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Abstract—Concentrations of heavy metals in live and dead leaves, stems, rhizomes and roots of the seagrass
Zostera marina Linnaeus, 1753 are analyzed in the study. On the basis of the concentration, the metals are
arranged in the following order: Fe > Mn > Zn > Cu > Pb > Ni >Cd. Differences in Fe, Pb, Ni, and Cd for
live and dead leaves are revealed. The factor of sediment enrichment in heavy metals from dead leaves is cal-
culated. The enrichment factor for the studied metals changed in the order Cu > Pb > Zn > Ni > Mn, and the
value of solubility product [—log(SP)] for sulfides of the above-listed metals changed in the same order.
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INTRODUCTION

Heavy metals (HM) invariably remain one of the
leading groups among contaminating agents entering
the environment. Metals enter the aquatic environ-
ment with atmospheric precipitation, through chemi-
cal rock weathering, and leaching of sorption forms
from the soil, with surface runoff and waste (technical,
agricultural, and household) waters. Moreover, pollu-
tion can be caused by cargo tankers transferring oil and
petrochemicals, as well as other vessels [12]. HM are
considered serious pollutants due to their toxicity, sta-
bility in the environment, and ability to accumulate in
organismes.

The ability of HMs for bioaccumulation has been
determined for various marine organisms: animals
[14, 19, 28], algae [5, 11, 16, 39], and also seagrasses.
Zostera marina Linnaeus, 1753 is among the latter and,
as a possible indicator of the water condition, is one of
the subjects of researchers’ increased focus [15, 18, 20,
22-24,26, 29, 30, 34, 42].

The main advantage of the Z. marina as an integral
indicator of the littoral ecosystem condition consists
of it being a key element of the ecosystem influencing
the condition of many organisms in the water, at the
water—bottom interface, and in the upper layer of the
sediments [32]. Seagrass, as well as seaweeds, take up
metals from the water absorbing them with the leaf
blade, but, in contrast to algae, they have developed a
root system through which they also take up metals
from the pore water between sediment particles. One
of the important Z. marina characteristics is its

extremely high productivity [1, 2, 37] which leads to
enrichment of sediments in organic matter [10]. It is
clear that with such a high Z. marina production and
bioaccumulation ability, we can expect HM magnifi-
cation in the sediments covered by Z. marina beds.
Moreover, a linear relationship between the content of
organic matter and the concentration of some HM in
the sediments covered by seagrass was found [6].

A distinctive feature of the sediments in Voevoda
Bay is the high organic matter content and processes
of sulfate reduction that occur there [6, 9].

The aim of this of this study is as follows: determine
the concentrations of HM (Fe, Mn, Zn, Cu, Pb, Ni,
and Cd) and organic carbon in different Z. marina
organs (live and dead leaves, stems, rhizomes, roots);
and assess the probability of seagrass enrichment of
the upper sediment layer in HM. To achieve them, the
following objectives were set: collection of Z. marina
specimens and subsequent sample preparation; analy-
ses for HM and organic carbon contents; and calcula-
tion of HM enrichment factor for the upper sediment
layer.

MATERIALS AND METHODS

Voevoda Bay is located in the eastern part of the
offshore area of Amur Bay (Peter the Great Bay, Sea of
Japan) and deeply cuts into the western coast of
Russky Island (Fig. 1). It consists of two shallow
waterbodies: Kruglaya and Melkovodnaya bays. The
water area of Voevoda Bay is about 4.0 km?;
Melkovodnaya Bay, about 2.4 km?; and Kruglaya Bay,
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Fig. 1. Map of the sampling station located in Voevoda Bay.

about 1.6 km?. The only small river, the Russkaya
River, empties into the bay from the east.

Seagrass samples were collected in September 2022
in the enclosed shallow part of Voevoda Bay where
extensive seagrass beds were found (Fig. 1). Core sam-
ples of bottom sediments had previously been col-
lected here, and the contents of HM and organic car-
bon in them studied [6].

Divers gathered seagrass into plastic bags from a
depth of approximately 4 m, washed it with seawater,
and transported it to the laboratory in clean plastic
bags. The seagrass was divided into five categories: live
leaves, dead leaves, stems, rhizomes, and roots. The
specimens were dried in a drying cabinet at 60°C. The
plant material was powdered by grinding in a porcelain
mortar. Sample preparation and analysis of the HM
content were carried out according to the method by
Brix and Lyngby [25]. A 1-g portion of the powdered
plant material, additionally dried to a constant weight
at 105°C, was placed in a 100-mL conical flask. Con-
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centrated HNO; of the extra pure grade (20 mL) was
added carefully in 5-mL portions while avoiding heavy
foaming and splashing and then it was covered with a
watch glass and left overnight. The next day, the sam-
ples were carefully heated, without removing the
watch glass from the flasks, on an electric stove cov-
ered with an asbestos blanket until the solution
cleared. Then 1 mL of H,0, was added dropwise and
heated for about 1 h once again. Afterwards, the solu-
tions were evaporated to moist salts, supplemented
with 1 mL of distilled water, evaporated to dryness,
and again supplemented with 1 mL of water, and dried
again. The dry residue was dissolved in 12 mL of 2%
nitric acid. The HM content (Fe, Mn, Zn, Cu, Pb, Ni,
and Cd) in different seagrass organs was determined by
the flame atomic absorption spectrometry method on
an AA-3600 atomic absorption spectrometer (Shi-
madzu, Japan).

Organic carbon (C,,) in the Z. marina organs was
measured using a TOC-VCPN analyzer equipped with
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Table 1. Heavy metal and organic carbon contents in different Z. marina organs and in the surface layer of bottom sedi-

RYUMINA et al.

ments
Metal content (ug/g dry weight)
Substrate Cores | n
Fe Mn Zn Cu Pb Ni Cd

Live leaves 101 £10 | 285+3 |223=% 1.1 30+x01| 20+0.5| 1.6x+0.1 | 1.2£0.3 | 35.03 5
Dead leaves 742 + 1 245t4 [22.7%1.2 31+£0.03) 41£0.2| 3.2£0.2 | 0402 | 33.23 3
Stems 70 + 4 7.5+0.3|41.3£0.5 41+08| 1.5+05| 0.8+£0.1 | 0.5+0.1 | 32.25 5
Rhizomes 1192 2.3%+0.1]18.0+0.5 1.9+£06| 23+£0.1| 0.7£0.3 | 0.3£0.1 | 29.89 4
Roots 500 £20 [32.8+0.1 |384=*1.7 41+£06| 43+04| 1.4X£0.1 | 0.5£0.1 | 3443 2
Bottom sediments - 208 £3 204+ 4 91 %2 372 27+ 1.5 - 6.01 3
—log[SP(MeS)] 18.43 15.15 23.35 37.5 28.45 20.52 28.44 - -
F; - 4.69 49.67 163.12 50.01 46.12 - - -

Average values of HM content and standard deviation from the mean are given. # is the number of specimens in the sample; —log[SP(MeS)] is
the solubility product for metal sulfides according to the Chemist’s Handbook [7]; F;is the factor of sediment enrichment in HM for dead

leaves.

an SSM-5000A solid sample combustion unit (Shi-
madzu, Japan). The analyzer’s principle is based on
the measurement of the infrared radiation absorption
by the carbon dioxide that is formed during the com-
bustion of organic and inorganic compounds contain-
ing carbon. Dry grinded weighed portions of the sedi-
ment were burnt in a flow of extra pure oxygen
(99.995%) at 900°C to determine the total carbon
content. To determine the inorganic carbon content,
samples were acidified by orthophosphoric acid and
burnt at 200°C. The quantity of organic carbon was
calculated as the difference between the total and inor-
ganic carbon.

The factor of bottom sediment enrichment (F;) in
HM was calculated using the following equation:

CieaC
F;‘ — i(sed)~card(ZM) (1)

Ceard (sed)Ci(ZM)
where Cy.q) and Gz, are the concentration of the ith
metal in the bottom sediment (ug/g) and in the dead
Z. marina leaves (Ug/8); Ceapsedy ANd Coyroizay are the
concentration of organic carbon in the bottom sedi-
ment (gC/g) and dead leaves (gC/g) [3, 21].

RESULTS

The concentrations of HM and organic carbon in
different organs of Z. marina that we obtained are pre-
sented in Table 1. The concentrations of HM (ug/g) in
the upper layer of sediments (0—5 cm) and the value of
sediment HM enrichment factor (F;) for dead leaves
are also provided in this table.

Dead leaves and roots of seagrass contained the
highest amount of iron, while stems had the lowest
amount. The concentrations of the metal in rhizomes
and leaves were comparable. The highest content of
manganese was found in live and dead leaves and the
lowest content was detected in the stems and rhi-
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zomes. A much lower manganese content was found in
the roots than in leaves, but it was much higher than in
the stems and rhizomes. The highest amount of zinc
and copper was detected in the stems and roots. Sub-
stantially lower amounts of these metals were in live
and dead leaves. The highest lead content was
recorded from roots and dead leaves. In rhizomes and
live leaves and stems, its concentration decreased. The
highest nickel content was observed in dead leaves; the
nickel concentration decreased in roots and live leaves.
Its lowest content was found in stems and rhizomes.
The highest cadmium concentration was observed in
live leaves (Table 1).

The factor of enrichment of the upper sediment
layer in the toxic metals ranged from 4.69 (Mn) to
163.1 (Cu) (Table 1).

DISCUSSION

Comparison of the Obtained Heavy Metal
Concentrations with the Published Data

Background HM concentrations in sediments [19]
and seawater for the littoral zone of the Sea of Japan
[17] are presented in Table 2. The HM content is com-
monly provided in the literature for the aboveground
and the belowground parts of Z. marina. In the latter
case, all organs of the seagrass are examined sepa-
rately. The published results are summarized in
Table 3.

As follows from Table 3, the iron concentrations in
the aboveground and belowground Z. marina parts
vary within a wide range. The lowest iron content cor-
responds to the stems; the highest content can be
found in the roots and dead leaves; the live leaves and
rhizomes contain intermediate concentrations. The
obtained results are consistent with the data obtained
by Shishlova [18] for Vostok Bay in terms of the pat-
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Table 2. Background concentrations of heavy metals in coastal waters of the Sea of Japan
Substrate Fe Mn Zn Cu Pb Ni Cd
1 3.5 350 £ 80 100 = 10 28+ 3 35+5 45+5 0.2+0.1
2 1-10 2.6—20 0.5-0.8 0.3—1.2 0.05—0.1 — 0.005-0.04

(1) In bottom sediments, where Fe is expressed in % and other metals in pg/g [19]; (2) in seawater, pug/L [17].

terns of the iron contents in the Z. marina organs
rather than in the order of magnitude.

The manganese concentration data that we
obtained are also consistent with the data from the
published sources. The manganese content in the
Z. marina aboveground part is commonly higher com-
pared to the belowground part.

The zinc and copper concentrations that we
recorded from the aboveground part of Z. marina are
comparable with the concentration of these metals in
Z. marina growing near the port of Posyet [27] in the
order of magnitude. In addition, we noted a lower
content of these metals in rhizomes compared to those
in roots, which is consistent with the data obtained
earlier [18, 35].

The contents of lead and nickel in the Z. marina
roots are almost twice as high as those in rhizome. The
same pattern is observed for Vostok Bay [18]. The
results for lead content in Z. marina agree with the
study for the Black Sea coast of Turkey [20], and the
data on the nickel content is consistent with those
from the port of Posyet [27].

The cadmium concentrations obtained in the study
are consistent with the data for the aboveground and
belowground Z. marina parts from Denmark [35] and
South Korea [33].

Distribution of Heavy Metals
in the Seagrass Zostera Marina

Iron

The iron content in macrophytes such as Z. marina
is usually higher than in other heavy metals [17]. It is
known that ferrous hydroxides exist in seawater in the
form of fine suspended particles [13]. Evidently, the
abundance of fine suspended matter enriched in Fe is
the main cause of the sharp increase in concentrations
of this element in leaves, especially in dead ones.

The elevated levels of iron in the roots (500 *
20 ug/g dry weight, d.w.) can be explained by their
immediate proximity to the sediments and the fact
that they contained small granules inside that were not
completely washed out.

Manganese

The elevated manganese content in leaves can be
due to the fact that this element is part of the wide
range of metalloenzymes and is involved in the photo-
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synthesis process [ 18]. This explains its high amount in
live leaves (285 £ 3 ug/g d.w.) and the decrease in con-
tent in dead leaves (245 + 4 ug/g d.w.).

Zinc and Copper

Trace elements are involved in almost all processes
taking place in the plant cell: energy metabolism, pri-
mary and secondary metabolism, hormonal regula-
tion, and signal transmission. It is worth noting that
25—-50% of all proteins work only in the presence of
metal ions, of which the highest amount (more than
1200) are functionally related to zinc [8]. Copper, as a
trace element, is an essential member of the electron
transport chain of respiration, photosynthesis, oxida-
tion reaction, and metabolism of proteins and carbo-
hydrates [4]. The largest amount of zinc (41.3 *
0.5 ug/g d.w.) and copper (4.1 = 0.8 ug/g d.w.) was
revealed in stems, whose main function is the trans-
port of nutrients between the root system and leaves.
High amounts of zinc (38.4 + 1.7 ug/g d.w.) and cop-
per (4.1 £ 0.6 pug/g d.w.) are also present in roots.
There is no difference in the concentrations of the dis-
cussed trace elements between live and dead leaves.
This indicates that these trace elements are present in
the water in the dissolved form [13], not in the form of
a suspension, and enter Z. marina through the root
system [38].

Lead

The pattern of the lead distribution in plant organs
and tissues is similar to that of iron. Both elements are
in a suspended state in the water, easily precipitated
and accumulated in sediments, and, therefore, they
are accumulated mainly by Z. marina rhizomes and by
dead leaves [18]. The same results are obtained for
nickel. A study of the role of decomposing Z. marina
leaves in the metal accumulation by surface sediments
revealed that the presence of epiphytes on Z. marina
leaves leads to an increase in the lead content [30]. The
same pattern was observed in our study. It is assumed
that lead can accumulate in decomposing leaves due to
leaf fragmentation by invertebrates, which increases
the surface area of the leaves [41], and the formation of
biofilm leads to metal concentration [40]. The authors
suggest that the water column is a source of metals
during their accumulation in decomposing leaves.

No.3 2024



RYUMINA et al.

160

€00 Sl L' 14! [ 14747 ISTy 1ed punor3oroqy
1o €L 61 9°¢l 8Pl 819L L'6ILI [0Z] Aoxin], jo Ise0d BOS Yor[g | ed punoisiopun
90 - 9°0v - Pel - - S1004
€0 - ¢S—¢'1 - 06—9¢ - - SOWIOZIUY
€0 - 6'C - 29 - - wR3S
S0 - vIe - 8Pl - - SOAB9] peo(d
SI—¢0 - 7'0€—6'C - 0LC—LO1 - - [selrewuaq ‘profjuury SOABI[ 9AI]
6'0—10 8C—t0 8681 SCI—¢¢ 00CI—¥L 080%—101 Jed punoigoroqy
6'C—10 ['€=60 L0—LT SLI—TY 0LLS—08¥ 066C—08 [92] srewueq ‘profywry| red punoiSiopun
0 - 60 66 6°Cl €0l 9.1
S0 - Sl | 4! |3 L'SI g16c
o - 80 vyl 9°6¢ Gl £°89¢C [¢€] a0y ynog |  Jred punorsoroqy
[ - I I'LI 1'0¢ PLl I'es Aeg ofoy
90 - 1C 8°0C 1'9¢ 6°L8I1 689 Aeq ueref
90 - I €0¢ 6°¢S 6°861 9001 Aegq uesuQ | red punoisiopun
9C—¢0 €S0 - ['6—6'¢ S or—¢scl [4745m’) rLS—E9Y SOWIOZIUY
ye—T1 S8l - ¢9—¢C 8°6E—9Cl GC6—8¢ LES—ET [G1] ueder jo ag ‘Aeg 1ea1n) oyl 19)d SOABIT]
I'o+¢%¢ I'o+¢¢ P+ 68 C0+87C €0+ 1¢C LT+ 0vC 91 F ¥it |lLt] Autowerjy adeD Aeq epejred proy
CO0+091 I'o+¢%¢ S0+7T8 I'o+¢¢ 6’1 F ¢ 88 + €LS €l F 6¢€C A0ZOIOJN 2de)
I'o¥oe’l E0FCSE 6V F VIl L'0OF 8¢ V1 +9¢ 6C F 86¢ I8 F L6T Aouezeky ode)
I'oFec E0F LT SOFT6 I'c+¢es 8¢ FI¢ & F L9 T F 89¢ yo[eys oded
19Asod Jo 1o | red punoi3idpun)
61 S8 VLI ¥'6 6¢ gss 1414 $100Y
vl v'C 98 9y [V €Y9 €99 SOWIOZIUY
81 9°¢ ¥'6 1Y 1€ 88¢C S0s NUEIIN
8¢ 8¢ '8 6y 6'8¢C 811¢C I€€ S9AB9[ PIO
(4 1972 8¢l 9 CLL EL ¥91 [81] ueder jo eog ‘Aeg JOISOA SOABJ[ SUNOA
PD IN ad np uz UN °d
eaIe ApNnig syred jueld
S[eIIN

(3ySrem A1p 8/31) puripw "7 U1 JUIUOD [BIOW AABIY UO BIEP Paysi[qnd °¢ d[qel.

2024

No. 3

RUSSIAN JOURNAL OF MARINE BIOLOGY  Vol. 50



HEAVY METAL CONTENT IN THE SEAGRASS ZOSTERA MARINA LINNAEUS

Nickel

It is known that nickel can be adsorbed by different
minerals, e.g., sulfides and oxyhydroxides of manga-
nese and iron [31]. Consequently, nickel can be copre-
cipitated together with iron and can stick to Z. marina
leaves. This can explain the high content of this metal
in leaves, especially in dead ones.

Cadmium

It was shown that during the decomposition of sea-
grass leaves by epiphytic organisms the cadmium con-
tent in leaves decreases [30]. The cadmium content
decrease in decomposing leaves indicates a more pro-
nounced leaching than accumulation despite the fact
that the metal accumulation in leaves occurs under
freshwater conditions [41]. Moreover, cadmium is
known to be present at relatively low concentrations,
compared to those of copper and lead, in dissolved
organic substances containing humic acids [36, 43].
The properties of the humic substances can be respon-
sible for the different tendencies of the accumulation
of trace elements by decomposing leaves.

Factor of Sediment Enrichment in Heavy Metals

The microbiological degradation of organic matter
of the Z. marina leaf litter leads to an increase in the
ratio of the unit weight of the metal to the unit weight
of organic matter, as the metal does not vanish and the
organic matter is converted into inorganic form,
mainly CO,. Therefore, the metal concentration per
unit organic carbon increases. The factor of sediment
enrichment represented by Eq. (1) should be identical
for all metals if only the following process occurs:
microbiological degradation of organic matter. Actu-
ally, the enrichment factor varied from 4.69 (Mn) to
163.1 (Cu) (Table 1). From our point of view, when
metals enter sediments together with organic matter
residues, they begin splitting into two phases: station-
ary and mobile. The stationary phase is a metal sulfide
that is formed as a result of sulfate reduction. This pro-
cess occurs during the microbiological degradation of
organic matter in bottom sediments with the absence
of oxygen [9]. The HM organic complexes are the
mobile phase. It should be noted that the enrichment
factor for the studied metals changed in the following
order: Cu > Pb > Zn > Ni > Mn (Table 1). The value
of the solubility of the product [—log(SR)] according
to the Chemist’s Handbook [7] varied in the same
order. It is evident that the less soluble the sulfide
(CuS) the higher the proportion of the stationary
phase becomes for each metal in the form of MeS. The
mobile phase in the form of organic complexes can be
removed from sediments by marine organisms (detri-
tivores). Thus, some metals accumulate in sediments,
while others are removed. Obviously, the removal of
the mobile metal phase by marine organisms is also
accompanied by fractionation.
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We believe that this may be caused by the competi-
tion for the place of a complex formation between
metal ions that are recycled together with organic sub-
stances by marine organisms. Relative to manganese,
the ions of copper, zinc, and lead are inhibitors of a
complex formation. Less stable complexes are
excreted by marine organisms into the near-bottom
water layer (e.g., manganese), which leads to the sec-
ondary pollution of the water layers above [44].

It has been noted that the stability of metalloor-
ganic compounds with copper is higher than with
nickel, which is comparable with the row of Irving—
Williams stability constants (Mn?* < Fe?* < Co?" <
Ni?* < Cu?* > Zn?"), which is based on a complex for-
mation with simple organic ligands [45]. As follows
from this order, more stable complexes with organic
ligands are formed in the direction from manganese to
copper. The higher the value of the stability constants
the stronger the formed complex and the longer it
remains in the mobile form of bottom sediments.
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