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Abstract
This study represents the first attempt to assess genotoxicity and cytotoxicity effects in herring (Clupea harengus membras),
flounder (Platichthys flesus), and cod (Gadus morhua callarias) caught at 47 study stations, located close to chemical munition
dumpsites in the Gotland Basin, the Baltic Sea. Herring sampled from stations located in the center of chemical munition
dumpsites exhibited the highest levels of micronuclei (MN) and total genotoxicity (ΣGentox), which is defined as the sum of
frequencies of such nuclear abnormalities as micronuclei, nuclear buds, nuclear buds on the filament, and bi-nucleated erythro-
cytes with nucleoplasmic bridges. Exceptionally high and high ΣGentox risks were determined for flounder (89.47%), herring
(79.31%), and cod (50%) caught at the stations located close to the chemical munition dumpsites.
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Introduction

After WWI and WWII, about 50,000 tons of the accumulated
chemical weapons (CWs) was dumped in the Baltic Sea
(Vanninen et al. 2020) near Bornholm Island (32,000 tons),
in the Little Belt (5000 tons), and in the Gotland basin (2000
tons) (CHEMSEA Findings 2014). Allegedly, the CWs,
which contained about 15,000 tons of chemical warfare agents
(CWAs), were thrown overboard either as loose items

(bombs, shells) or within containers (HELCOM 2013;
CHEMSEA Findings 2014; Nawała et al. 2020). The CWs
includedmunitions, which weremainly filled with sulfur mus-
tard (63%, or 80% according to Knobloch et al. 2013) and
phenylarsenic CWAs such as Clark I (diphenylchloroarsine,
DA), Clark II (diphenylcyanoarsine, DC), Adamsite (10-
chloro-5H-phenarsazinine, DM), α-chloroacetophenone
(5%), and arsine oils (HELCOM 2013; Niemikoski et al.
2 020b ) . A r s i n e o i l i s a t e c hn i c a l m i x t u r e o f
phenyldichloroarsine (PDCA; 50%), Clark I (35%),
trichloroarsine (TCA; 5%), and triphenylarsine (TPA; 5%)
(Missiaen et al. 2010).

The exploration of the official chemical munition dumping
area near Gotland Island revealed the presence of large
amounts of discarded waste material (marine litter)
(CHEMSEA Findings 2014). The dumpsite located in the
southern part of the Gotland Basin covers an area of about
330 km2. The Gotland Deep dumpsite area, with depths rang-
ing from 103 to 122 m, is the deepest one in the Baltic Sea
(seabed depths in the Bornholm Basin vary from 92 to 101 m;
in the Gdańsk Deep from 95 to 108 m) (Czub et al. 2018).
Two thousand tons of CWs, containing approximately 1000
tons of the CWAs payload, was transported and dumped in the
southern part of the Gotland Basin, where sea depths range
from 70 to 120 m (Knobloch et al. 2013). The chemical
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munitions dumped in the Gotland Deep area contained the
following chemical warfare agents: sulfur mustard (yperite),
α-chloroacetophenone (CN), such arsenic-containing com-
pounds as Clark I, Clark II, Adamsite, and arsine oils
(HELCOM 2013). The above-mentioned dumped items
contained ca. 930 t of such agents as sulfur mustard (580 t)
and arsenicals (294 t) (Bełdowski et al. 2018). Clark I, Clark
II, and sulfur mustard gas can pose serious threat to the envi-
ronment due to their high toxicity and slow hydrolysis and,
also, due to the toxicity of their decomposition substances
(Bełdowski et al. 2018). Hydrolysis products of Clark I and
Clark II (Francken and Hafez 2009) as well as those of nitro-
gen mustard gas and sulfur mustard gas (Bełdowski et al.
2018) are reported to be as toxic as their parent compounds
and to pose the same long-term hazards to marine organisms
as the latter. Studies into acute aquatic toxicity of sulfur mus-
tard and into that of its six degradation products revealed that
two of them, i.e., 1,2,5-trithiepane and 1,4,5-oxadithiepane,
are more toxic than the parent compound (Czub et a., 2020).
Analysis of seabed sediments sampled from the dumpsites
under study showed the presence of such CWA-related sub-
stances as yperite (Tørnes et al. 2006; Della Torre et al. 2010,
2013), mercury (Della Torre et al. 2010; Bełdowski et al.
2019), arsenic-containing substances (Tørnes et al. 2006;
Czub et al. 2018), 2,4,6-trinitrotoluene (TNT) (Appel et al.
2018), and hexahydro-1,3,5-trinitro-1,3,5-trazine (RDX)
(Ariyarathna et al. 2019) as well as the presence of their hy-
drolysis products. This fact proves that toxic compounds are
leaking out from the dumpedmunitions and are contaminating
the environment. In addition, increased concentrations of mer-
cury were detected in the liver of herring, flounder, and cod
collected from the southeast of Gotland (ICES 2000), suggest-
ing the presence of unexploded munitions containing mercu-
ry, i.e., bombs and shells, therein (Della Torre et al. 2010).
According to Gledhill et al. (2019), CWAs are rarely detected
in the marine zones, which were affected by unexploded mu-
nitions or where munitions were dumped, and this fact can be
explained by the slow release of CWAs from dumped muni-
tions into seawater and their rapid removal from therein. As a
result, it sometimes happens that in the sediments or in the
water sampled from CWA disposal sites, no CWAs are de-
tected. The above-mentioned study emphasized the necessity
for developing a highly sensitive method for detecting these
compounds in the marine environment, as CWAs may leak
from corroded munitions to the surrounding environment and
their compounds may accumulate in marine biota producing
harmful biological effects (Baršienė et al. 2014).

Over time, due to erosion, metallic mantles of munitions
and bulk containers rust and their integrity is breached. As a
result, CWAs leak into the marine environment. The muni-
tions that have been retrieved since 1992 were found to be
strongly corroded or empty (Sanderson and Fauser 2015). The
rate, at which different types of bombshells corrode,

approximates to 0.05–0.575 mm/year (Sanderson et al.
2008). However, moderate stirring and seawater currents can
increase it fourfold (Diaz and Rosenberg 2008). Emissions of
yperite (> 6000 tons) are expected to reach their peak approx-
imately 125 years after dumping (Sanderson et al. 2008).
However, results of chemical and electrochemical estimation
of corrosion processes indicate that toxic agents and explo-
sives are likely to be released from the dumped munitions into
the marine environment earlier than expected (Cybulska et al.
2019). After discharge, spilled chemicals may enter sediment
sorption/desorption processes and become widespread due to
hydrological processes and anthropogenic activities
(HELCOM 2013; CHEMSEA Findings 2014). In terms of
avoiding threat to the marine ecosystem, the hydrological con-
ditions in the Gotland Basin area, which are characterized by
weak near seafloor currents and somewhat stable water strat-
ification, seem to bemore suitable for the disposal of chemical
weapons (MERCW 2006).

The accumulation of CWAs in living organisms, their
intervention in enzyme-controlled reactions, and their po-
tential to cause genetic changes have not been sufficiently
elucidated (Baršienė et al. 2016). However, recent re-
search provides evidence that CWA-related phenyl arse-
nic chemicals accumulate in marine biota (Niemikoski
et al. 2017). Fish are generally considered to be suitable
bioindicators of environmental genotoxicity because of
their susceptibility to low concentrations of genotoxic
substances possibly present in chronically polluted areas
(Schiedek et al. 2006; Kopecka et al. 2006; Nahrgang
et al. 2010; Della Torre et al. 2010, 2013). Having in
mind the continuous intake of contaminants through water
and food by fish, it seems reasonable to consider fish
particularly sensitive to arsenic compounds released from
CWs (Bears et al. 2006). However, the Baltic Sea also
suffers from a high load of other genotoxins, including
heavy metals, polycyclic aromatic hydrocarbons,
alkylphenols, and organic pollutants (Ricking and Schulz
2002; Pikkarainen 2004; Zalewska et al. 2015; Graca
et al. 2016; HELCOM 2018). Therefore, interactions be-
tween CWA compounds and other substances may occur
bringing about unpredictable genetic effects in marine or-
ganisms (Baršienė et al. 2016).

The data available on the biological effects of CWAs on
aquatic biota are limited. Strong responses of genotoxicity and
cytotoxicity endpoints were determined in blood cells of
flounder (Platichthys flesus), herring (Clupea harengus), and
cod (Gadus morhua) collected from the southern part of the
Baltic Sea (Baršienė et al. 2014). The cod individuals sampled
from the Bornholm CWA dumpsite area were in poor health
as evidenced by their genotoxicity biomarkers, the diagnosed
lysosomal membrane stability, and head kidney pathology,
which can be linked to the adverse effects of CWA exposure
(Bełdowski et al. 2016; Lang et al. 2018). The fish caught near
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the Southern Adriatic Sea dumping site displayed stress re-
sponses indicating negative genetic and histopathological
damage inflicted by organoarsenic-containing CWA com-
pounds (Della Torre et al. 2010, 2013). Acute toxicity thresh-
old values of CWAs (Lewisite, Adamsite, Clark I,
phenyldichloroarsine (PDCA)), CWA-related compounds
(TPA, arsenic trichloride), and four arsenic-based CWA deg-
radation products were estimated for aquatic organisms using
Daphnia magna (Czub et al. 2021). Atlantic hagfish (Myxine
glutinosa) sampled from the Skagerrak dumpsite area exhib-
ited biochemical and histopathological lesions that might have
been inflicted by CWAs (Ahvo et al. 2020; Straumer et al.
2020). Even the lowest concentrations of the oxidized CWA
forms such as Clark I, Adamsite (DAox and DMox), and
chloroacetophenone were found to induce adverse effects (cy-
totoxic, immunotoxic, and oxidative stress) on mussel tissues
(Mytilus trossulus) (Höher et al. 2019). Significant cytogenet-
ic, biochemical, histochemical, and bioenergetic responses
were determined in mussels (M. trossulus) caged at the main
Bornholm dumping site; however, no direct evidence was
gathered to confirm that these responses were elicited by ex-
posure to CWAs, because there were no primary degradation
products of CWAs (phenarsazinic acid, diphenylarsinic acid,
and triphenylarsine oxide) detected in mussel tissues
(Lastumäki et al. 2020). The study by Niemikoski et al.
(2020b) is the first one to provide information on the bioac-
cumulation of CWA-related compounds in cod (G. morhua)
sampled from the Bornholm Basin in the Baltic Sea.

The main objectives of our long-term (2011–2017) envi-
ronmental monitoring studies were (1) to evaluate environ-
mental genotoxicity and cytotoxicity levels in three most com-
monly occurring and commercially important fish species
(herring (Clupea harengus membras), flounder (Platichthys
flesus), and Atlantic cod (Gadus morhua callarias))
inhabiting the chemical munition dumping site located in the
Gotland Basin in the Baltic Sea and (2) to assess environmen-
tal genotoxicity risk (based on biomarker responses to envi-
ronmental contaminants exceeding the background and
threshold levels set for different fish species) and to map ge-
netic risk levels existing in different zones of the Gotland
Basin.

Materials and methods

Sampling of fish

For the environmental genotoxicity and cytotoxicity assess-
ment, herring (C. harengus membras), flounder (P. flesus),
and cod (G. morhua callarias) specimens were collected from
March 2011 to March 2017 from 47 study stations located in
the Gotland Basin of the Baltic Sea (Fig. 1). Fishing for floun-
der was carried out at the reference station 6b (November

2011), for herring and cod at the reference station BP3
(December 2003).

Samples were obtained from fish research catches made by
the Polish RV “Baltica” and German RV “Walther Herwig
III” using standard bottom or pelagic small-meshed trawls.
The list of fish sampling stations with geographic coordinates,
fishing depth, and hydrological parameters such as seawater
temperature, salinity, and oxygen concentration are presented
in Table 1.

Peripheral blood samples were collected from 288 her-
ring (29 stations), 205 flounder (19 stations), and 112 cod
specimens (12 stations). Most of the study stations were
located close to the known Gotland CWA dumpsites.
Study stations 1e, B14/35-37, B14/49, and B14/50 were
in the chemical munition dumping zone. The group of
stations in the eastern Gotland Basin were in the area,
where warfare agent–related substances were detected in
sediment (CHEMSEA Findings 2014). The dates of sam-
pling surveys, study stations, and numbers of collected
fish specimens are presented in supplement 1: Table 1.

Sample preparation and analysis

A drop of blood taken directly from the caudal vein of each
fish with a heparinized syringe was smeared on a micro-
scopic slide and air-dried. Dried smears were fixed in
methanol for 10 min and stained with 5% Giemsa solution
in phosphate buffer (pH = 6.8) for 8 min. The stained slides
were analyzed under bright-field microscopes Olympus
BX51, or Nikon eclipse 50i at final magnification of
×1000. Blind scoring of nuclear abnormalities (NAs) was
performed on coded slides. For each studied fish specimen,
4000 intact erythrocytes were analyzed. The results were
expressed as the mean value (‰) of sums of the analyzed
individual lesions scored in 1000 cells per fish collected
from every study station.

The levels of eight nuclear abnormalities (NAs) were
examined as endpoints of environmental genotoxicity and
cytotoxicity in fish blood cells. Induction of micronuclei
(MN), nuclear buds (NB), nuclear buds on filament (NBf),
and bi-nucleated erythrocytes with nucleoplasmic bridges
(BNb) was assessed as genotoxicity endpoints, and induc-
tion of fragmented (Frag), apoptotic (Apop), bi-nucleated
(BN), and 8-shaped nuclei erythrocytes as cytotoxicity
endpoints (Fig. 2). Nuclear abnormalities were identified
using criteria described by Fenech et al. (2003), Baršienė
et al. (2014). Due to low frequencies of Apop and Frag
erythrocytes, their induction was shown as a sum of both
responses (FA). The total genotoxicity (ΣGentox) and total
cytotoxicity (ΣCytox) levels were assessed as the sum of
frequencies of the analyzed genotoxicity (MN+NB+NBf+
BNb) and cytotoxicity (FA+BN+8-shaped) endpoints.
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Environmental genotoxicity risk assessment in fish

Assessment of genotoxicity risk at each of the 47 studied
stations was done based on the calculated background
(BAC) of the total ΣGentox level in specimens of flounder
(<0.40‰ MN+NB+NBf+BNb/1000 erythrocytes), herring
(<0.85‰ MN+NB+NBf+BNb/1000 erythrocytes), and cod
(<0.55‰ MN+NB+NBf+BNb/1000 erythrocytes) (Baršienė
et al. 2012c). The BAC level of ΣGentox frequencies was
calculated in the same way as that of micronuclei, following
the methodology presented in the ICES background document
for genotoxicity assessment in marine organisms (Baršienė
et al. 2012a).

The empirical 90% percentile (P90) was determined in
the specimens of flounder, herring, and cod collected dur-
ing the 2001–2010 period from the reference sites
Kvädöfjärden, Palanga, Łeba, and Pärnu, precisely, from
study stations 1a-1, 2a-1, and 2b-1 in the Gulf of Finland,
B03/45, B03/46, B11/03, B11/04, and SFI4/06 in the
southern Baltic Sea. These zones are characterized by
the absence of known local sources of contamination
and by the absence of urban or industrial activity impact.
The study stations were grouped as risk groups according
to genotoxicity levels, using a 4-grade scale, i.e., low
(reference), increased (background, ≥P90), high (thresh-
old, ≥P99), and extremely high risk (over threshold)
levels. In general, the elevated ΣGentox frequency is

above the P90 percentile, whereas most values below
P90 are attributable to the individuals that are unexposed,
weakly exposed, non-responding, or adapted to stressful
conditions. In addition, genotoxicity risk at the study sta-
tions was evaluated based on the frequency of ΣGentox
exceeding its BAC value, using the following 5-grade
scale:

a) Low level: if ΣGentox frequencies were found to be
higher than the background level in 0.0–19% of the ex-
amined fish specimens

b) Moderate: if higher ΣGentox frequencies were found in
20–39% of the specimens examined

c) Increased: if higher ΣGentox frequencies were deter-
mined in 40–59% of the specimens

d) High: if higher ΣGentox frequencies were found in 60–
79% of the specimens

e) Exceptionally high: if higher ΣGentox frequencies were
recorded in 80–100% of the fish specimens examined
(Baršienė et al. 2012c)

At each of the study stations, reference, background, and
threshold levels of genotoxicity risk in studied fish species
were mapped in the GIS system using the program ArcGIS
Desktop and the ArcMap application. The geographical coor-
dinate system: GCS WGS 1984, projection: Mercator was
used.

Fig. 1 Location of sampling stations in the Gotland Basin of the Baltic Sea
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Table 1 The list of fish catch-stations and measurements of hydrological parameters in the Gotland Basin of the Baltic Sea (data from the surveys
performed by RV “Baltica” and RV “Walther Herwig III” (on B stations))

Study stations Latitude Longitude Depth of trawling
(m)

Temperature at the bottom
(°C)

Salinity at the bottom
(PSU)

O2 concentration at the bottom
(mg/L)

BP3 55°42.62′
5

20°29.24′ 48 7.48 7.20 6.50

17LV 56°38.30′ 20°42.80′ 44 0.17 7.15 9.44

25LV 56°28.00′ 20°12.40′ 82 5.69 10.37 3.30

6b 54° 53.80′ 18°13.60′ 25 6.97 7.17 7.78

2c 56°00.8′ 18°10.0′ 41 5.51 7.26 7.80

3c 56°16.4′ 19°42.9′ 72 4.69 9.05 1.95

6c 56°37.1′ 20°40.7′ 42–44 7.33 7.05 7.93

14c 56°58.2′ 20°24.8′ 88 5.70 9.54 1.89

19c 56°23.3′ 18°32.6′ 54 4.15 8.74 2.63

3h 56°23.0′ 20°09.4′ 73 12.60 7.15 7.15

B14/29-30 56°09.42′ 18°28.14′ No data No data No data No data

B14/35-37 55°56.7′ 18°52.4′ No data No data No data No data

B14/49 56°01.95′ 18°52.46′ No data No data No data No data

B14/50 56°02.39′ 18°47.28′ No data No data No data No data

6h 56°43.3′ 19°01.9′ 153 10.90 6.94 7.11

1k 56°11.50′ 19°27.10′ 102 4.63 9.68 1.94

12k 56°39.80′ 20°44.30′ 43 8.05 7.14 7.45

13k 56°37.1′ 20°42.6′ 39 7.99 7.17 7.52

20k 56°27.10′ 18°40.10′ 80 4.96 9.56 1.05

20p 56°56.6′ 20°23.3′ 87–83 4.99 9.67 1.33

12t 57°06.7′ 20°25.1′ 127 4.54 9.12 1.71

14v 56°37.6′ 20°42.8′ 39 6.49 6.91 7.90

15v 56°38.6′ 20°44.7′ 41 6.58 6.87 7.91

16v 56°38.9′ 20°35.2′ 62 6.36 6.93 7.85

3y 56°32.3′ 20°15.7′ 91 5.01 10.21 1.02

5y 56°24.60′ 20°06.20′ 77 4.31 9.42 3.64

7y 56°07.8′ 19°53.7′ 62 4.48 10.13 3.30

1e 56°08.4′ 19°04.5′ 52 9.06 5.13 5.21

1A 56°09.40′ 19°35.70′ 64 No data No data No data

31B 55°51.8′ 18°44.1′ 110 No data No data No data

1C 56°09.0′ 19°35.7′ 64 No data No data No data

6C 56°21.0′ 19°51.0′ 79 No data No data No data

20C 56°58.2′ 20°24.5′ 85 No data No data No data

2G 56°06.2′ 19°47.7′ 53 5.76 7.34 6.72

11G 57°00.1′ 19°12.5′ 170 4.74 8.37 4.18

3L 56°07′ 8 19°53′ 7 63 8.09 7.17 7.38

5L 56°19.5′ 19°33.5′ 117 6.12 11.56 1.82

14L 56°40.2′ 20°44.7′ 44 8.03 7.18 5.43

1N 56°10.8′ 19°26.0′ 103 6.56 11.7 1.75

22N 56°22.3′ 19°52.2′ 85 5.82 10.43 2.17

1R 56°11.1′ 19°26.7′ 102 6.66 11.22 1.92

12R 56°40.4′ 20°44.8′ 43 6.83 7.32 8.14

20T 56°56.4′ 20°23.5′ 83 6.13 10.10 2.78

22T 56°37.6′ 20°43.1′ 36 3.17 7.23 8.43

25T 56°26.1′ 20°05.2′ 82 6.80 11.02 2.49

26T 56°23.7′ 20°05.9′ 74 3.56 7.30 9.01
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Statistical analysis

The statistical analysis was carried out using the GraphPad
Software Inc., San Diego, CA, USA (Prism® 5.01), statistical
package. Since geno- and cytotoxicity data did not follow a
normal distribution (Kolmogorov-Smirnov test and Shapiro-
Wilk test), the non-parametric Mann-WhitneyU test was used
to compare NA frequencies among the study stations. The
results were expressed as mean ± standard error of the mean
(SEM). Bonferroni correction was used to adjust the signifi-
cance level (Vickerstaff et al. 2019).

Results

Environmental genotoxicity and cytotoxicity levels in
herring

The level ofΣGentox in herring varied from 0.75‰ at station
15v (December 2013) to 13.13‰ at station 1e (October 2014).
ΣGentox levels (values above 3‰) were recorded in herring
caught at station 1e (13.13‰), which is located at the CWA
dumpsite, and at stations 19c (7.2‰) and 1R (3.25‰) that are
located near it (Fig. 3). ΣGentox values above 1‰ were also
recorded in fish collected from 24 out of 29 stations (Table 2).

The levels ofΣCytox varied from 0.10‰ at stations 20k to
1.60‰ at station 19c (Fig. 3).ΣCytox values above 1‰ were
recorded in fish collected from stations 19c (December 2011)
and 1e (October 2014) (Table 2). In herring sampled from
station 1e, which is located in the center of the Gotland
CWA dumpsite zone C, ΣCytox levels were found to be

significantly higher than those recorded in herring sampled
from the reference station 6b. In herring sampled from all
the stations, the level ofΣGentox was found to be higher than
that of ΣCytox (Fig. 3).

A separate analysis of nuclear abnormality responses in
herring showed that MN values varied from 0.23‰ (at sta-
tions 3h and 6b) to 12.05‰ (at station 1e). The MN level in
herring caught at study station 1ewas found to be significantly
different from that determined at the reference station (supple-
ment 1: Fig. 1). An exceptionally high MN frequency was
recorded at station 19c (4.08‰). The frequencies of NB+
NBf varied from 0.50‰ at station 22T to 3.05‰ at station
19c. High NB+NBf values were recorded at stations 1R
(2.80‰) and 25LV (2.01‰). NB+NBf values above 1‰were
found in herring caught at 12 out of the 29 stations studied
(supplement 1: Fig. 1). The frequencies of FA erythrocytes
varied from 0.03‰ at stations 2G and 11G to 0.70‰ at station
19c. FA erythrocytes were not detected in fish sampled from
stations 22N, 12R, and 22T (supplement 1: Fig. 1).

Environmental genotoxicity and cytotoxicity levels in
flounder

The levels of ΣGentox in peripheral blood erythrocytes of
flounder varied from 0.07‰ at the reference station BP3
(December 2003) to 2.57‰ at station 17LV (March 2011)
(Fig. 4). The highest ΣGentox values above 1‰ were record-
ed in flounder at 10 out of 19 study stations (Table 2).

The levels ofΣCytox in flounder varied from 0.05‰ at the
reference station BP3 to 1.13‰ at station 19c (located close to
the CWA dumpsite). At two stations (19c and 6c), ΣCytox

Table 1 (continued)

Study stations Latitude Longitude Depth of trawling
(m)

Temperature at the bottom
(°C)

Salinity at the bottom
(PSU)

O2 concentration at the bottom
(mg/L)

28T 56°07.9′ 19°53.4′ 62 3.58 7.26 7.55

Fig. 2 Nuclear abnormalities in
peripheral blood: a erythrocyte
with micronucleus (MN) in
flounder, b erythrocyte with nu-
clear bud (NB) in herring, c
erythrocyte with nuclear bud on
filament (NBf) in herring, d a bi-
nucleated erythrocyte with nucle-
oplasmic bridge (BNb) in floun-
der, e fragmented (Frag) erythro-
cyte in herring, f apoptotic (Apop)
erythrocyte in cod, g 8-shaped
nuclei erythrocyte in flounder, h
bi-nucleated (BN) erythrocyte in
herring
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levels in flounder were found to exceed 1.0‰ (Table 2). In
general, ΣGentox responses in flounder were higher than
ΣCytox responses, except for the fish collected from stations
19c, 20p, 20C, and 26T. At 17 studied stations (except station
20p), ΣGentox levels in flounder significantly differed from
those recorded at the reference station BP3. The levels of
ΣCytox in fish sampled from 15 studied stations (except sta-
tions 25LV, 14v, and 12R) significantly differed from those at
the reference station BP3 (Fig. 4).

The performed response analys is of separa te
genotoxicity biomarkers revealed low induction of MN in
flounder collected from the reference station BP3 (0.06‰).
The highest values of MN frequency were recorded in
flounder caught at stations 25LV (1.20‰), 3c (0.90‰),
31B (0.85‰), 1N (0.83‰), 17LV (0.74‰), and 1C
(0.70‰). The induced MN frequency was statistically sig-
nificant at 13 stations (except for stations 3c, 20p, 14v,
20T, and 26T) compared to that estimated at the reference
station. Nuclear bud (NB+NBf) frequencies in flounder
from all study stations differed statistically significantly
from those at the reference station (supplement 1: Fig. 2).

The frequency of fragmented-apoptotic (FA) erythrocytes
in flounder varied from 0.02‰ at the reference station BP3 to
0.28‰ at station 20p. At two stations (14v and 1R), FA was
not recorded at all. Statistically significantly increased fre-
quencies of FA were observed in flounder at two stations
(31B and 20C) (supplement 1: Fig. 2).

Environmental genotoxicity and cytotoxicity levels in
cod

The levels of ΣGentox in cod varied between 0.13‰ at the ref-
erence station BP3 (December 2003) and 1.13‰ at station 20T
(March 2017). TheΣGentox levels above 1‰were found in cod
at station 20T (1.13‰) (Table 2). The ΣGentox levels recorded
in cod at most study stations (except stations 16v and 6C) signif-
icantly differed from those at the reference station BP3 (Fig. 5).
The ΣGentox levels higher than ΣCytox levels were recorded at
most study stations (except three stations B14/29-30, B14/49, and
B14/50). The levels of ΣCytox varied from 0.13‰ at the refer-
ence station BP3 to 1.01‰ at station B14/29-30 (May 2012).
ΣCytox levels above 1‰ were found in cod at station B14/29-

Table 2 Gradients of genotoxicity responses in herring collected from different stations (data are presented only for the study groups showing
genotoxicity responses above 3.0, 2.0, and 1.0 for the measured NA/1000 erythrocytes,‰)

Biomarker Values over Gradient of responses per stations

Herring

ΣGentox 3.0 (3 stations) 1e (13.13) > 19c (7.20) > 1R (3.25)

MN 3.0 (2 stations) 1e (12.05) > 19c (4.08)

NB+NBf 3.0 (1 station) 19c (3.05)

ΣGentox 2.0 (6 stations) 25LV (2.59) > 14c (2.35) > 20C (2.30) > 17LV (2.25) > 12k (2.05) > 20k (2.03)

NB 2.0 (1 station) 1R (2.43)

NB+NBf 2.0 (2 stations) 1R (2.80) > 25LV (2.01)

ΣGentox 1.0 (15 stations) 5L (1.93) > 6c (1.90) > 2c (1.85) > 1k = 28T (1.83) > 1C (1.75) > 20p (1.67) >
3c (1.60) > 1A (1.30) > 5y = 22T (1.28) > 6h (1.23) > 2G (1.07)> 12R = 12t (1.03)

ΣCytox 1.0 (2 stations) 19c (1.60) > 1e (1.08)

MN 1.0 (2 stations) 20C (1.20) > 20p (1.05)

NB 1.0 (5 stations) 25LV (1.67) > 17LV (1.35) > 19c (1.25) > 5L (1.13) > 1e (1.08)

NBf 1.0 (2 stations) 19c (1.80) > 14c (1.03)

NB+NBf 1.0 (12 stations) 17LV (1.82) > 14c (1.68) > 1C (1.58) > 2c = 12k = 20k (1.53) > 6c = 1e (1.35) >
3c = 1k (1.33) > 5L (1.30) > 20C (1.03)

Flounder

ΣGentox 2.0 (1 station) 17LV (2.57)

MN 1.0 (1 station) 25LV (1.20)

NB 1.0 (1 station) 17LV (1.74)

NB+NBf 1.0 (1 station) 17LV (1.74)

ΣGentox 1.0 (10 stations) 25LV (1.81) > 3c = 31B (1.58) > 13k (1.36) > 1N (1.28) > 1C (1.15) >
12R (1.06) > 6c (1.05) > 3y (1.03) > 19c (1.01)

ΣCytox 1.0 (2 stations) 19c (1.13) > 6c (1.03)

Cod

ΣGentox 1.0 (1 station) 20T (1.13)

ΣCytox 1.0 (1 station) B14/29-30 (1.00)
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30 (1.01‰) (Table 2). At two (14L, 20T) out of 12 study stations,
ΣCytox levels in cod were found to be statistically significantly
higher than at the reference station BP3 (Fig. 5).

The highest frequencies of MN were estimated at stations
7y and 20T (0.43‰, respectively). Significantly increased fre-
quencies of MN were detected in blood erythrocytes of cod
specimens at stations 7y, 14L, 20T, and 25T. The highest level
of NB+NBf was recorded at station 22N (0.73‰). Statistically
significantly higher levels of both nuclear buds (NB+NBf)
than those at the reference station BP3 were detected in fish
from eight (B14/35-37, B14/49, B14/50, 7y, 14L, 22N, 20T,
25T) out of 12 study stations. The level of FA erythrocytes in
cod varied between 0.05‰ at station 16v and 0.31‰ at station
B14/29-30. FA did not show significantly elevated levels in
cod (supplement 1: Fig. 3).

Comparison of cytogenetic damage among fish
species

The analysis of genotoxicity and cytotoxicity responses in
different fish species caught at the same study stations showed
that at 8 out of 12 study stations, ΣGentox responses in her-
ring were higher than those in flounder or cod. HigherΣCytox
responses in herring than in flounder or cod were determined
at 6 out of 12 studied stations (Table 3).

Her, herring; Fl, flounder
High ΣGentox values (above 1‰) were found in herring at

all 10 study stations, in flounder at 7 stations out of the 9 studied,
in cod at 1 out of the 2 stations studied (Fig. 6). High ΣCytox
levels (values above 1‰) were determined in flounder at stations
6c and 19c, in herring at station 19c. Statistically significant

Fig. 3 Levels of ΣGentox and ΣCytox in herring specimens collected
from 28 study stations in 2011–2017 and in those collected from the
reference station 6b in November 2011 (the axis X). The square root scale
was used because of high ΣGentox values recorded in herring at station

1e (13.13‰) and 19c (7.02‰). Data are represented as mean ± SEM.
Asterisks (*) indicate significant differences from the control station
(Mann-Whitney U test); * p < 0.002

Fig. 4 ΣGentox andΣCytox levels in flounder specimens collected from
18 study stations in 2011-2017 and from the reference station BP3 in
December 2003 (the axis X). Data are represented as mean ± SEM.

Asterisks (*) indicate significant differences from the control station
(Mann-Whitney U test); *p <0.003
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differences betweenΣGentox responses of herring and flounder
were observed at four stations (19c, 1C, 20C, and 1R).

Environmental genotoxicity risk assessment in fish

The performed assessment of environmental ΣGentox in fish
from the study stations in the Gotland Basin revealed that
genotoxicity risk levels at 37 out of the 47 studied stations
varied from exceptionally high to high. Herring was found
to be exposed to an exceptionally high and high genotoxicity
risk at 23 out of the 29 (79.31%), flounder at 17 out of the 19
(89.47%), and cod at 6 out of the 12 stations studied (50.00%).
Increased genotoxicity risk to herring was determined at 4
stations, to flounder at 1, and to cod also at 1 station. Low or
moderate genotoxicity risk to cod was recorded at 5 stations,
to herring at 2 stations, and to flounder at 1 station (Fig. 7).

The analysis ∑Gentox levels at the study stations, from
which more than one fish species had been collected, showed
that genotoxicity risk was uniform and exceptionally high and
high at 8 out of 12 study stations. Differentiation between
genotoxicity risk to herring and that to flounder was revealed
at three stations (12R, 20C, 1R), to flounder and cod at one
station (22N). According to the summary results, at most
study stations, all fish species were exposed to exceptionally
high and high genotoxicity risks (Fig. 7).

Discussion

Environmental genotoxicity and cytotoxicity levels in
fish

This is the first research to assess genotoxicity and cytotoxic-
ity effects in different fish species (herring, flounder, and cod)
collected from the study stations located near or inside the
CWA dumpsite in the Gotland Deep in the Baltic Sea. The
highest ΣGentox (13.13‰) and MN (12.05‰) frequencies
were recorded in herring sampled from station 1e located in
the center of the CWA dumpsite zone C. Increased and mod-
erate genotoxicity levels were revealed in cod caught at sta-
tions B14/49 (0.53‰), B14/35-37 (0.45‰), and B14/50
(0.38‰) in the same chemical munition dumping zone C. It
is worth mentioning that the highest genotoxicity levels were
recorded in herring sampled from stations 19c (7.2‰) and 1R
(3.25‰), and the highest cytotoxicity levels were detected in
herring (1.60‰) and in flounder (1.13‰) caught at station 19c
and in cod at station B14/29-30 (1.0‰) located close to the
CWA dumpsite. In each of the fish species examined and at
most of the stations studied, reference levels were exceeded.

Induction of total genotoxicity and total cytotoxicity in the
studied fish species signals the contamination of the Gotland
CW dumpsites A, B, and C and the surrounding area with

Fig. 5 The levels of ΣGentox and ΣCytox in cod specimens collected
from 11 study stations in 2012-2017 and from the reference station BP3 in
December 2003 (axis X). Data are represented as mean ± SEM. Asterisks

(*) indicate significant differences in ΣGentox and ΣCytox levels from
those at the control station (Mann-Whitney U test); *p < 0.004

Table 3 Comparison results of ΣGentox and ΣCytox responses among the studied fish species collected from 12 study stations

Comparison between species Fl > Cod Her > Fl Her> Cod Cod > Her Cod > Fl

∑Gentox − 25LV, 3c, 6c, 19c, 20p, 1C, 20C, 1R − 22N 20T

∑Cytox 20T 25LV, 19c, 20p, 1C, 20C, 1R − 22N −
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CWAs and the resultant long-term adverse consequences.
Increased genotoxicity responses were detected in herring
caught at 21 out of the 29 stations, in flounder at 12 out of

the 19 stations, and in cod at 4 out of the 12 stations studied.
Increased cytotoxicity levels were detected in fish sampled
from the stations located in the CWA dumping area and close

Fig. 6 Frequencies ofΣGentox andΣCytox in herring, flounder and cod caught in 2011-2017 at the same study stations (axis X) located in the Gotland
Basin of the Baltic Sea

Fig. 7 Results of environmentalΣGentox risk assessment in herring, flounder and cod collected from 47 study stations in the Gotland Basin of the Baltic
Sea in 2011–2017
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to it: in herring sampled from 7 stations, in flounder from 7
stations, and in cod from 6 stations. The high levels of
genotoxicity and cytotoxicity effects determined in the exam-
ined fish species suggest that the area under study is contam-
inated with CWAs. As reported by Vanninen et al. (2020),
63% of the sediment samples collected from the relatively
large Gotland Deep dumpsite area were found to contain res-
idues of the compounds containing sulfur mustard and
phenylarsenic. In sediments of the Gotland and Gdańsk
Deep dumpsites, the distribution of local hotspots of contam-
ination with CWA hydrolysis compounds was patchy, where-
as the contamination of the Bornholm Deep sediments with
these compounds was large-scale (Bełdowski et al. 2016). The
distribution of munitions in the Gotland Deep was more ran-
dom than that in the Bornholm Deep and in the Gdańsk Basin
(Söderström et al. 2018; Vanninen et al. 2020). Although local
in character, CWA contamination may spread, its outspread
depending on various factors. The distribution area of released
CWAs and their degradation products may stretch for more
than 250 m from sources of contamination, the range of con-
tamination depending on bottom currents, topography, and
corrosion impact on munitions (CHEMSEA Findings 2014;
Vanninen et al. 2020).

Increased CWA pollution pressure produces lethal or
chronic effects on marine organisms (Sanderson et al. 2008;
HELCOM 2010; Della Torre et al. 2010, 2013; Baršienė et al.
2014, 2016; Bełdowski et al. 2016; Valskienė et al. 2018;
Czub et al. 2020, 2021; Ahvo et al. 2020; Straumer et al.
2020). Previous research was mainly focused on the metabo-
lism and toxicity of diphenylarsinic acid (DPA[ox]), which is
a primary degradation product of such arsenic-containing
chemical weapons as Clark I and Clark II. In vitro studies
involving V79 cells revealed that DPA[ox] induces cytotoxic
effects, structural and numerical changes of chromosomes,
abnormalities of centrosome integrity, and spindle organiza-
tions in conjunction with the effects of glutathione (GSH)
depletion (Ochi et al. 2003, 2004). The presence of GSH
strongly affects DPA[ox] toxicity, which is explained by the
formation of intermediate conjugates (Ochi et al. 2006). DPA-
SG, i.e., the GSH adduct of DPA[ox], was found to be 1000
times more toxic to human HepG2-cells than DPA[ox] itself
(Ochi et al. 2006; Kinoshita et al. 2006). Recent research
shows that CWAs and their hydrolysis products can
bioaccumulate and/or cause negative effects on the aquatic
biota at different levels (Kotwicki et al. 2016; Nawała et al.
2016; Chmielińska et al. 2019; Czub et al. 2020, 2021). As
reported by Höher et al. (2019), blue mussels (Mytilus
trossulus) bioaccumulate the oxidized forms of chemical war-
fare agents Clark I, Adamsite (DAox and DMox), and
chloroacetophenone in their tissues. The lowest concentra-
tions of different CWA mixtures (phenylarsenic compounds,
Clark I, and Adamsite) were reported to cause cytotoxic,
immunotoxic, and oxidative stress effects in M. trossulus

(Höher et al. 2019). In vitro experiments showed that CWA-
related phenylarsenic chemicals such as Clark I, Adamsite,
and phenylarsenic acid formed glutathione (GSH) conjugates
and methylated metabolites in the liver of cod (G. morhua).
However, triphenylarsine oxide was not proved to form GSH
conjugates or methylated metabolites suggesting a different
biotransformation pathway (Niemikoski et al. 2020a). The
latest research performed by Niemikoski et al. (2020b) is the
first study to provide information on CWA bioaccumulation
and distribution in tissues of G. morhua sampled from the
Bornholm Basin in the Baltic Sea. The above-mentioned
study showed that muscle samples of the cod specimens col-
lected from the area close to the main dumpsite contained
trace levels of phenylarsenic CWAs. In addition, significant
changes were observed in some biomarkers of the fish indi-
viduals containing trace levels of CWA-related chemicals.
About 608 tons of sulfur mustard was dumped in the
Gotland Deep, which turned out to be the most abundant
chemical in the dumped stockpile of CWAs (Knobloch et al.
2013). Such products of sulfur mustard degradation as 1,2,5-
trithiepane (Czub et al. 2020) and 1,4,5-oxadithiepane
(Chmielińska et al. 2019) are among the most toxic ones.
They belong to chronic category 2 and are described as “toxic
to aquatic life with long-lasting effects.” Acute aquatic toxic-
ity of sulfur mustard and that of its six degradation products
was examined using Daphnia magna. The obtained results
show that highly toxic to D. magna are two sulfur mustard
degradation products: 1,2,5-trithiepane (LC50 as low as
224 μg × L−1) and 1,4,5-oxadithiepane (LC50 < 10 mg × L
−1) (Czub et al. 2020). The newest research shows that CWA
(Lewisite, Adamsite, Clark I, phenyldichloroarsine (PDCA)),
CWA-related compounds (TPA, arsenic trichloride), and four
arsenic-based CWA degradation products caused highly neg-
ative effects toD.magna after 48-h exposure. PDCA (LC50 at
0.36 μg × L−1) and Lewisite (EC50 at 3.2 μg × L−1) were
very toxic toD. magna (Czub et al. 2021). The most common
arsenic species in sediments are inorganic As(III), As(V), and
mono- and di-methylated arsenic (MMA, DMA), which are
associated with the decomposition products of arsenic-
containing CWA (Bełdowski et al. 2016). Results of the
in vitro studies involving mammalian cells showed that pen-
tavalent dimethylarsinic acid (DMA(V)) caused cytotoxicity
(Ochi et al. 1994), genotoxicity (Oya-Ohta et al. 1996), apo-
ptosis (Ochi et al. 1996), abnormalities of mitotic centrosome
integrity, and spindle organization effects (Ochi et al. 1999).
Methylated metabolites may also pose a higher risk to fish.
Methylation of inorganic arsenic has been shown to result in
higher toxicity and reactivity of these compounds than inor-
ganic arsenic (Kumagai and Sumi 2006; Thomas et al. 2004;
Petrick et al. 2000).

After World War II, conventional and chemical munitions
containing mainly secondary (e.g., trotyl, TNT; hexogen,
RDX) and primary (e.g., lead azide (Pb(N3)2)) explosives
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were dumped mainly at the same CW dumpsites (Nawała
et al. 2020). The presence of explosives and products of their
decomposition in seabed sediment samples implies the con-
tamination of the seabed, which certainly affects the marine
ecosystem (Nawała et al. 2020). Short-term (120 h) exposure
to trinitrotoluene (TNT) and its degradation products 2-ami-
no-4,6-dinitrotoluene (2-ADNT) and 4-amino-2,6-
dinitrotoluene (4-ADNT) produced genotoxicity effects in
zebrafish embryos (Danio rerio). The genotoxicity caused
by TNT was found to be about 3–4 times higher than that of
2-ADNT and 4-ADNT. Furthermore, the genotoxicity of TNT
and its degradation products poses a potential risk of long-
term effects for fish living near munition dumpsites (Koske
et al. 2019). The uptake of such explosive compounds as
2,4,6-trinitrotoluene (TNT), 2-amino-4,6-dinitrolouene (2-
ADNT), and 4-amino-2,6-dinitrolouenee (4-ADNT) by ma-
rine organisms was first identified in blue mussels (Mytilus
edulis) collected from the munition dumpsite (Strehse et al.
2017). Toxic explosives and their compounds were identified
in 48% of bile samples of the dab (Limanda limanda) caught
at the munition dumpsite and at reference sites in the Baltic
Sea. The results show that such explosive compounds as TNT,
4-ADNT, 2-ADNT, octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX), and hexahydro-1,3,5-trinitro-1,3,5-tri-
azine (RDX) are accumulated by flatfish and may pose risk
to fish health (Koske et al. 2020). Based on the above-
reviewed results showing that marine species (fish, molluscs)
sampled from CW dumpsites are contaminated with CWAs, it
seems reasonable to assume that the genotoxicity and cytotox-
icity effects discussed in the present study could be also pro-
duced by CWAs.

Interspecies comparison of cytogenetic damage

The interspecies comparison of environmental genotoxicity
levels in the three examined fish species revealed the highest
ΣGentox and ΣCytox values in herring, followed by those in
flounder and cod. IncreasedΣGentox (above 1‰) levels were
recorded in herring at 24 out of the 29 stations studied, in
flounder at 11 out of the 19stations, and in cod at 1 out of
the 12 stations. Moreover, the highest levels (above 1‰) of
ΣCytox were mostly recorded at the same study stations (in
herring at stations 19c and 1e, in flounder at stations 6c and
19c, in cod at station B14/29-30). Herring is a pelagic fish
species, whereas flounder is benthic and cod is demersal.
Hence, the above-reported high geno- and cytotoxicity levels
in all the three fish species, i.e., in herring, flounder, and cod,
imply that in this marine area, environmental genotoxicity and
cytotoxicity risks for fish potentially exist throughout the wa-
ter column (Valskienė et al. 2019). The risk of CWA release
into the water column is ever-growing (Beck et al. 2018). The
whole study area near the Gdańsk munition dumpsite was
found to pose high and exceptionally high genotoxicity hazard

to herring and flounder (Valskienė et al. 2018). The highest
genotoxicity level was determined in herring collected from
the stations located along CW transportation routes, close to
the Bornholm CW dumping area and in those zones, where
sediments were found to contain CWA-related substances
(Baršienė et al. 2016).

Environmental genotoxicity risk

Exceptionally high and high genotoxicity risk to flounder was
determined at 89.47%, to herring at 79.31%, and to cod at
50.0% of the stations studied. The data obtained show that
the source of genotoxic and cytotoxic contamination in this
marine area is constant. It is important to stress that the
ΣGentox risk analysis showed exceptionally high and high
levels of risk to the examined fish species at the stations lo-
cated relatively close to one another, which signals increased
environmental genotoxicity and cytotoxicity pressure on fish
in these areas and suggests the existence of environmental
genotoxicity hotspots in the Gotland Basin. For comparison,
in the Bornholm Basin, an extremely high genotoxicity risk to
herring was determined at 29 out of the 31 stations studied, to
flounder at 21 out of the 24 stations, and to cod at 5 out of the
10 study sites. The high genotoxicity risk identified to fish
from or near the CW dumpsite suggests that CWAs affect
the environment not only within the main dumpsite area but
also in its vicinity (Baršienė et al. 2014). These results were
confirmed by the findings reported by Valskienė et al. (2018),
according to which, at most of the analyzed stations located in
the chemical and conventional munition dumping zone in the
Gdańsk Deep, herring, flounder, and cod face high or excep-
tionally high ΣGentox risk. Data on increased genotoxicity
risk at the CW dumpsites may serve as evidence of pan-
Baltic intervention impacts stimulating leakage of chemicals
from the corroded munitions and, thus, contributing to heavier
pollution of the Baltic Sea ecosystem (HELCOM 2013;
CHEMSEA Findings 2014). The assessments of environmen-
tal genotoxicity and cytotoxicity effects in aquatic organisms
and those of genotoxicity risk levels performed in the basins
of Bornholm (Baršienė et al. 2014, 2016), Gdańsk (Valskienė
et al. 2018), and Gotland in the Baltic Sea showed higher
responses in blood erythrocytes of the fish caught at stations
located in the areas close to chemical munition dumpsites or in
the areas with sediments containing CWAs than at the stations
located outside these areas.

Conclusions

The long-term (2010–2017) studies of genotoxicity and cyto-
toxicity levels in herring C. harengus membras, flounder
P. flesus, and cod G. morhua callarias were carried out at
47 study stations located mostly in the zone close to the
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Gotland CWA dumping sites. The highest level of total
genotoxicity (ΣGentox) was recorded in herring collected
from the station located in the center of chemical munition
zone C, which is most likely due to the effects of genotoxic
CWAs present therein. Lower ΣGentox levels were found in
the fish sampled from the stations located further away from
the Gotland CWA dumpsite. Our study results show that at
72.92% of the stations studied, fish face exceptionally high
and high ΣGentox risks. The comparison of ΣGentox and
ΣCytox responses in the examined fishes showed herring to
be the most sensitive species followed by flounder and cod.
Based on our results of ΣGentox assessment in the fish col-
lected from CWA dumpsites in the Baltic Sea, it can be in-
ferred that the highest genotoxicity risk to fish occurs in the
Bornholm Basin followed by the basins of Gotland and
Gdańsk; for this reason, CW dumpsites require continuous
monitoring. In conclusion, these results indicate that in
CWA zones, aquatic biota is exposed to the potential threat
of genotoxicity and cytotoxicity. In addition, the findings ob-
tained emphasize the need for comprehensive research aimed
at gaining a deeper understanding of the potential CWA threat
to organisms at various levels of biological organization.
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