga
35
i
£ 20
15
X 10
05
0,0

12345678 91011121314

stations

Fig. 2. Hazard coefficient of algae pollution by Cu, Zn, and Pb (Ky; = C; / Cyreshola) (sStation numbers
are as in Fig. 1)
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Fig. 3. Hazard coefficient of algae pollution by Cd, Fe, Ni, and Mn (Ky = C; / Cyjresholg) (Station numbers
are as in Fig. 1)
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Table 3. Concentrations of dissolved forms of metals (ug-L™"), salinity (S, %o), and turbidity (D, mg-L™!) in the water environment of the Ussuri

and Amur bays

Station No. Date S Fe Mn Cu Zn Cd Ni Pb D
Cherepakha Cape 1 | 12072017 | 16.59 1.44 2.12 0.51 1.46 0.009 0.62 0.025 8.68
Muravyiny Cape 2 12072017 | 2493 0.59 5.48 0.55 0.86 0.015 0.64 0.029 459
Desantnaya Cove, south 6 | 13.07.2017 | 32.09 2.08 3.81 0.47 273 0.041 0.91 0.238 2.95
Solid waste landfill 7 | 13.072017 | 31.49 1.24 44.62 16.92 8.62 0.123 1.42 0.159 336
Rybachy village 8 | 12072017 | 3232 0.77 1.01 1.36 1.50 0.022 0.64 0.031 3.00
Gornostay Cove 9 | 13.072017 | 30.62 0.38 3.96 0.66 0.95 0.019 0.57 0.015 445
Sukhoputnaya Cove 12 | 12.07.2017 32.15 0.95 0.89 0.91 0.89 0.020 0.56 0.020 3.14
Patrokl Cove 14 | 12072017 | 32.47 1.53 0.64 0.59 2.27 0.021 0.47 0.008 3.04
Stark Strait 19 | 30.07.2017 | 28.46 2.92 0.84 1.03 0.49 0.009 0.80 0.019 2.06
Pospelov Cape 16 | 10.07.2017 | 30.68 1.52 1.95 0.75 1.04 0.017 0.60 0.017 0.95
Tokarevsky Cape 20 | 13.07.2017 | 3110 1.34 0.77 0.42 0.63 0.012 0.64 0.021 1.09
E;f;lg’r“kaya Railway 21 | 13.07.2017 | 3026 0.89 2.23 0.48 0.90 0.014 0.68 0.022 0.82
Asite between FirsovCape | o) | 16575017 | 29.07 1.81 6.45 0.41 1.05 0.015 0.63 0.021 1.73
and Grozny Cape
MPCery - 100 50 5 50 1 10 6 -
Background for open/sheltered areas - - 10 03/12 | 05/08 |0.05/004| 02/1.1 |0.05/0.06 -

of Peter the Great Bay*

Note: *, [Shulkin, 2004; Shulkin et al., 2013]. A dash denotes no data.

001
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TEPI-threshold values calculated considering only elements with concentrations equal to Cyreshold
or exceeding it are presented in Fig. 4. TEPI-threshold values determined considering all seven studied
elements are given in parentheses below.

The highest level of pollution in algae by seven metals, TEPI-threshold = 16, was recorded
at sta. 7 (at the solid waste landfill) (Fig. 4). TEPI-threshold at sta. 6 and 8 (in the landfill vicinity)
was reduced to 2.4-2.8 (1.6-1.7 when accounting for seven metals). In upper areas of the Ussuri
and Amur bays, the index was 1.7-3.0 (1.0-1.2) and 2.6-3.0 (1.2-1.4), respectively. At all other sta-
tions off the Muravyov-Amursky Peninsula, TEPI-threshold remained within 1 (< 1 when considering
concentrations of seven metals).

35 16 35 r
3,0 | 3,0 [ 0OS.miyabei BS.pallidum [EGreen Alga
] L
<525 2,5
520 20 |
$15 15 |
G510 1,0
0,5 ’_E 0,5 E
00 1 1 1 Il 1 1 | 1 1 Il 1 |” I ) 0,0 L L L 1 L L 1 L L 1 1 1 J
1234567 8 91011121314 15 16 17 18 19 20 21 22 23 24 25 26 27

stations

Fig. 4. Trace Element Pollution Index (TEPI-threshold) values for algae off the Muravyov-Amursky
Peninsula (station numbers are as in Fig. 1)

DISCUSSION

Sources of metal input into the marine environment off Vladivostok include riverine discharge,
atmospheric deposition, municipal and industrial wastewater, surface runoff from urbanized areas,
leachate from solid waste landfills, ash ponds, and tailings storage facilities. Also, trace elements can
enter the marine environment because of corrosion of port infrastructure facilities and ship hulls,
sunken vessels, dredging operations, and sea dumping of dredged material [Kozhenkova et al., 2021;
Shul’kin et al., 2017].

Previous studies of coastal waters off Vladivostok revealed that seawater is contaminated with
petroleum hydrocarbons, phenols, and organic matter from domestic sewage. Oil pollution in open areas
of the Amur and Ussuri bays occurs due to the discharge of ballast and bilge waters from vessels stem-
ming from the absence or insufficient capacity of onshore oil treatment facilities [Marine Water Pol-
lution, 2018]. Bottom sediments off the city are contaminated with petroleum hydrocarbons, phenols,
pesticides, cadmium, and mercury [Moshchenko et al., 2019].

Based on metal and petroleum hydrocarbon contamination levels, bottom sediments of the Amur
and Ussuri bays are classified as ‘moderately polluted’ or ‘polluted’ [Moshchenko et al., 2019]. The high
spatial heterogeneity in pollutant distribution within bottom sediments of these bays, along with diverse
grain size, results from the hydrodynamics in the region. The most contaminated areas are Zolotoy Rog
Bay and Eastern Bosphorus Strait: there, concentrations of metals and hydrocarbons exceed by several
times background values and ERL level (effects range-low, i. e., the concentration level at which biologi-
cal effects are unlikely [Long et al., 1995, cited after: Shulkin, 2004]). The Amur Bay exhibits moderate
pollution level. The Ussuri Bay is the cleanest out of the studied areas. Researchers suggest that chem-
ical pollution and eutrophication are currently key factors determining the ecological state of benthos
off Vladivostok, and severe pollution of bottom sediments remains localized [Moshchenko et al., 2019].

Marine Biological Journal 2025 Vol. 10 No. 2
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Algae serve as integrative indicators of heavy metal pollution levels in coastal marine waters [ Aboal
et al., 2023; Khristoforova, 1989; Pan et al., 2018; Rainbow, Phillips, 1993; etc.]. Off Vladivostok, al-
gae grow on rocky substrates in tidal and subtidal zones, primarily accumulating biologically available
and highly mobile dissolved metals.

To identify the scale of environmental disturbance and level of metal pollution, researchers compare
metal concentrations in macrophytes from studied areas with those from uncontaminated (background)
sites [Obluchinskaya et al., 2013; Scanes, Roach, 1999]. However, selecting such background sites can
be subjective. Alternatives include using background concentrations calculated as arithmetic or geomet-
ric means [Savenko, 2006], truncated means [Sanchez-Quiles et al., 2017], median values [Lukashev,
2007; Reimann et al., 2005; Sanchez-Quiles et al., 2017], or the 85" percentile [Cantillo, 1998]. Sani-
tary and hygienic MPC values for heavy metals (Hg, Pb, and Cd) and arsenic, used in Russia and abroad,
are unsuitable for ecological assessments of natural systems. These standards were developed to deter-
mine the safety of food products and raw materials and not to reveal the well-being of hydrobionts
themselves.

As already mentioned, to assess the ecological state of the marine environment at different sta-
tions off the Amur and Ussuri bays, we used threshold values of background metal concentrations
(Citreshola = median + 2 MAD) [Chernova, 2012; Chernova, Kozhenkova, 2016; Reimann et al., 2005]
and hazard coeflicients (Kyy) calculated based on them (Figs 2, 3).

Iron and manganese compounds are of low toxicity to hydrobionts, as evidenced by high MPCyg.,
values for seawater (Table 3). Surface runoff is the primary source of dissolved Fe and Mn entering
coastal waters of the bays from the Muravyov-Amursky Peninsula [Shul’kin, 2012]. In areas with high
suspended matter content in seawater, metals accumulate in algae not only from the dissolved phase, but
also from settling particulate matter [Burdin, Zolotukhina, 1998; Malinovskaya, Khristoforova, 1997].
The contribution of riverine input is maximum in the upper parts of the Amur and Ussuri bays adjacent
to the western and eastern Muravyov-Amursky Peninsula, respectively (Fig. 1). There, elevated concen-
trations of these elements were noted in dissolved form (Table 3), in suspended form [Shulkin, 2004],
and 1in algae (sta. 1, 2, and 27; see Figs 2, 3).

Bottom sediments are an even more indirect source of metals for macrophytes growing on hard
substrates than suspended matter. In the Eastern Bosphorus Strait, where bottom sediments ex-
hibit high levels of metal pollution [Moshchenko et al., 2019], elevated content of Fe, Mn,
and Zn was also observed in algae (sta. 17 and 18). This is likely associated with the input
of insufficiently treated wastewater from Vladivostok (domestic sewage and water from port infra-
structure facilities), with shipping, and with large-scale sediment displacement during construction
on the coast.

The Amur Bay experiences higher anthropogenic disturbances than the Ussuri Bay but lower ones
than the Eastern Bosphorus Strait [Moshchenko et al., 2019; Vashchenko et al., 2010]. Typically, dis-
solved metal concentrations in seawater of these areas did not exceed MPCyy.., [Marine Water Pol-
lution, 2018], while heavy metal content in bottom sediments was elevated compared to permissible
concentrations at which biological effects are unlikely [Losev, 2020; Marine Water Pollution, 2018;
Petukhov et al., 2018; Vashchenko et al., 2010]. In total, metal concentrations in algae along the western
Muravyov-Amursky Peninsula did not exceed thresholds. Fe, Mn, and Ni content was elevated in macro-
phytes from the shallow Uglovoy Cove (sta. 26 and 27) due to the inflow of several watercourses. Studies
of metal and petroleum hydrocarbon pollution in bottom sediments of the Uglovoy Cove across different

Marine Biological Journal 2025 Vol. 10 No. 2
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seasons indicate the bay’s capacity for self-purification facilitated by catastrophic events like typhoons
[Losev, 2020]. This contributes to the fact that metals do not accumulate in hydrobionts of the Amur
Bay coastal waters at concentrations exceeding Cipyeshold-

Leachate both from the former Vladivostok landfill adjacent to the coastline and reclaimed in 2011
(sta. 6-9) and from ash ponds of the thermal power station No. 2 reclaimed before 2018 (sta. 10-12)
is a significant anthropogenic source of contamination for coastal waters of the peninsula’s eastern coast
in the Ussuri Bay. High levels of metal pollution in marine ecosystem components in the landfill vicinity
were noted both before its reclamation [Shulkin, 2004; Simokon, 2009] and after it. Importantly, after
reclamation, the degree of marine environment pollution decreased [Belcheva et al., 2015; Kozhenkova
et al., 2021]. Our results showed as follows: in summer 2017, Fe and Cu compounds were the key
pollutants for algae from these stations, while Pb, Mn, Zn, Ni, and Cd were the secondary ones (co-
pollutants) (Figs 2, 3). Comparison of dissolved metal concentrations in water (Table 3) with background
levels [Shulkin et al., 2013] also revealed high levels of Cu (sta. 7), Zn, Cd, Ni, and Pb (sta. 6 and 7).
In summer, leachate from the landfill spread predominantly northward due to prevailing southerly winds.
Consequently, maximum metal concentrations in algae and water were observed not only at sta. 7, but
also 2 km north, at sta. 6. However, under northerly and westerly winds, pollutants can be transported
south and east thus increasing content of trace elements in water and algae at southern stations (sta. 8)
(Fig. 2, Table 3). Metal concentrations in algae dropped sharply at the northern cape of the Desant-
naya Cove (sta. 7) located 700 m from the southern one [Kozhenkova et al., 2021]. This fact aligns
with data from [Chalkley et al., 2019] evidencing for the localized effect of pollution sources in water
and a rapid decrease in metal concentrations in macrophytes to near-background levels within 100 m
from a source.

Leachate from ash ponds of the thermal power station No. 2, entering Promezhutochnaya and Gornos-
tay coves for many years, was another source of pollution for coastal waters of the western Ussuri Bay
[Kozhenkova et al., 2021; Shulkin, 2004; Simokon, 2009]. However, in 2017, metal concentrations in al-
gae at sta. 9—11 were comparable to those at sta. 12—16 within Vladivostok and generally did not exceed
Cihreshola (Figs 2, 3). The levels of dissolved metals in water in this area (sta. 10) corresponded to back-
ground values, except for Zn (Table 3). The reclamation of ash ponds seems to be one of the reasons
for the reduced input of polluted waters into the marine environment and decreased metal accumulation
in water plants.

In the recreational zone of the Ussuri Bay (sta. 3-5), heavy metal concentrations in algae did not
exceed Ciyresnola- Dissolved metal levels in water at the time of sampling also corresponded to background
values for Peter the Great Bay (the Sea of Japan) (Table 3). Importantly, off the Russky and Popov
islands (sta. 15, 16, and 20), Ni concentrations were elevated. This is likely associated with the heavy
shipping traffic in the Eastern Bosphorus Strait and off Vladivostok in general. Shipping contributes
to pollution of Peter the Great Bay waters with both petroleum hydrocarbons [Marine Water Pollution,
2018; Moshchenko et al., 2019] and nickel — a trace impurity in petroleum products [Yakubov et al.,
2017].

High concentrations of dissolved metals in seawater in the landfill vicinity (sta. 7) are consistent with
elevated content of trace elements in algae (Table 3, Figs 2, 3). However, according the Primorsky Ter-
ritorial Office on Hydrometeorology and Environmental Monitoring, dissolved metal concentrations
exceeding MPCyg,., were not recorded in the Ussuri Bay in 2017, although the values registered
were slightly higher than background ones [Marine Water Pollution, 2018]. Apparently, the discrepancy

Marine Biological Journal 2025 Vol. 10 No. 2



104 E. Chernova and S. Kozhenkova

between our data and those of the Primorsky Territorial Office on Hydrometeorology and Environmental
Monitoring is due to temporal differences and location of its sampling stations at deeper spots where mix-
ing of leachate and seawater had already occurred. V. Shulkin [2004] also found dissolved metal concen-
trations in the landfill vicinity in 2001 that were elevated relative to background but did not exceed MPC.
The elevated concentration of dissolved copper we detected in the landfill vicinity in 2017 (exceeding
MPCigery) Was likely related to the location of a sampling site (coastal zone, a depth of 1 m) and period
of the study: before sampling, after a relatively dry June, there were more than 40 mm of precipita-
tion in the first decade of July. Heavy precipitation leached mobile chemical elements from the ‘body’
of the landfill. Contaminated leachate was transported predominantly northward by a current and af-
fected the chemical composition of bioindicators. As experimentally established, accumulation of met-
als by living algae from contaminated environments by 2 orders of magnitude occurs within 1.5-5 days
[Suresh Kumar et al., 2007], while metal elimination occurs significantly slower and at a lower rate
[Wang, Dei, 1999].

Metal concentrations in Sargassum spp. off the Muravyov-Amursky Peninsula were compared with
generalized global indicators: the median and the third quartile (Q3) of element content in brown
algae [Sanchez-Quiles et al., 2017]. Minimum Fe concentrations in Sargassum spp. from the Us-
suri and Amur bays were found to practically correspond to the global median, while maximum
ones exceeded Q3. Among Mn content values in Sargassum spp. from the study area, some were
below the global median, but most concentrations exceeded Q3 (Table 2). The maximum Mn con-
tent in algae from the upper part of the Ussuri Bay, (5,063 *+ 450) ug-g~!, was 4 times higher than
the known Mn concentration in brown algae according to the compilation by Sdnchez-Quiles et al. [2017].
We found the highest Mn content in S. miyabei, 5,863 pg-g”, in the Abrek Cove, Strelok Bay, Sea
of Japan [Kozhenkova et al., 2021]. In 2017, stations with Mn concentrations in Sargassum spp. exceed-
ing Q3 were located in the upper part of the Ussuri Bay (sta. 1 and 2), where four small rivers inflow,
and along the western coast of the bay (sta. 6 and 7). In other bays along the Russian coast of the Sea
of Japan, Mn content exceeding Q3 in Sargassum spp. were characteristic of estuaries, ports, and spots
used to dump dredged material from port operations [Chernova, Kozhenkova, 2016]. Concentrations
of Cu, Zn, Pb, Cd, and Ni in Sargassum spp. from the study area did not exceed Q3 and were often
below the median (Table 2).

Extremely high metal concentrations compared to global data were observed in a green alga B. min-
ima at sta. 7, near the reclaimed solid waste landfill, off the western coast of the Ussuri Bay. Iron con-
centration in Blidingia, 38,813 ug-g™!, significantly exceeded the known maximum Fe value in Entero-
morpha compressa from the Chilean coast, 23,000 pg- g'1 [Ratkevicius et al., 2003, cited after: Sanchez-
Quiles et al., 2017]. Cu concentration, (601 * 145) pg-g”!, was comparable to the known maximum,
750 ug-g”! in E. compressa from the Chilean coast. Ni value in this alga, (48.6 + 27.8) ug-g”!, was
also close to the reported maximum, 83.4 ug-g”! in Halimeda tuna from the Lebanese Mediterranean
coast, Beirut [Shiber, Shatila, 1979, cited after: Sanchez-Quiles et al., 2017]. Concentrations of Zn
and Pb in B. minima from sta. 7 were substantially higher than Q3 as well. Mn value did not exceed Q3.
Cd concentration corresponded to the global median for green algae (Table 2).

Thus, manganese concentrations in brown algae oftf the Muravyov-Amursky Peninsula exhibited
extremely high values compared to global literature data, while maximum concentrations of Cu, Zn, Pb,
Cd, and Ni did not exceed the global Q3. Mn concentrations higher than Q3 in Sargassum spp. were
characteristic of estuaries, ports, and spots used to dump dredged material. Maximum Fe and Cu values
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in green algae from the most polluted station (in the landfill vicinity) exceeded known literature values;
Zn and Pb concentrations were higher than Q3; and Cd value corresponded to the global median for green
algae.

There are several systems for the integrated assessment of chemical pollution using biological indi-
cators [Richir, Gobert, 2014; Usero et al., 1996]. One of official systems (Andalusia, Spain) is the Metal
Pollution Index, MPI [AMA, 1992, cited after: Usero et al., 1996]:

MPI - (Cf]. X sz X Cf3 X ..o X Cfn)l/n 5

where Cgy, Cpy... Cy, are concentrations of the 1%, 2. .. n-th element;
n is the number of elements analyzed in a sample.
J. Richir and S. Gobert [2014] used MPI [Usero et al., 1996] when assessing pollution by both metals
and non-metals and named it TEPI. The authors emphasized the need for normalizing concentration
of each element by its mean value in a dataset:

TEPI = (Cf, x Cfy x ... x Cf )",

where Cfj, Cf,... Cf, are concentrations normalized by their means (the ratio of a certain metal’s
concentration in the organism at a certain station to its mean value in the dataset);
n is the number of elements analyzed in a sample.

Normalization is useful when dealing with metals having concentrations that differ by orders of mag-
nitude [Moreda-Pifieiro et al., 2001]. If metal concentration in macrophytes does not exceed the mean
value, TEPI is < 1. The higher TEPI, the higher the level of water pollution at the station. The authors
[Richir, Gobert, 2014] assume that using this index allows for reliable comparison of global pollution
levels across different monitoring periods, even if lists of analyzed elements and/or bioindicator species
differ.

Notably, any integrated index averages the overall pollution level: an excess of one chemical element
can be compensated by several others with concentration not exceeding threshold values. Specifically,
the more metals with concentrations below mean values included in TEPI calculation, the lower (and
closer to 1) the resulting calculated pollution level. The occurrence of a single substance with concen-
tration significantly exceeding the regulatory standard can lead to a community distress [Risnik et al.,
2012] and its restructuring.

When calculating TEPI for waters off the Muravyov-Amursky Peninsula, we used thresholds of back-
ground metal concentrations (Cypeshoid = median + 2 MAD) for normalization instead of their mean values
in the dataset (Fig. 4).

To avoid compensating for the excess of some elements (their values being higher than Cyeshola)
with others not exceeding thresholds, and to obtain a realistic indicator of metal pollution in macro-
phytes, TEPI-threshold was calculated only considering elements exceeding Cinreshola (Fig. 4). If none
of the metals exceeded thresholds, one element with a concentration closest to the threshold was se-
lected for TEPI determination.

Overall, the assessment of pollution levels in coastal areas off the Muravyov-Amursky Peninsula
using integrated TEPI-threshold confirmed low pollution with heavy metals (Fig. 4). At half of the sta-
tions surveyed, TEPI-threshold was less than 1 or equal to it. At other sites, index values ranged 1.1-3.2;
this was primarily due to metal input into the coastal environment via riverine discharge into the upper
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part of the Amur and Ussuri bays. The maximum metal pollution off the peninsula was localized near
the reclaimed solid waste landfill (TEPI-threshold = 16).

Conclusions. In July 2017, according to hazard coefficients (Ky;) for individual elements and the in-
tegrated Trace Element Pollution Index (TEPI-threshold) for algae, coastal waters off Vladivostok ex-
hibited low pollution with trace elements. A localized zone of high contamination formed by surface
runoff of pollutants from the territory of the solid waste landfill in Vladivostok (TEPI-threshold = 16)
was situated off the eastern coast of the Muravyov-Amursky Peninsula. Out of the elements studied, Fe
and Cu were the primary pollutants for macrophytes here (K > 80), while Pb, Mn, Zn, and Ni were
co-pollutants. Values of dissolved metals in seawater at this station exceeded background levels, with
copper concentration reaching 3 MPC for fishery reservoirs. Concentrations of dissolved metals in sea-
water at other stations at the time of sampling generally corresponded to background values for Peter
the Great Bay, Sea of Japan, except for Zn.

TEPI-threshold at stations bordering the solid waste landfill to the north and south ranged 2.4-2.8
mostly due to Pb and Cu pollution (2.7-12 Kyy), but also due to Zn, Fe, Mn, and Ni contamination. Algae
from the upper parts of the Ussuri and Amur bays were Fe- and Mn-enriched because of riverine metal
input; TEPI-threshold was 1.7-3.0. In the Eastern Bosphorus Strait, elevated levels of Fe (3—10 Ky),
as well as Mn, Cu, Zn, and Ni (1-1.5 K), were noted in macrophytes. This was associated with port
activities, shipping, and construction; TEPI-threshold was 1.0-2.1.

When calculating TEPI-threshold, normalizing by Cyyeshola @nd including only elements with content
equal to threshold values of background concentrations or exceeding it allow for the most objective
assessment of the pollution level of the water area and prevent compensation for the excess of some
elements by others not exceeding background levels.

In brown algae (Sargassum spp.) off the Muravyov-Amursky Peninsula, extremely high Mn concen-
trations compared to global data were found. In green algae, Fe and Cu values exceeded natural levels
known in literature.

The work was carried out within the framework of the state research assignment of the Ministry of Science
and Higher Education of the Russian Federation (No. AAAA-A16-116111610032-5).
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OIIEHKA 3ATPA3HEHUA TAXKEJIBIMUA METAJIJIAMUA
IPUBPEKHBIX BOJI IOJIYOCTPOBA MYPABBEBA-AMYPCKOI'O
C YICITIOJIb30BAHHEM BO/IOPOCJIEN-BHONH/IUKATOPOB
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Nsyueno conepxanue Fe, Mn, Cu, Zn, Pb, Cd u Ni B 6ypsix Bogopocisax [Sargassum miyabei Yendo
u S. pallidum (Turner) C. Agardh] u 3en€upix Bomopocisix [ Blidingia minima (N4geli ex Kiitzing) Kylin,
Ulva lactuca Linnaeus u U. linza Linnaeus] 13 npuOpeskHBIX BOA MOIyocTpoBa MypaBbEéBa-AMYpPCKOTo
sImoHcKoro Mopsi, B OKpecTHOCTsIX roposia Biagueoctoka, coopannsix B utosie 2017 r. KonneHnTtparmu
TSOKENBIX METAJUIOB B BOJIOPOCIISIX YCTAHABIMBAIM METOJOM aTOMHO-aOCOPOIIMOHHOM CIIeKTpodOTO-
METPHHU TIOCJIE MUHEPAIU3alMY TaJJIOMOB C MOMOIII0 a30THON KucaoTel. CoaepikaHue pacTBOPEH-
HBIX 3JIEMEHTOB B MOPCKOW BOJIE OITpeIeIIsId AaTOMHO-20COPOLIMOHHBIM METO/IOM TOCIIe YbTpaduiib-
TpaIMy Mpod BO/IBI U KOHIIEHTPUPOBAHS METAIIJIOB € MTOMOIIIBI0 cucteMsl xJiopodopm — NI TK-Na.
Ha ocHoBe koa(hdunmenTa oracHOCTH 3arpsi3HeHus Bogopocieit Metainamu (K ), mpeacTasisoniero
€000 OTHOIIIEHNe KOHIIEHTPAIVK MeTallIa B BOJOPOCIU K BEPXHEMY IIOPOTOBOMY YPOBHIO (DOHOBBIX
KOHIIEHTpAIIMil 3JIEMEeHTa, a TAKXe Ha OCHOBe MHTerpayibHoro koaddguimenra TEPI-nopor, paccuu-
TaHHOI'O C UCMoJb30BaHueM K = 1, mpoBeiM OLEHKY CTeNeHM 3arpsi3HEHHsl Pa3jIMuHbIX YYacTKOB
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110 E. Chernova and S. Kozhenkova

NpUOPeRHON 30HB Mops1. [IpupexHbie Boabl BOKPYr BraguBocToka ObUIH €/1a00 3arpsisHEHbI TAKE-
neivu Metasiamu. VHneke TEPI-mopor Ha craHIusix kK ceBepy M 10Ty OT IMOJIMTOHA TBEPABIX OBITO-
BbiX 0TX010B (TBO) cocraBun 2,4-2.,8 B cBsa3u ¢ 3arpsisHerueM Pb u Cu (2,7-12 Cnopor), a Takxe
Zn, Fe, Mn u Ni. Bomopociu u3 BepimH YcCypUiACKOTO 1 AMYpPCKOTO 3aMBOB odoramieHsl Fe 1 Mn
13-3a BeIHOCA MeTa/u10B Bojamu pek; TEPI-nopor — 1,7-3,0. B nposiuee bocgop Boctounslii 3arpss-
Henne Makpoduros Fe (3—10 C,q,,), @ Takxke Mn, Cu, Zn u Ni (1-1,5 C,q,,;) CBSI3aHO € OPTOBOM
JeSTebHOCTBIO, CY/IOXOCTBOM M CTPOMTENLCTBOM MOCTOB; 3HaueHue TEPI-nopor coctaBuo 1,0-2,1.
JlokanbHas 30Ha BHICOKOH CTETIeHH 3arpsi3HeHU s, cpOpMUPOBaHHAS 32 CUET IPEHUPOBAHUS JOXKIEBbI-
MU BOJIaMH peKysbTrBHpoBaHHOTO TIojmroHa THO ropoma Bnamusoctoka, ¢ TEPI-opor = 16, Ha-
XOIUTCSI Y BOCTOYHOIO NoOepexkbs onyocTpoBa MypaBsEBa-AMypckoro. 13 ducia ucciaeoBaHHbIX
anemeHTOB Fe 1 Cu O6puU1M OCHOBHBIMHU 3arpsi3HUTENSIMU MakpoduToB 310l cranumu (K > 80 B Bogo-
pocisix), a Pb, Mn, Zn u Ni— conytcTByommmMu. B Mopckoi Bojie € 3TOM CTaHIIMK KOHIEHTPALIUK pac-
TBOPEHHBIX METAJUIOB MPEBbIIAIN (DOHOBBIE YPOBHHU, COAEPKaHNUE PACTBOPEHHON MeIy COCTaBIISIO
3 ITJIK mis priOOX03SCTBEHHBIX BOJOEMOB.

KiroueBble ci10Ba: 3arpsi3HEHUE, TSUKENBIE METAILIbL, Oypble BOOOPOCIH, 3eJIEHBIE BOAOPOCIU, AMYp-
CKuil 3anuB, Yccypuiickuil 3anuB, 3anmuB Ilerpa Bennkoro, momyoctpoB MypaBbEBa-AMypCKOro,
SInoHckoe Mope
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