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Abstract
Freshwater mussels and crayfish are commonly used as biomonitors of trace metals. In the present study, the concentrations of ten
metals were determined in mussels (Unio elongatulus eucirrus) and crayfish (Astacus leptodactylus) collected from the Keban
Dam Reservoir in Turkey. The significant spatial differences in concentrations of studied metals except As in mussels were not
found. However, Co, Cr, Cu, and Zn concentrations in mussels and As, Co, Cu, Fe, Pb, and Zn concentrations in crayfish showed
significant seasonal differences. As, Cd, and Mn levels in mussels were about nine times higher than those in crayfish. The
concentrations of Cd, Cr, Cu, Pb, Zn, and inorganic As in crayfish and mussels were lower than maximum permissible levels.
When compared with other biomonitoring studies using mussels and crayfish, high concentrations of As, Cd, Co, Cr, and Ni in
mussels and Cr and Ni in crayfish were observed due to lithogenic sources and anthropogenic activities in the basin.
Bioconcentration factor values of Fe, Mn, Cd, and Zn in mussels and Zn, Cu, Fe, and Co in crayfish were > 1000, which
indicates that both U. e. eucirrus and A. leptodactylus have potential to bioaccumulate these metals. Therefore, attention should
be paid to mussels and crayfish from ecological and human health perspective, because they are potential vectors of metals to
higher trophic levels.
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Introduction

Heavy metals derived from natural and anthropogenic sources
are among the most dangerous contaminants in aquatic envi-
ronments. Metals pose serious threat to the aquatic organisms
and to human health due to their toxicological effects, high
persistence, bioaccumulation, and biomagnification in the
food chain [1–3]. Some metals such as, cobalt, copper, iron,
and zinc are essential metals in all living organisms, whereas
cadmium, arsenic, lead, and mercury are non-essential metals
that do not have beneficial effects on human health and are
toxic even at low concentrations. Moreover, essential metals
can also produce toxic effects at high concentrations [4, 5].

Contamination of aquatic environments by trace metals can
be confirmed in sediment, water, and aquatic biota. Direct
analysis of water and sediment cannot afford the powerful
evidence on the integrated influence and possible toxicity of
metal pollution on organisms and ecosystem [6]. Therefore,
organisms may be used to monitor the level of heavy metal
contamination, since they concentrate metals continuously,
often several orders of magnitude above ambient water con-
centrations. In addition, because biomonitor organisms are
capable of accumulating heavy metals in their body and have
been exposed during their entire lifetime, they may reflect the
contamination history of a particular location [7, 8].

Freshwater mussels and crayfish are commonly used as
biomonitors of heavy metals because they accumulate high
concentrations of metals in their tissues [7–11]. Crayfish are
in almost constant contact with sediments of aquatic ecosys-
tems and would easily pick up metals from contaminated sed-
iments and from feeding [8, 9]. Mussels feed on plankton
filtered from water and could ingest heavy metals, which con-
centrate in soft tissues. Furthermore, mussels and crayfish are
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the main sources of food for benthivorous fish. Therefore,
they are potential vectors of metals to higher trophic levels
in the food web [10, 11].

Keban Dam Reservoir (KDR) on the Euphrates River
(Turkey) is commonly used for aquaculture production, recre-
ation, fishing, and irrigation. However, it receives both do-
mestic and industrial wastewaters. In addition, there are many
fish farms on the reservoir. Agricultural practices are also one
of potential sources of contamination due to the use of pesti-
cides and chemical fertilizers in the basin. Streams carry var-
ious contaminants from the upstream region to the reservoir
[2, 5]. Although there are some reports on metal concentra-
tions in mussels and crayfish collected from the KDR [12, 13],
these studies were limited to specific metals and to specific
areas of the reservoir. Therefore, in this study, the levels of ten
metals (As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn) were
investigated in soft tissue of mussels (Unio elongatulus
eucirrus) collected from 11 sampling sites and muscle tissue
of crayfish (Astacus leptodactylus) collected from 5 sites in
the KDR.

Materials and Methods

Study Area

With a surface area of 675 km2 and a volume of 30.6 km3,
KDR is Turkey’s second largest reservoir. The KDR formed
on the Euphrates River is located between latitudes 35° 20′
and 38° 37′ N, and longitudes 38° 15′ and 39° 52′ E. The

Keban Dam, built for hydroelectric power generation in
1974, is the first and most upstream of several large-scale
dams to be built on the Euphrates River [2, 5, 14].

Collection of Mussel and Crayfish Samples

In the present study, one mussel species (U. e. eucirrus), one
crayfish species (A. leptodactylus), and surface water samples
were collected from the sampling sites on the KDR in
November 2014 (autumn), and February (winter), May
(spring) and August 2015 (summer). Mussels were collected
from 11 sampling sites (A1–A11) in November 2014 and
February 2015. Due to raised water level in the reservoir, mus-
sels were collected from only one site (A7) in May 2015 and
from only six sites (A1, A2, A5, A6, A8, and A9) in August
2015. Due to their habitat preferences, A. leptodactylus individ-
uals live in Pertek, Çemişgezek, Ağın, and Keban regions of the
reservoir (Fig. 1). Therefore, crayfish individuals were collected
from five sites (A5–A9) due to their absence at the other sites
(Fig. 1). Crayfish individuals were caught by fyke nets (mesh
size 36 mm, total length 178 cm), while mussels were collected
by hand at sampling sites in the KDR. All mussel and crayfish
individuals were washed with reservoir water in order to re-
move mud and other fouling substances. In this study, three to
eight individuals per species were taken from each site at each
sampling time. During the study period, a total of 115 mussels
and 104 crayfish were collected. Surface water samples were
also taken using 1-L polyethylene bottles from 11 sampling
sites (A1–A11). All mussel, crayfish, and water samples were
transported in a cooling box to the laboratory immediately after

Fig. 1 Map showing study area and sampling sites
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collection. In the laboratory, lengths of mussel and crayfish
individuals were recorded. Total length of crayfish individuals
ranged from 104 to 112mm (mean 109mm), while shell length
of mussels ranged from 56 to 77 mm (mean 63.5 mm). Before
dissection, all the samples were rinsed with deionized water.
Abdominal muscle tissues of crayfish and soft tissues of mus-
sels were removed in the laboratory on the day of sampling. A
composite sample (consisting of three to eight individuals) for
both mussels and crayfish from each site at each sampling time
was prepared and homogenized, and about 10-g (wet weight)
test portions were stored in zip-lock bags at − 20 °C until anal-
ysis. About 100 mL of water samples were filtered through
0.45-μm nitrocellulose filters (Millipore), acidified with
suprapur nitric acid (Merck) for preservation, and stored in
pre-cleaned polyethylene bottles at 4 °C until analysis [5]. In
this study, for heavy metal analyses, 29 mussel samples, 20
crayfish samples, and 44 water samples were used.

Metal Analysis and Quality Control

In the present study, ten metals, As, Cd, Co, Cr, Cu, Fe, Mn,
Ni, Pb, and Zn, were analyzed in crayfish and mussel samples.
One gram of homogenized sample was digested with 8 mL
HNO3 and 2 mL H2O2 using a four-step digestion program in
a microwave digestion system (MARSXpress, CEM, USA).
After cooling to room temperature, the digested solutions
were diluted to 50 mL with deionized water. A graphite fur-
nace atomic absorption spectrometer (GF-AAS; Thermo
Scientific iCE 3000, USA) was used to measure As, Cd, and
Pb levels in the extracts due to lower detection limits, while
levels of other elements in the extracts were measured by a
flame atomic absorption spectrometer (Thermo Scientific iCE
3000, USA) [2, 5]. Concentrations of ten metals in water sam-
ples weremeasured byGF-AAS [15]. Triplicate analyses were
performed on each sample and the average values were used
in data analysis. The accuracy of the procedure was checked
by determining metal concentrations in a certified reference
material (TORT-3, lobster hepatopancreas; NRC, Canada).
The recoveries were between 94.4 and 105.7% (Table 1). In
addition, spiked water samples were used to check the reli-
ability of GF-AAS measurements. The recoveries of spiked
samples ranged from 91.3% (Fe) to 108.6% (Cr).

Maximum Permissible Levels

Trace metal levels determined in mussel and crayfish samples
were compared with the maximum permissible levels of trace
metals in bivalve molluscs, crustaceans, and fish set by interna-
tional food standards, such as FSANZ (Food Standards
Australia and New Zealand) [16], FAO (Food and Agriculture
Organization) [17], WHO/FAO (Codex Alimentarius
Commission) [18], EC (European Commission) [19], and
MHPRC (Chinese Health Ministry) [20].

Bioconcentration Factor

The bioconcentration factor (BCF) is expressed as the ratio of
metal concentration in an aquatic organism to metal concen-
tration in the surrounding water. The following equation was
used to calculate the BCF [21]:

BCF ¼ Cbiota=Cwater; ð1Þ
where Cbiota is the metal concentration in mussel or crayfish
(μg kg−1 wet weight) and Cwater is the metal concentration in
water (μg L−1).

Statistical Analysis

One-way ANOVAwas used to determine whether there were
significant differences in trace metal levels among sampling
sites and between sampling seasons (p < 0.05). One-way
ANOVAwas done using SPSS 11.5 for Windows.

Results and Discussion

The descriptive statistics of trace metals studied in mussel and
crayfish samples collected from the Keban Dam Reservoir are
summarized in Table 2.

Metal Concentrations in Mussels

In the present study, As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn
concentrations (mean ± SD, wet weight) in mussel samples were
1077 ± 385μg kg−1, 79 ± 24μg kg−1, 0.70 ± 0.30mg kg−1, 1.05
± 0.40 mg kg−1, 0.74 ± 0.45 mg kg−1, 104.5 ± 48.4 mg kg−1,
17.4 ± 14.0 mg kg−1, 1.46 ± 0.52 mg kg−1, 104.4 ± 38.6 μg

Table 1 Concentrations of metals found in certified reference material
(CRM, TORT-3, lobster hepatopancreas, National Research Council of
Canada)

Metal Found value
(mg kg-1 dw)

Certified value
(mg kg-1 dw)

Recovery (%)

As 58.1 59.5 97.6

Cd 42.9 42.3 101.4

Cr 2.03 1.95 104.1

Co 1.12 1.06 105.7

Cu 494 497 99.4

Fe 169 179 94.4

Mn 14.9 15.6 95.5

Ni 5.7 5.5 103.6

Pb 0.230 0.225 102.2

Zn 138 136 101.5

dw dry weight
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kg−1, and 10.1 ± 3.1 mg kg−1, respectively (Table 2). The con-
centrations of heavy metals in mussels followed the order of
Fe >Mn > Zn >Ni >As > Cr > Cu > Co > Pb > Cd. The mean
concentrations of all metals except As in mussels did not display
statistically significant differences among the 11 sampling sites
(p> 0.05) (Table 3). The highest concentrations of As and other
nine metals were found at sites A11 and A7, respectively, where
many rainbow trout cage farms are present. Among the studied
metals, themean concentrations of Co, Cr, Cu, and Zn inmussels

showed significant seasonal differences (p < 0.05) (Table 3). The
highest concentrations of Co, Cr, Cu, and Zn were found in
spring, while the highest concentrations of other metals were
recorded in winter. Various environmental and biological factors
can cause seasonal fluctuations in concentrations of trace metals
in mussels.

In this study, the average concentration of Cd, Cr, Cu, Pb,
Zn, and inorganic As (assuming inorganic As is 3% of total As
[22, 23]) in mussels was lower than the maximum permissible

Table 2 Descriptive statistics of
metal concentrations in mussels
(U. e. eucirrus) and crayfish
(A. leptodactylus) (units: μg kg-1

ww for As, Cd, and Pb; mg kg-1

ww for other metals)

As Cd Co Cr Cu Fe Mn Ni Pb Zn

U. e. eucirrus (N = 29)

Min 425 42 0.12 0.52 0.16 52.0 6.1 0.65 31.4 6.5

Max 2021 141 1.63 2.31 1.78 276.0 73.2 2.50 188.0 21.9

Mean 1077 79 0.70 1.05 0.74 104.5 17.4 1.46 104.4 10.1

SD 385 24 0.30 0.40 0.45 48.4 14.0 0.52 38.6 3.1

A. leptodactylus (N = 20)

Min 38.0 2.0 0.24 0.12 3.8 5.6 0.6 0.61 7.3 10.7

Max 191.0 19.0 2.03 1.68 10.2 68.3 4.0 5.57 103.0 35.7

Mean 98.3 8.1 0.94 0.95 6.9 15.0 1.7 1.41 46.5 19.7

SD 48.2 4.7 0.44 0.35 1.9 14.2 0.9 1.08 31.1 6.4

ww wet weight

Table 3 Spatial (a) and temporal (b) differences of ten metals in mussels and crayfish based on ANOVA (p < 0.05)

(a) Sites (b) Seasons

Sum of squares df Mean square F p Sum of squares df Mean square F p

Mussels

As Between groups 2,606,038.15 10 260,603.82 3.02 0.020 298,734.17 3 99,578.06 0.65 0.594

Cd Between groups 6203.49 10 620.35 1.19 0.359 556.93 3 185.64 0.31 0.819

Co Between groups 1.28 10 0.13 1.86 0.121 1.23 3 0.41 7.93 0.001

Cr Between groups 1.64 10 0.16 1.07 0.433 2.43 3 0.81 10.25 0.000

Cu Between groups 2.42 10 0.24 1.35 0.278 2.20 3 0.73 5.33 0.006

Fe Between groups 17,280.61 10 1728.06 0.65 0.757 3625.45 3 1208.48 0.49 0.693

Mn Between groups 1168.75 10 116.88 0.49 0.878 344.3 3 114.77 0.56 0.648

Ni Between groups 3.06 10 0.31 1.20 0.354 1.1 3 0.37 1.40 0.268

Pb Between groups 17,830 10 1783 1.34 0.282 8452.04 3 2817.35 2.12 0.124

Zn Between groups 112.38 10 11.24 1.28 0.311 151.94 3 50.65 10.68 0.000

Crayfish

As Between groups 10,086.2 4 2521.55 1.11 0.387 25,810.6 3 8603.53 7.53 0.002

Cd Between groups 65.2 4 16.3 0.72 0.589 34.55 3 11.52 0.50 0.687

Co Between groups 0.13 4 0.03 0.13 0.968 1.44 3 0.48 3.37 0.045

Cr Between groups 0.52 4 0.13 1.10 0.393 0.06 3 0.02 0.15 0.927

Cu Between groups 20.84 4 5.21 1.76 0.189 30.25 3 10.08 4.62 0.016

Fe Between groups 482.77 4 120.69 0.54 0.708 1845.68 3 615.23 4.96 0.013

Mn Between groups 3.86 4 0.97 1.15 0.369 1.13 3 0.38 0.39 0.759

Ni Between groups 5.49 4 1.37 1.25 0.334 2.33 3 0.78 0.63 0.606

Pb Between groups 2564.19 4 641.05 0.61 0.662 13,277.74 3 4425.91 14.02 0.000

Zn Between groups 31.84 4 7.96 0.16 0.955 548.88 3 182.96 12.96 0.000
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levels (MPLs) established by EC, FSANZ, MHPRC, FAO,
and WHO/FAO (Table 4).

In the present study, the mean metal concentrations in
U. e. eucirrus were compared with those of previous stud-
ies using freshwater mussels belonging to Unionidae fam-
ily (Table 5). The mean value of As in U. e. eucirrus was
higher than those in mussels from Turkey [24] and
Vietnam [7]. However, it was lower than that in mussels
from Italy [25]. Cadmium concentration determined in our
study was lower than those found in mussels from Italy
[25] and Hungary [26], while it was above those found in
mussels from Vietnam [7], Poland [27], Iran [28], and
Turkey [24]. Co, Cr, and Ni concentrations in the present
study were higher than those in mussels from Italy [25],
Vietnam [7], Poland [27], and Hungary [26]. The mean
value of Cu was comparable to those reported for mussels
from Vietnam [7] and Poland [27], while it was below
those found in mussels from Hungary [26], Italy [25],
and Turkey [24]. Fe and Mn values were lower than those
in mussels from Vietnam [7] and Italy [25], while they
were higher than those in mussels from Poland [27].
The mean value of Pb in the present study was compara-
ble to that reported for mussels from Vietnam [7], while it
was below those found in mussels from Hungary [26],
Italy [25], and Turkey [24], and it was higher than those
in mussels from Poland [27] and Iran [28]. The mean
concentration of Zn was above that in mussels from
Turkey [24], while it was below in those found in mussels

from Vietnam [7], Hungary [26], and Italy [25], and it
was comparable to that reported for mussels from
Poland [27]. In addition, the mean value of Cd determined
in U. e. eucirrus in our study was lower when compared
with a previous study carried out in Keban Dam Reservoir
[12], whereas the mean concentrations of Cu and Pb were
higher than those of the previous study (Table 5).

Metal Concentrations in Crayfish

In the present study, As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb,
and Zn concentrations (mean ± SD, wet weight) in crayfish
samples were 98.3 ± 48.2 μg kg−1, 8.1 ± 4.7 μg kg−1, 0.94
± 0.44 mg kg−1, 0.95 ± 0.35 mg kg−1, 6.9 ± 1.9 mg kg−1,
15 .0 ± 14.2 mg kg−1 , 1 .7 ± 0.9 mg kg−1 , 1 .41 ±
1.08 mg kg−1, 46.5 ± 31.1 μg kg−1, and 19.7 ± 6.4 mg kg−1,
respectively (Table 2). The concentrations of trace metals
in crayfish followed the order of Zn > Fe > Cu >Mn > Ni >
Cr > Co > As > Pb > Cd. The mean concentrations of trace
metals in crayfish did not display significant differences
among the five sampling sites (p > 0.05) (Table 3). The
highest concentrations of Cu, Fe, Mn, Ni, and Pb were
recorded at site A9, which receives wastewater from leath-
er factory, while the highest concentrations of Cd, Co, and
Cr were recorded at site A5, where many ferry crossings
are available. The highest Zn concentration was recorded
at site A7, where many rainbow trout cage farms are pres-
ent, while the highest As concentration was recorded at site

Table 4 The mean concentrations of heavy metals in mussels and crayfish and maximum permissible limits set by international food standards (units:
μg kg-1 ww for As, Cd, and Pb; mg kg-1 ww for other metals)

iAs As Cd Co Cr Cu Fe Mn Ni Pb Zn

U. e. eucirrus (mussel) 32.3a 1077 79 0.70 1.05 0.74 104.5 17.4 1.46 104.4 10.1 This study

A. leptodactylus (crayfish) 2.9a 98.3 8.1 0.94 0.95 6.9 15.0 1.7 1.41 46.5 19.7 This study

Maximum permissible limits

Food Standards Australia New Zealand 2000b,e 2000c 500b FSANZ [16]
1000c 2000c

Food and Agriculture Organization 30b 30b FAO [17]

Codex Alimentarius Commission 2000d 300b WHO/FAO [18]

European Commission 500e 500e EC [19]
1000d 1500d

Chinese Health Ministry 100b 500e 2.0f 500g MHPRC [20]
500f 2000d 1500d

iAs inorganic As, ww wet weight
a It was assumed that inorganic As was 3% of total As
b Fish
cMolluscs
d Bivalve molluscs
e Crustaceans
f Aquatic animals
g Fish and crustaceans
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A6. Among the studied metals, the mean concentrations of
As, Co, Cu, Fe, Pb, and Zn in crayfish showed significant
seasonal differences (p < 0.05) (Table 3). In our study, the
highest concentrations of As, Cd, and Pb were found in
autumn, the highest concentrations of Cu, Fe, Mn, Ni and
Zn were obtained in spring, and the highest concentrations
of Co and Cr were recorded in summer. The seasonal var-
iations of concentrations of these metals in crayfish may be
due to the natural fluctuations of both environmental and
biological factors.

The average concentrations of Cd, Cr, Cu, Pb, Zn, and
inorganic As (assuming inorganic As is 3% of total As [22,
23]) in crayfish were below the maximum permissible levels
established by FSANZ, FAO, MHPRC, WHO/FAO, and EC
(Table 4).

In this study, the mean metal concentrations in
A. leptodactylus were compared with those of previous
studies using crayfish species belonging to Astacus genus
performed in different freshwater sites of Turkey, Iran,
Czech Republic, Lithuania, and Sweden (Table 6). In

Table 5 Comparison of metal concentrations in mussels in this study with those of mussels of the Unionidae from other freshwater bodies (units: μg
kg-1 ww for As, Cd, and Pb; mg kg-1 ww for other metals)

Site Species As Cd Co Cr Cu Fe Mn Ni Pb Zn

Turkey (KDR) U. e. eucirrus 1077 79 0.70 1.05 0.74 104.5 17.4 1.46 104.4 10.1 This
stud-
y

Turkey (KDR) U. e. eucirrus 1071 174 0.004 nd [12]

Turkey (Van Lake) U. stevenianus 12 18 1.17 286 3.19 [24]

Vietnam
(Freshwaters)

Pletholophus
swinhoei

680 16 0.072 0.64 380 320 0.176 106 30 [7]a

Italy (Freshwaters) U. pictorum
mancus

2400 1000 0.14 0.4 2.6 1018 1 2200 72.2 [25]a

Hungary (Lake
Balaton)

U. pictorum 120–900 0.14–0.32 0.12–0.72 0.92–1.56 0.36–0.96 220–560 16.2–56 [26]a

Poland (Maltanski
Reservoir)

U. tumidus 8 0.036 0.22 0.92 13.35 3.82 0.15 42 10.23 [27]a

Iran (Anzali Wetland) Anodonta
cygnea

23.4 0.042 51 [28]a

nd not detected, ww wet weight
a Original values expressed in dry mass and here calculated in wet mass (wet mass = dry mass divided by 5)

Table 6 Comparison of metal concentrations in crayfish A. leptodactylus in this study with those of Astacus genus from other freshwater bodies and
global concentrations ranges for freshwater crayfish species (units: μg kg-1 ww for As, Cd, and Pb; mg kg-1 ww for other metals)

As Cd Co Cr Cu Fe Mn Ni Pb Zn

Turkey (Keban Dam
Reservoir)

98.3 8.1 0.94 0.95 6.9 15.0 1.7 1.41 46.5 19.7 This
study

Turkey (Keban Dam
Reservoir)

nd–146 nd–10 2.42–7.2 nd–80 4.35–21.69 [13]

Turkey (Lake Terkos) < 10–43 7.81–10.50 67.77–73.41 1.03–2.46 < 10 [30]

Turkey (Kovada Lake) nd nd–0.11 0.12–4.7 nd–12.98 0.26–0.82 0.22–4.47 nd 9.19–12.98 [34]

Turkey (Yenicaga
Lake)

132 0.074 3.80 134 [33]a

Czech Republic
(Reservoirs)

< 10–26 0.2–0.84 4.18–11.19 nd–0.52 < 100 13.72–25.65 [32]a

Iran (Abbasa River) 654 0.68 9.15 1.93 0.49 36.84 [31]a

Lithuania (Lake
Gailintas)

10 0.06 1.22 5.56 0.17 50 4.65 [35]

Sweden (Lakes) 240 < 5 < 0.012 < 0.025 5.7 2.9 < 0.1 22 15 [36]

Global concentration
ranges

0.1–1106 0.02–4.4 0.59–29.4 0.03–1.02 12–3186 1.1–25.5 [29]a

nd not detected, ww wet weight
a Original values expressed in dry mass and here calculated in wet mass (wet mass = dry mass divided by 5)
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addition, the mean metal concentrations found in our
study were compared with global literature on metal
levels in muscles of different freshwater crayfish species
summarized by Kouba et al. [29] (Table 6). The mean
values of Cd found in our study were lower than those
in crayfish from Terkos [30] and Yenicaga [33] lakes in
Turkey, Iran [31], and Czech Republic [32], while Cr
value was higher than those in crayfish from Yenicaga
[33] and Kovada [34] lakes in Turkey, Iran [31],
Czech Republic [32], Lithuania [35], and Sweden [36].
The mean value of Cu was higher than those in crayfish
from Kovada Lake in Turkey [34], Sweden [36], and
Lithuania [35], while it was lower than those in crayfish
from Lake Terkos in Turkey [30], Iran [31], and
Czech Republic [32]. Fe and Mn values were below the
values reported for crayfish from Lake Terkos in Turkey
[30], while they were above the values in crayfish from
Lake Kovada in Turkey [34]. Nickel value was lower than
that reported from Lake Kovada in Turkey [34]. However,
it was higher than those reported from Czech Republic
[32], Sweden [36], and Lithuania [35]. Lead concentration
in our study was lower than those reported from
Czech Republic [32] and Yenicaga Lake in Turkey [33],
while it was higher than those reported from Iran [31],
Sweden [36], and Kovada [34] and Terkos [30] lakes in
Turkey. Zinc value was lower than those in crayfish from
Iran [31] and Czech Republic [32], while it was higher
than those reported from Kovada Lake in Turkey [34],
Sweden [36], and Lithuania [35] (Table 6). There were
only few studies reporting As concentrations in freshwater
crayfish. Arsenic concentration (mean = 98.3 μg kg−1 wet
weight) obtained in our study was lower than those in
crayfish (Procambarus clarkii) collected from China
(mean = 253 μg kg−1 wet weight [37]), Italy (median =
364 μg kg−1 wet weight [38]), and Spain (range = 320–
1700 μg/kg wet weight [39]). In addition, As value in our
study was below that in crayfish (Astacus astacus) from
Sweden [36]. In the present study, the mean concentra-
tions of Cd, Cr, Pb, and Zn were between global concen-
tration ranges reported by Kouba et al. [29], while Ni
concentration was higher than global concentration ranges
for Ni (Table 6). In addition, the average values of As,
Cd, Cu, Pb, and Zn determined in A. leptodactylus in our
study were lower than those of a previous study carried
out in Keban Dam Reservoir [12] (Table 6).

Metal Sources for Mussels and Crayfish

When compared with previous studies (Tables 5 and 6),
our results indicated that high concentrations of As, Cd,
Co, Cr, and Ni in mussels and Cr and Ni in crayfish were
observed. The primary source of these metals in mussels
and crayfish can be lithogenic (natural) sources. Kalender

and Uçar [40] reported that the KDR region is one of the
most important base metal deposits in Turkey. Therefore,
mussels and crayfish can be exposed to elevated levels of
heavy metals from sediments, because both organisms are
in physical contact with aquatic sediments [41, 42]. The
second source of them can be anthropogenic activities,
such as rainbow trout cage farms, ferry crossings, waste-
water from leather factory, and agricultural activities
(Fig. 1). In our study, mussels with the highest total mean
concentrations of ten elements were collected at sites A7
(197.3 mg kg−1) and A11 (175.0 mg kg−1), where many
rainbow trout cage farms are located. Crayfish with the
highest total mean concentration was collected at site A9
(55.8 mg kg−1), which receives wastewater from leather
factory.

Essential and Non-essential Metals in Mussels
and Crayfish

A. leptodactylus has a long lifespan up to 20 years and eats a
varied diet.U. e. eucirrus belonging to the Unionidae family is
a sedentary filter feeder. It can concentrate particulate-
associated trace metals. It is reported that Unionid mussels
and A. leptodactylus are good indicators of heavy metal pol-
lution in aquatic environments [7, 43]. In this study, As, Cd,
Cr, Fe, Mn, Ni, and Pb concentrations were higher in mussels,
while Co, Cu, and Zn concentrations were higher in crayfish.
As, Cd, and Mn levels found in mussels were nine times
higher in relation to As, Cd, and Mn levels in crayfish.
However, Cu level in crayfish was nine times higher in rela-
tion to Cu level in mussels. These resulted indicated that U. e.
eucirrus can be a good indicator of As, Cd, and Mn contam-
ination, while A. leptodactylus can be a good indicator of Cu
contamination in the KDR.

Zn, Cu, Fe, and Mn are essential elements. The essen-
tial elements were more abundant than non-essential ele-
ments in mussels and crayfish. Among the essential ele-
ments, Fe, Mn, and Zn had the highest mean concentra-
tions in mussels, respectively, while Zn, Fe, and Cu had
the highest mean concentrations in crayfish, respectively.
Essential elements are easily assimilated by mussels and
crayfish and are needed in physiological functions. In ad-
dition, essential elements can be regulated by mussels and
crayfish until a certain threshold level [7, 10]. However,
they can also cause harmful effects at high concentrations.
Conversely, non-essential elements such as Cd, As, and
Pb are not regulated by the living organisms. Among the
non-essential elements, As was the most abundant ele-
ment in mussels and crayfish. Non-essential elements tend
to be detoxified by metallothioneins and stored in tissues
of mussels and crayfish, becoming harmful elements to
organisms [10, 11].
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Bioconcentration Factor

A metal is considered to be not bioaccumulative if its
bioconcentration factor (BCF) value is less than 1000,
bioaccumulative if its BCF value is between 1000 and
5000, and very bioaccumulative if its BCF value is greater
than 5000 [44]. The calculated BCF values of trace metals
in mussels and crayfish are presented in Table 7. BCF
values of Fe and Mn in mussels were higher than 5000,
which indicates that these elements are considered very
bioaccumulative. BCF values of Cd and Zn in mussels
and Co, Cu, Fe, and Zn in crayfish were between 1000
and 5000, which indicates that these elements are consid-
ered bioaccumulative. These results revealed that U. e.
eucirrus has potential to bioaccumulate Fe, Mn, Cd, and
Zn elements, while A. leptodactylus has potential to
bioaccumulate Co, Cu, Fe, and Zn elements. However,
BCF values of As, Co, Cr, Cu, Ni, and Pb in mussels
and As, Cd, Cr, Mn, Ni, and Pb in crayfish were less than
1000, which indicates that mussels and crayfish have no
potential to accumulate them (Table 7).

Conclusions

In the present study, the concentrations of ten metals in mus-
sels (U. e. eucirrus) collected from 11 sampling sites and
crayfish (A. leptodactylus) collected from 5 sites in the
Keban Dam Reservoir were determined. The concentrations
of all trace metals except As in mussels did not display statis-
tically significant differences among the sampling sites.
Significant seasonal variations were observed in metal con-
centrations in mussels and crayfish. The levels of trace metals
in crayfish and mussels were below the MPLs determined by
international food standards. As, Cd, Cr, Fe, Mn, Ni, and Pb
concentrations were higher in mussels, while Co, Cu, and Zn
concentrations were higher in crayfish. Lithogenic sources
and anthropogenic activities are important contributors of
metal contamination. Because BCF values of Fe, Mn, Cd,
and Zn in mussels and Zn, Cu, Fe, and Co in crayfish were
> 1000, U. e. eucirrus and A. leptodactylus have potential to
bioaccumulate these metals. Therefore, attention should also
be paid to the roles of mussels and crayfish as vectors of
pollutants, as these organisms can transfer these metals to
higher trophic levels.
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