
2700

ISSN 1070-3632, Russian Journal of General Chemistry, 2020, Vol. 90, No. 13, pp. 2700–2707. © Pleiades Publishing, Ltd., 2020.
Russian Text © The Author(s), 2020, published in Ekologicheskaya Khimiya, 2020, Vol. 29, No. 6, pp. 313–320.

Heavy Metals in Macrozoobenthos and Sediments 
of the Coastal Zone of the Eastern Gulf of Finland

R. L. Levita, T. D. Shigaevaa,*, and V. A. Kudryavtsevaa

a St. Petersburg Federal Research Center of the Russian Academy of Sciences, St. Petersburg, 199178 Russia
*e-mail: t.sh54@mail.ru

Received August 12, 2020; revised September 12, 2020; accepted September 21, 2020

Abstract—The Zn, Cd, Pb, Cu, Mn, and Fe concentrations in sediments, bottom waters, and benthic macroinver-
tebrates (Amphipoda, Bivalvia, Gastropoda, Hirudinea, and Oligochaeta) collected at six coastal stations in the 
Eastern Gulf of Finland were determined with the aim to reveal the features of heavy metals bioaccumulation in 
the macrozoobenthos. It was shown that benthic macroinvertebrates accumulate Mn, Fe, and Zn more actively than 
Pb, Cu, and Cd, while Hirudinea and Oligochaeta worms have enhanced accumulative capacities as compared to 
amphipods and mollusks. A close relationship was found between the Zn and Pb concentrations in the sediments 
and amphipods, but for the other elements no reliable relationship was observed. It was recommended to use 
organisms of other trophic levels along with zoobenthos and data on heavy metal concentrations in sediments for 
chemical monitoring of coastal waters.
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INTRODUCTION 

Anthropogenic impact on aquatic ecosystems leads to 
a constant and steady decline in the water quality and to 
profound changes in the hydrological and biogeochemical 
cycles. Monitoring the causes and consequences of 
these changes is essential for diagnosing the degree of 
ecosystem degradation and restoration. A major threat 
to aquatic ecosystems is posed by heavy metals (HM). 
Over recent decades the release of HM into biosphere 
has shown an increasing trend, which generates a need 
for studying the processes of interaction of heavy metals 
with living matter. A distinctive feature of HM toxicants 
consists in stability and biomagnifi cation. Toxic effect 
of HM is manifested at all levels of the organization 
of biological systems, from molecular-biochemical to 
biocenotic [1–3]. 

In the aquatic environment metal ions bind to 
suspended particles whose settling leads to HM 
accumulation in sediments. This contributes to water 
purifi cation, butif background levels are signifi cantly 
exceeded, sediments may become a source of secondary 
water pollution under certain conditions and thus 

constitute an environmental threat because of migration 
of the accumulated substances [4, 5]. 

Sediments provide a habitat and food source for 
benthic flora and fauna. Heavy metals binding to 
various fractions of sediments adversely affect the 
physiological processes in benthic organisms to the extent 
depending primarily on their bioavailability rather than 
on the total heavy metal load. Rainbow [6] considered 
bioaccumulation of a toxic trace metal with its uptake 
by the target organism as a biomonitor of trace metal 
bioavailability. Forms of metals present in water and 
sediments have different bioavailabilities; algae are 
sensitive to the action of dissolved forms, and zoobenthos 
is affected by both dissolved forms and those bound to 
suspended phases. Therefore, bioavailability assessment 
should be based on several organisms in order to cover 
different bioaccumulation routes [7, 8]. 

Bioaccumulation, or concentration, of chemical 
elements many of which are actively involved in various 
physiological processes, is one of the most important 
biogeochemical functions of living organisms. Demina 
et al. [9] consider two main types of processes of 



RUSSIAN  JOURNAL  OF GENERAL  CHEMISTRY  Vol.  90  No.  13  2020

2701HEAVY METALS IN MACROZOOBENTHOS AND SEDIMENTS

bioaccumulation of HM in marine organisms: active 
(metabolism) and passive (adsorption on the surface of 
both individual cells and whole organisms). Important 
active processes are bioassimilation resulting in the 
formation of organometallic chelate compounds and 
biomineralization, i.e., production of mineral forms by 
living organisms. 

Over the years much research efforts have been 
focused on HM accumulation by zoobenthos, an 
important component of aquatic ecosystems, which 
displays high taxonomic diversity and capacity to 
accumulate HM in concentrations exceeding several 
orders of magnitude those observed in water [1, 9]. An 
essential constituent of hydrobiocenoses, zoobenthos may 
provide valuable information about the pollution of the 
environment and changes in environmental conditions, 
since the organisms are relatively stationary and several 
species live for many years [10–12]. The capacity to 
concentrate and tolerate high metal concentrations, along 
with relatively large body size and ease of collection, 
make benthic macroinvertebrates and their communities 
good bioindicators of water body pollution by heavy 
metals [3, 7, 13]. 

Bioaccumulation is infl uenced by both biological and 
geochemical factors. On the one hand, accumulation of 
trace elements in macrobenthic invertebrates is regulated 
by the input and output of metals by the organisms, which 
are closely related to their morphology, physiology, and 
metal distribution in cells, making bioaccumulation 
dependent on the type of the organism and its trophic 
level [13, 14]. On the other hand, HM bioaccumulation 
by zoobenthos is infl uenced by the nature, concentration, 
and bioavailability of HM, as well as by the habitat, 
temperature, season, diet, and other factors [11, 12, 15]. 
Many organisms have evolved mechanisms for regulating 
the concentration of trace elements in their tissues, when 
metal pollution is present in water, sediments, or food [16].

Though regulated by living organisms to a certain 
extent, the HM accumulation is not harmless [17]. Severe 
anthropogenic pollution causes reduction in abundance 
and biomass (up to complete disappearance of a number 
of taxa) and loss of biodiversity of zoobenthos, shell 
deformation, and endocrine disruptions [12, 18]. These 
adverse effects of HM at the organismic and population 
levels lie behind biomonitoring of water bodies with the 
use of zoobenthos. However, opinions differ regarding the 
use of zoobenthos in chemical monitoring (identifi cation 
and quantification of pollutants) and biomonitoring 

(assessment of the quality of the environment). For 
example, mollusks have a capacity to accumulate 
substantial amounts of metals from ambient water, 
which does not always drastically affect their health. In 
turn, the HM content measurement in mollusks does not 
necessarily represent true contamination levels in the 
environment [19].

Bioaccumulation of toxic HM by benthic invertebrates 
affords removal of pollution from water bodies to an 
extent determined by both by the status of the ecosystem 
and level of anthropogenic impact [9]. 

The aim of this study was to identify the features of 
bioaccumulation of heavy metals (Zn, Cd, Pb, Cu, Mn, 
and Fe) by the macrozoobenthos in the coastal zone of the 
Eastern Gulf of Finland and to elucidate its relationship 
with heavy metal pollution of sediments. 

To this end, the Zn, Cd, Pb, Cu, Mn, and Fe concentra-
tions were determined in six samples of sediments and 
bottom water, as well as in fi ve groups of macrozoobenthos 
(Amphipoda, Bivalvia, Gastropoda, Hirudinea, and 
Oligochaеta) associated with these sediments, bioaccumula-
tion of Zn, Cd, Pb, Cu, Mn, and Fe in the macroinvertebrate 
communities was analyzed, and correlation coeffi cients 
between the concentrations of these metals in the 
macrozoobenthos and sediments were calculated.

EXPERIMENTAL

Samples of sediments and zoobenthos were collected 
in the shallow coastal zone of the Eastern Gulf of Finland 
(Fig. 1). 

Gulf of Finland

S1

S2
S3

S4S5S6

Fig. 1. Map of the Eastern Gulf of Finland with sediment, 
water, and zoobenthos sampling stations indicated: Primorsk 
(S1), Cape Flotsky (S2), Sestroretsk (S3), Lomonosov (S4), 
Bol’shaya Izhora (S5), and Grafskaya Bay (S6).
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The sampling stations were located on the northern and 
southern coasts of the eastern part of the Gulf of Finland in 
sites facing tough environmental situation: near seaports 
and terminals (Primorsk, Lomonosov, Bol’shaya Izhora) 
and in eutrophic coastal zones with well-developed 
aquatic vegetation, experiencing periodic algal bloom 
episodes (Cape Flotsky, Sestroretsk, Grafskaya Bay). 

At each station the sediment samples and water 
samples were collected from a depth of 50 cm at a distance 
of 20–30 m from the shore using a Robur-IL sampler, 
and zoobenthos samples with special bottom-set nets. 
The sediments with zoobenthos were washed through a 
sieve (0.333 mm mesh), fi xed with 4% formalin solution, 
and stored in sealed plastic bags. Benthic invertebrate 
specimens were taken from the washed sediment in the 
laboratory setting under a microscope and classifi ed into 
systematic groups. 

In this study we assessed fi ve benthic invertebrate 
communities (Amphipoda, Bivalvia, Gastropoda, 
Hirudinea, and Oligochaeta) for the ability to accumulate 
HM. 

Amphipoda  (sideswimmers) is an order of 
Malacostarcan crustaceans (Peracarida superorder). 
Having signifi cantly increased in number of species and 
abundance duringrecent years due to the newly introduced 
species, Amphipoda account today for 41% of the total 
biomass of macrozoobenthos in the ecosystem of the 
Gulf of Finland. Amphipods are omnivores possessing 
mixed feeding, major consumers of plant detritus; adults 
are active predators [20]. Bivalvia (bivalve mollusks) 
are a class of mollusks employing sedentary lifestyle, 
fi lter feeders for the most part. Gastropoda (gastropods 
or snails) are the most highly diversifi ed class of the 
phylum Mollusca having extremely varied feeding 
habits(they feed both on living plants and detritus). 
Hirudinea (leeches) and Oligochaeta (small-bristle 
worms) are a subclass of annelids from the class of girdle 
worms. Hirudinea are highly modifi ed descendants of 
oligochaetes, feeding on animal blood; they can attack 
mollusks and other invertebrates. Oligochaeta feed on 
detritus which they absorb with the soil. Thus, according 
to their diet, the above-listed benthic macroinvertebrates 
belong to different groups, including filter feeders, 
detritivores, euryphages, scavengers, predators, and 
ectoparasites. 

The sediment samples collected were dried at 30°C 
and sifted through a plastic sieve with a pore diameter 
of 1 mm. The sifted out fraction was ground in an agate 

mortar, whereupon a weighted quantity of the sediments 
was placed in Tefl on beakers and treated with a mixture 
of HCl/HF/HNO3 acids (1 : 1 : 1) in a Mars 5 microwave 
system (CEM, the United States). Mineralizates of the 
sediments thus decomposed were evaporated, fi ltered, 
transferred to volumetric fl asks, and made up to 25 mL 
with deionized water. Next, the gross Zn, Cd, Pb, Cu, Mn, 
and Fe concentrations in the salt solutions after sample 
preparation were determined by inductively coupled 
plasma mass spectrometry (ICP-MS) on an Agilent 
7700x instrument (Agilent Technologies, Japan). The 
same technique was employed for sample preparation and 
analysis for the Zn, Cd, Pb, Cu, Mn, and Fe content in the 
zoobenthos. Water samples were analyzed by ICP-MS as 
well. All the analyses were carried out at least in triplicate; 
relative root mean square errors of the analyses did not 
exceed 15%. Validity of the analyses was guaranteed 
by carrying out blank experiments and by using state 
standard reference sample.

RESULTS AND DISCUSSION

Granulometric analysis showed that the content of the 
sand fraction in the upper layer of the coastal sediments of 
the Gulf of Finland was 90–99%, with the organic matter 
content not exceeding 0.8% and quartz with minor silicate 
impurities being the main phase [21]. Because of a high 
content of the sand fraction the sorption capacity of the 
sediments with respect to HM was many times lower than 
that of natural soil sorbents, 4–10 μmol/g. 

Table 1 and 2 list the average Zn, Cd, Pb, Cu, Mn, and 
Fe concentrations in the samples of the coastal sediments 
and water. 

The average metal concentrations in the coastal 
sediments of the Gulf of Finland vary as Cd < Cu < 
Pb << Zn < Mn < Fe. This series is somewhat different 
from that for the average metal concentrations in water: 
Cd < Pb < Zn < Cu < Mn < Fe (Tables 1 and 2). The 
HM concentrations in the coastal zone typically exceed 
those in the open-water zones due to anthropogenic 
and natural factors (surface and river runoffs, abrasion) 
[22]. However, assessment of the ecological risk of the 
HM accumulation in the coastal sediments the Gulf of 
Finland showed that the pollution of this part of the Gulf 
of Finland by HM was generally below hazardous levels. 
This may be related to poor sorption capacity of the 
coastal sediments. Though found in low concentrations, 
Cd poses the greatest environmental threat to aquatic 
ecosystems [23]. 
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Table 3 lists the metal concentrations detected in 
fi ve benthic invertebrate species (crustaceans, bivalve 
mollusks, gastropods, leeches, and small-bristle worms) 
from the surface sediments collected at the stations 
indicated. 

Total concentrations of each of the metals in the whole 
body (including soft tissues and shells) were determined 
for all the benthic macroinvertebrate communities studied. 
These data take into account the weight contribution of 
the shells whose biomass concentrates many toxic metals 
and thus more accurately refl ect the real accumulation of 
metals [24]. The HM concentrations in the zoobenthos 
varied over four orders of magnitude, from 0.1–0.5 μg/g 
(Cd) to 500–5000 μg/g (Fe) (Table 3). 

The average HM concentrations in the coastal 
macrozoobenthos decreased as Cd < Pb < Cu < Zn < 
Mn < Fe (Table 4), which series correlates to varying 
degrees with both the HM content in the sediments and 
HM bioavailability and biological demand. This sequence 
is typical not only for macrozoobenthos as a whole but 
also for each community studied in particular.

The ability of benthic invertebrates to concentrate 
metals was quantified through the bioconcentration 

factors (BCFwaterr) (Table 5), which were taken to be equal 
to the ratios of the content of an element in the organism 
to that in bottom water [9]. 

The heavy metal bioconcentration series in which 
the metals were arranged in accordance with their 
corresponding BCFwater values differ insignificantly 
among the zoobenthos communities of interest; the 
ability of benthic macroinvertebrates to concentrate HM, 
in general, decreases as Mn > Fe ≥ Zn > Pb> Cu ≥ Cd. 
Thus, essential trace elements Mn, Fe, and Zn are quite 
predictably accumulated in the macroinvertebrates more 
actively than Cd, Cu, and Pb. High bioconcentration 
factors revealed for Mn are probably attributable to high 
bioavailability of this metal. The highest concentra-
tions of all the elements (except for Cu) among the benthic 
macroinvertebrates of interest were found in Hirudinea 
and Oligochaeta worms (Table 3), which may be due to 
their peculiar physiology, in particular, underdeveloped 
organs responsible for excretion of hazardous elements. 
High bioconcentration factors of Cu in the amphipods 
(BCFwater = 18×103) and of Zn in the leeches (BCFwater = 
220×103) deserve mentioning. 

Table 2. Heavy metal concentrations in the water samples collected at the stations in the coastal zone of the Eastern Gulf of 
Finland 

Station name Heavy metal concentration, μg/L
Zn Cd Pb Cu Mn Fe

S1 1.01 ± 0.22 0.038 ± 0.01 0.371 ± 0.071 1.83 ± 0.32 0.90 ± 0.33 16.3 ± 2.2
S2 0.83 ± 0.08 0.039 ± 0.02 0.322 ± 0.053 1.35 ± 0.24 0.81 ± 0.21 10.8 ± 1.4
S3 0.78 ± 0.07 0.033 ± 0.01 0.318 ± 0.048 2.33 ± 0.51 9.58 ± 1.46 17.5 ± 1.8
S4 1.15 ± 0.10 0.030 ± 0.01 0.337 ± 0.044 4.38 ± 0.59 1.22 ± 0.44 18.4 ± 2.0
S5 1.52 ± 0.23 0.053 ± 0.02 0.393 ± 0.082 1.92 ± 0.07 5.79 ± 0.88 16.1 ± 1.1
S6 2.16 ± 0.18 0.028 ±0.01 0.481 ± 0.057 2.50 ± 0.44 3.84 ± 0.72 63.7 ± 3.8

Table 1. Heavy metal concentrations in the coastal sediments collected at the stations in the Eastern Gulf of Finland

Station name Heavy metal concentration, μg/g
Zn Cd Pb Cu Mn Fe

S1 27.8 ± 2.5 0.18 ± 0.04 25.7 ± 4.9 13.4 ± 1.2 204 ± 16 8040 ± 643
S2 20.9 ± 2.5 0.10 ± 0.01 20.9 ± 1.8 1.32 ± 0.15 189 ± 17 4520 ± 362
S3 19.9 ± 3.4 0.08 ± 0.02 36.7 ± 6.9 2.98 ± 0.27 291 ± 26 7850 ± 628
S4 59.0 ± 6.5 0.29 ± 0.03 24.2 ± 2.1 5.91 ± 1.18 295 ± 21 8060 ± 791
S5 9.7 ± 1.2 0.03 ± 0.01 14.0 ± 2.2 1.01 ± 0.11 64 ± 7 9820 ± 982
S6 11.7 ± 1.9 0.05 ± 0.01 13.2 ± 2.1 1.25 ± 0.21 291 ± 32 8900 ± 632
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The total capacity of a species to concentrate trace 
elements was quantifi ed through the biogeochemical 
activity of species (BCA) which is defi ned as the sum of 
the bioconcentration factors of individual trace elements 
as proposed by A.D. Aivazyan [25].

Our studies revealed high biogeochemical activity in 
Hirudinea and Oligochaeta worms [BCA = (400‒600)×
103] and lower and practically identical biogeochemical 
activities in mollusks and crustaceans [BCA = 
(210‒230)×103 ] (Table 5). These fi ndings are consistent 
with high sensitivity of oligochaetes and leeches from 
the Taihu Basin (China) to heavy metals contamination 

of sediments and with enhanced metal bioaccumulation 
capacity compared to other macroinvertebrates, as 
reported by Bian et al. [3]. 

Bottom invertebrate communities, preferentially 
indigenous species, are of frequent use as bioindicators 
of pollution of the coastal and estuarine environments. 
Considering relative simplicity of collecting crustaceans 
as compared to gastropods and leeches, high HM 
bioaccumulative capacity, and domination in the 
macrozoobenthos community of the coastal area of   the 
Eastern Gulf of Finland [20], we selected amphipods for 
our biomonitoring studies.

Table 3. Heavy metal concentrations in the macroinvertebrate communities collected at the stations in the coastal zone of the 
Eastern Gulf of Finland

Station 
name Zoobenthosname 

Element concentration, μg/g
Zn Cd Pb Cu Mn Fe

S1 Amphipoda 63.1±8.2 0.41±0.08 1.89±0.52 49.8±5.6 185±24 1370±270
S2 59.5±8.4 0.20±0.04 1.18±0.23 22.1±4.6 158±32 541±60
S3 61.3±12.0 0.33±0.08 2.94±0.51 22.1±6.8 152±23 1430±190
S4 72.6±19.3 0.17±0.03 2.83±0.59 55.5±5.1 101±14 550±110
S5 57.2±10.8 0.18±0.06 1.44±0.22 49.1±8.3 104±21 574±115
S6 58.1±5.5 0.13±0.05 1.50±0.38 39.9±6.5 173±35 1105±220
S1 Bivalvia 21.8±12.6 0.18±0.04 1.67±0.25 3.4±1.1 147±14 479±21
S4 24.8±9.3 0.14±0.03 1.52±0.33 8.10±4.2 200±31 541±84
S1 Gastropoda 27.7±3.7 0.33±0.04 1.81±0.41 26.2±7.3 155±22 731±90
S4 44.6±9.0 0.11±0.05 1.43±0.38 20.1±3.3 83±11 622±75
S1 Hirudinea 110±14.4 0.80±0.10 10.1±2.23 30.6±2.8 204±33 2580±240
S4 381±62 0.17±0.03 10.5±2.61 18.2±2.4 119±15 2590±320
S4 Oligochaеta 145±29 0.37±0.04 21.3±3.59 14.5±5.0 200±29 5020±620
S6 71.5±11 0.32±0.06 3.22±0.66 8.9±1.6 523±88 3830±440

Table 4. Average heavy metalsconcentrations in the macroinvertebrates communities collected at the stations in the coastal zone 
of the Eastern Gulf of Finland

Zoobenthos name
Element concentration, μg/g

Zn Cd Pb Cu Mn Fe
Amphipoda 62±6 0.24±0.11 2.0±0.7 40±15 146±35 928±420
Bivalvia 25±7 0.14±0.02 1.5±0.3 8.1±2.2 200±80 541±90
Gastropoda 36±8 0.22±0.11 1.6±0.2 23±3 119±40 676±50
Hirudinea 245±130 0.49±0.03 10.3±0.2 24±6 162±60 2585±320
Oligochaeta 108±36 0.35±0.03 12.3±9.1 12±3 362±160 4425±640
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To establish the relationship between the level of 
HM pollution of the coastal water areas and the HM 
accumulation by amphipods, Pearson’s correlation 
coeffi cients (n = 6, p ≤ 0.05) were calculated between 
the Zn, Cd, Pb, Cu, Mn, and Fe concentrations in the 
sediments and in the amphipods collected at the same 
coastal stations (Table 6). 

Fairly high correlation coefficients (see Table 6) 
suggest a strong relationship between the Zn and Pb 
concentrations in the sediments and in the amphipods and 
a weak relationship for other elements. Low correlation 
coeffi cients in the case of Mn and Fe are apparently 
attributable to high contents of these elements in the 
sediments, little comparable to the amount of manganese 
and iron required by zoobenthos. 

Our data evidence that use of amphipods as 
bioindicators is not good enough for chemical monitoring 
of coastal water areas. Lack of statistically signifi cant 
correlation between the metal concentrations in 
macrozoobenthos and sediments was noted in a number 
of studies [26–29]. 

Presumably, along with various benthic macro-
invertebrate species, hydrobionts of other trophic 
levels should be involved as bioindicators. For 
example, periphyton algae Cladophora glomerata was 
recommended as a bioindicator to monitor the HM 
pollution of the coastal area of the Eastern Gulf of 
Finland [30]. Bioaccumulation (the content of elements 
in living organisms) does not necessarily refl ect the 
environmental metal concentrations and thus should be 
used in conjugation with data on the concentrations of 
metals in abiotic components of the ecosystem.

 CONCLUSIONS

Specifi c features of heavy metals bioaccumulation 
by benthic invertebrates from the coastal zone of the 
Eastern Gulf of Finland (amphipods, bivalve mollusks, 
gastropods, leeches, and small-bristle worms) were 
revealed. The Zn, Cd, Pb, Cu, Mn, and Fe concentrations 
in the sediments, bottom waters, and macrozoobenthos 
samples collected at six coastal stations located on the 
northern and southern sides of the Gulf of Finland were 
determined. The average HM concentrations in the coastal 
macrozoobenthos were recorded in ascending order as 
Cd < Pb < Cu < Zn < Mn < Fe. Amphipods displayed 
enhanced capacity for Cu accumulation. Among the 
benthic macroinvertebrates studied, Hirudinea and 
Oligochaeta worms exhibited the highest concentrations 
of the other elements. Essential microelements Mn, 
Fe, and Zn were quite predictably accumulated by the 
macroinvertebrates much more actively than Pb, Cu, and 
Cd. The biogeochemical activity indicators revealed for 
the leeches and small-bristle worms were almost twice as 
large as those for the mollusks and crustaceans. Pearson’s 
correlation coeffi cients between the Zn, Cd, Pb, Cu, Mn, 
and Fe concentrations in the sediments and amphipods 
are indicative of a reliable relationship for Zn and Pb 
(correlation coeffi cients 0.99 and 0.78, respectively), 
but for the other elements no reliable relationship was 
observed. Along with various macrozoobenthos species, 
bioindicator organisms of other trophic levels, as well as 
data on the metal concentrations in sediments should be 
used for chemical monitoring of water bodies. 

Table 5. Heavy metal bioconcentration factors for the macrozoobenthos in the coastal zone of the Eastern Gulf of Finland

Zoobenthos name
Bioconcentration factors (BCFwater)×103

BCA×103
Zn Cd Pb Cu Mn Fe

Amphipoda 57 6.6 5.5 18.0 94 50 230
Bivalvia 22 4.7 4.5 1.9 164 29 226
Gastropoda 33 6.2 4.6 9.4 120 39 213
Hirudinea 220 13.0 29.0 10.0 162 150 585
Oligochaeta 80 12.0 35.0 3.4 150 166 446

Table 6. Correlation coeffi cients between the concentrations of heavy metals (Zn, Cd, Pb, Cu, Mn, Fe) in the amphipods and 
bottom sediments of the coastal zone of the Eastern Gulf of Finland

Pearson’s correlation coeffi cients for the heavy metals concentrations in the amphipods and sediments (n = 6, p ≤ 0.05)
Zn Cd Pb Cu Mn Fe

0.992 0.163 0.772 0.460 0.283 0.205
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