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Introduction

Dumped munition in the sea is a global problem and 
its management is a challenge for the future. After 
World War II, about 300,000 t of conventional muni-
tions have been dumped in German coastal waters 
of the Baltic Sea inside eight official munition dump 
sites, often close to the coast (Beck et  al., 2018). 
One of these sites is Kolberger Heide (KH), on the 
one hand an area in the Kiel Bay in about 2 km dis-
tance to the beach and the route of shipping traffic, 
on the other hand a historical munitions disposal site 
of German and British ordnance from World War II. 
Approximately 30,000 t of munition including tor-
pedoes, moored mines, ground mines, aerial bombs, 
and depth charges were originally dumped in the area 
(Kampmeier et  al., 2020). More than 6000 mines 
with over 1600 t weight represent the biggest part of 
dumped munition in KH (Kampmeier et al., 2020). In 
recent investigations, more than 1000 objects in KH 
were discovered using repeated high-resolution multi-
beam and underwater video surveys by Kampmeier 
et al. (2020).

Munitions contain various harmful substances 
which can affect marine biota like fish. One of them 
is mercury (Hg), which is included either as elemen-
tal Hg or Hg fulminate (a common explosive primer), 
and thus may act as a local source of Hg in the dump-
ing areas (Beldowski et al., 2019). It has been shown 
that explosive material released from dumped muni-
tion in KH can be found in the direct vicinity of the 
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munition in water and in different biota (Beck et al., 
2018, 2019; Gledhill et  al., 2019; Maser & Strehse, 
2021; Strehse & Maser, 2020; Strehse et al., 2017) as 
well as in fish (Koske et  al., 2020b). Besides explo-
sives also compounds related to chemical warfare 
agents can leak from dumped munition and have 
already been detected in fish from the Baltic Sea 
(Niemikoski et al., 2020). So it is likely that besides 
explosives and chemical warfare agents also Hg from 
the munition might be released in the environment. 
Beldowski et  al. (2019) confirmed this by detection 
of increased concentrations of Hg in sediments from 
KH. The same authors detected Hg fulminate (Hg 
(CNO)2) in sediments confirming that KH is a local 
point sources of Hg originating from dumped muni-
tion. Also Uścinowicz et  al. (2011) observed high 
Hg concentrations in Baltic Sea sediments from the 
specific munitions dumpsites. On the other hand, 
Kampmeier et  al. (2020) stated that mainly unfused 
munitions have been dumped in KH which is not 
likely to contain Hg-fulminate. But at least parts of 
the munition must have been still armed, as explo-
sion accidents happened during the dumping work 
(Kampmeier et  al., 2020). Therefore, markedly Hg 
contamination at KH caused by dumped munition can 
be questioned.

Hg exists as inorganic Hg and as organic Hg (pri-
marily methylHg); it is ubiquitous in the marine envi-
ronment and at the same time is considered one of the 
most toxic elements or substances on the planet. Hg 
is released from natural and anthropogenic sources 
(Clarkson & Magos, 2006). Direct atmospheric depo-
sition of Hg is regarded as major source of contami-
nation of the seas (Driscoll et al., 2013), and half of 
the emitted anthropogenic Hg has accumulated in the 
oceans and marine sediments (Zhang et al., 2015). In 
the environment, a variety of adverse effects in fish 
at physiologic, histologic, bio-chemical, enzymatic, 
and genetic levels can be induced by Hg (Morcillo 
et  al., 2017), partly at environmentally realistic con-
centrations. Lang et al. (2017) reported higher disease 
prevalences in fish going alongside with enhanced Hg  
levels in the North Sea. Dabs (Limanda limanda) 
are suitable organisms for environmental screening 
due to their benthic lifestyle, geographically wide-
spread and considered to be relatively stationary at 
the same time. It has been used as a bioindicator in 
many studies, e.g. on heavy metals (Lang et al., 2017) 

or organic contaminants (Kammann, 2007; Kammann 
et al., 2017). 

The potential environmental threat related to 
dumped munition has gained attention in interna-
tional monitoring: The European Marine Strategy 
Framework Directive (MSFD) aims for establishing a 
good environmental status of European marine waters 
by 2020. MSFD names under Descriptor 8, munition 
disposal sites as a source for contamination and pollu-
tion (Law et al., 2010). Monitoring is the prerequisite 
for predictions of contamination rates, accumulation 
of toxic substances in biota and thus risk assessment 
which may lead to remediation of munition dumpsites 
in future.

Munition might be a relevant source of Hg for 
bottom dwelling fish like the dab. However, there 
is a knowledge gap if Hg from dumped munition 
enhances exposure for fish and by this might affect 
them—probably together with other contaminants 
from dumped munition. Therefore, the present study 
aims to answer the questions:

(1)	 Are dab from the munition dump site KH higher 
contaminated with Hg than those from reference 
areas?

(2)	 Can the exposure of individual fish to munition 
(indicated by explosives in bile) be related to Hg 
concentration at munition dump site?

(3)	 Is Hg contamination of fish a suitable marker for 
munition exposure?

Material and methods

Study sites

The region of all study sites is the western Baltic 
Sea. KH is a 1260  ha restricted munition dumpsite 
with approximately 30,000 t of conventional muni-
tion dumped (Gledhill et  al., 2019). The reference 
sites were used for comparison: Stoller Ground (SG) 
located 10 km west of KH, B01 about 25 km north-
east of KH. According to the AMUCAD database 
(North.io GmbH, 2019), no actual munition contami-
nation is documented at SG. B01 is located close to 
the Fehmarn Belt the latter being contaminated by 
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munition as hundreds of ground mines were dropped 
there during the war (Böttcher et al., 2011). The loca-
tions of the sampling sites are shown in Fig. 1; geo-
graphical coordinates are given in Table 2.

Sampling

Dab (Limanda limanda) were collected during two 
cruises of RV Clupea (CLU314 and CLU326) in 
August 2017 and 2018 respectively by gillnet fish-
ery at the edges of KH and by bottom trawling in SG 
(TV-300 bottom trawl, 15–20 min towing time at 3–4 
knots). Additionally, dab were collected in B01 dur-
ing one cruise of RV Walther Herwig III (WH408) in 
September 2017 by bottom trawling (140 ft. bottom  
trawl, 60  min towing time at 3–4 knots). Detailed 
cruise information is provided in Table  2. Live dab 
were randomly sorted from the catches and kept alive 
in tanks with running seawater of ambient water tem-
perature prior to dissection. Fish were weighted, the 
total length measured, sex visually determined and 
animals anaesthetized by a blow on the head, fol-
lowed by decapitation. The skin was partly removed, 
and a portion of muscle fillet of individual fish was 
collected with a ceramic knife and stored frozen 
in precleared plastic tubes (rinsed with nitric acid 
6.5% and ultrapure water) and stored at − 20 °C until 

further processing. Subsequent analyses were carried 
out under clean lab conditions of ISO class 7.

Condition factor and age determination

Biometric data were used to determine Fulton ‘s con-
dition factor (CF = weight [g] * 100/length [cm]3) as 
an indicator of the general fish health status. Oto-
liths were removed for subsequent age determination 
according to Maier (1906) and Bohl (1957). All bio-
metric data characterizing the fish under analysis are 
presented in Table 2.

Chemicals

Nitric acid, 69% in ultrapure quality and certified 
standard solutions of Hg were purchased from Carl 
Roth, Karlsruhe, Germany, in 0.5  M nitric acid. 
Ultrapure water was obtained from a Purelab Flex 3 
device (Elga Veolia; High Wycombe, UK).

Hg measurement and quality assurance

For sample preparation, portions of muscle sam-
ples were freeze dried using a lyophilizer (LD 1–2, 
Christ, Osterrode, Germany) and subsequently 
homogenized using an agate mortar or an ultra tur-
rax tube drive dispenser (IKA, Staufen, Germany) 

Fig. 1   Sampling sites of 
dab in the western Baltic 
Sea: Kolberger Heide 
dumpsite (KH) and refer-
ence sites, B01, and Stoller 
Ground (SG) close to the 
German coastline (Sources 
of the basemap: Esri, 
Garmin, USGS, NPS
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equipped with glass grinders respectively to obtain 
a dry sample powder suitable for Hg analysis. Total 
Hg was determined by atomic absorption spectrom-
etry using a Direct Mercury Analyzer (DMA-80, 
MLS, Leutkirchen, Germany). Known amounts 
(20–30 mg) of each sample were weighted into the 
boat containers (precleaned with nitric acid) of the 
DMA-80. Direct analysis for total Hg content was 
performed using a 10-level calibration with stand-
ards in 0.5 M nitric acid. The accuracy of the pro-
cedure was determined by analysis of Certified Ref-
erence Material (DORM-3 and DORM-4, both fish 
protein homogenates) obtained from the National 
Research Council (NCR) in Canada which was 
taken through the same analytical procedure as the 
samples. Details on reference materials are given 
in Table 1. All samples were analysed in triplicate. 

External quality assurance was done by success-
fully participation in laboratory proficiency tests 
(z-score 0.7) conducted by QUASIMEME (www.​
wepal.​nl) designed for marine environment ana-
lytics. The limit of detection (LD) and the limit of 
quantification (LQ) were calculated from a standard 
curve according to DIN 32,645 (DIN, 1994) with 
a confidence level of 99%. Considering the sample 
preparation a LD of 0.080 µg/kg wet weight (w. w.) 
and a LQ of 0.230 µg/kg w. w. were determined for 
Hg. No values below these limits were found in any 
sample under investigation. Recovery of the method 
was 100.3% and precision was 8.20%. All analytical 
results are presented in Table 2.

Statistics

Statistical analyses were carried out using Statis-
tica Version 12.5 (Statsoft Europe, Hamburg Ger-
many). The correlation between concentration of 
Hg in muscle and the age of fish as well as between 
4-ADNT in bile and Hg in muscle in fish from KH 
was tested using linear regression as well as by 
Spearman rank correlation. The principal compo-
nent analysis (PCA) was performed using varimax 
rotation. An ANOVA (95% confidence level, 0.05 
significance threshold) was conducted to investigate 
age and site influence on Hg concentrations.

Table 1   Values of Hg in Certified Reference Materials 
DORM-3 and DORM-4. Measured means and standard devia-
tions (SD) obtained accompanying sample analysis

DORM-3, Hg DORM-4, Hg

Assigned value [µg/kg w. w.] 382 410
Range [µg/kg w. w.] 322–442 355–465
Measured mean [µg/kg w. w.] 351 362
Measured SD 23.7 19.6
n 14 18

Table 2   Cruise information, biometric and contaminant data 
of dab caught at sites B01, Stoller Ground (SG) and Kolberger 
Heide (KH). Location is given as latitude and longitude for a 
rectangle. Total length [cm], condition factor (CF), age [y], 
mercury (Hg) [µg/kg] in fish muscle related to wet weight (w. 

w.) and explosive compound 4-aminodinitrotoluene (4-ADNT) 
[ng/mL] are expressed as mean values with minima and max-
ima in brackets. Number of individuals per sex is given. *The 
limit of detection (LOD) of 4-ADNT is 2.8  ng/ml. 4-ADNT 
results and LOD are  taken from Koske et al. (2020b)

Site Coordinates [°mm, 
ss}

N Age [years] Length [cm] Sex
f/m

CF Hg [µg/kg w. w.] 4-ADNT [ng/ml]*

KH 54°27,28′ 
N–54°27,97′ N

10°19,28′ 
E–10°20,56′ E

99 5.1 (1–9) 29.3 (19–36) 87/12 0.98 (0.77–1.43) 66.74 (14.40–
173.90)

37.5 (< LOD*-141.1)

SG 54°32,87′ 
N–54°33,52′ N

10°09,94′ 
E–10°11,23′ E

132 3.6 (2–7) 25.8 (20–35) 103/29 1.02 (0.81–2.01) 39.34 (6.64–110.56)  < LOD

B01 54°28,00′ 
N–54°35,80′ N

010°30,60′ 
E–10°55,00′ E

20 3.6 (2–6) 25.7 (21–31) 15/5 1.01 (0.80–1.20) 42.57 (17.72–92.93) 0.59 (< LOD-6.93)

All 251 4.2 (1–9) 27.2 (19–36) 204/47 1.01 (0.77–2.01) 49.80 (6.64–173.90) 14.9 (< LOD-141.1)

http://www.wepal.nl
http://www.wepal.nl
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Results and discussion

Fish from three study sites in the western Baltic Sea 
(Fig.  1) were included in this study. A total of 251 
dab were examined and individual muscle samples 
were analysed for Hg. Comparing biometric data, the 
dab from the munition dumpsite KH were the larg-
est and oldest fish, while fish from the reference sites 
SG and B01 were smaller and younger (Table 2). At 
every study site, more female than male dab were 
caught. The mean values of the condition factor (CF) 
at all study sites were in the range of 0.98 to 1.02 
(Table 2) with no significant differences between the 
sites. Therefore, CF is not likely to mirror any nega-
tive influence at a single site.

Samples from the munition dump site KH and 
from two reference sites in the vicinity of Kiel Bight 
(B01, SG) were analysed for total Hg. All samples 
exhibited Hg concentrations above LOQ. The maxi-
mum concentration of Hg measured in single samples 
was 173.90  µg/kg w. w. in a fish from KH. Highest 
mean concentration of Hg was also reported in KH 
with 66.74  µg/kg w. w. Minimum single Hg con-
centration of 6.64  µg/kg w. w. was determined in a 
sample from SG. Also lowest mean concentration of 
39.34 µg/kg w. w. was calculated for SG. Table1 also 
contains concentrations of Hg and explosive com-
pound 4-aminodinitrotoluene (4-ADNT) measured 

in the same fish (bile) but already published in Koske 
et al. (2020b).

Figure 2 shows the relation between age of the fish 
and the concentrations of Hg in the three sites under 
investigation:

Hg bioaccumulation in dab for all sites under 
investigation is described by:

Correlation analysis between Hg in muscle tis-
sue and 4-ADNT in bile of the same fish at site KH 
did not lead to any significant correlation, expressed 
by a non-significance in linear correlation (p > 0.05) 
and a low correlation coefficient r = 0.189. Non-linear 
Spearman rank-correlation leads to comparable results 
(results not shown).

ANOVA results on possible site and/or age 
effects on Hg revealed a significant correlation 

(1)
Hg[�g∕kg] = − 26.397 + 18.394

∗ age [y] (r = 0.7628) for site KH,

(2)

Hg[�g∕kg] = − −7.415 + 12.942

∗ age [y] (r = 0.7408) for site SG and

(3)
Hg[�g∕kg] = − 6.118 + 13.524

∗ age [y] (r = 0.7157) for site B01.

(4)
Hg[�g∕kg] = −17.503 + 16.217 ∗ age [y] (r = 0.7902).

Fig. 2   Relation between 
Hg concentration [µg/
kg ww] in muscle and 
age [years] of the dabs 
separated by sampling site 
Kolberger Heide (KH, 
blue), Stoller Ground (SG, 
red) and B01 (green) in the 
western Baltic Sea. Given 
are mean correlation func-
tions (linear, solid lines) 
and 95% prognosis bands 
(dashed lines) for each site
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(p > 0.001) between age and Hg but no significant 
relation between site and Hg.

The PCA in Fig. 3 explains 75.52% of the vari-
ance with the first two factors. Factor 1 explains 
53.34% of the variance and refers mainly to age and 
Hg. Factor 2 explains 22.18% of the total variance 
and is dominated by 4-ADNT and CF. However, the 
variable site shows weaker relations to both of the 
first two factors. An overview on factor loadings is 
given in Table 3.

The present study aims to analyse Hg concentra-
tions in muscle tissue of dab from a munition dump 
site compared to reference sites in the western Bal-
tic Sea. It also aims to reveal possible relationships 
between Hg concentrations and exposure to muni-
tion as well as to consider biological parameters like 
age of the fish. This contributes to the overall ques-
tion if Hg in fish can act as a marker for munition 
exposure in future monitoring studies. The range of 
Hg contamination in dab muscle tissue reported in 
Table  2 is in well accordance with the contamina-
tion range covered by former studies (Bayens et al., 
2003; Lang et  al., 2017; HELCOM, 2018). Lang 
et  al. (2015) reported Hg concentrations in muscle 

tissue of dab ranging from 7 to 373  µg/kg w. w. 
(mean 52 µg/kg w.w.).

At first sight, results displayed in Table  2 with 
maximum mean concentrations of Hg in samples 
from KH show a general higher Hg contamination in 
KH than in the reference sites. However, it is known 
that Hg in dab is mainly present as methyl mercury 
(94%, Lang et al., 2017), which shows bioaccumula-
tion in fish (Donadt et al., 2021). A detailed look at 
the Hg concentrations and the age, shown in Fig. 2, 
reveals a clear correlation between Hg and age for all 
stations (Eq. (4)). This illustrates that age-dependent 
bioaccumulation of Hg in dab from all stations takes 
place and bioaccumulation follow comparable func-
tions with overlapping 95%-prognosis bands in Fig. 2. 
Therefore, the age-Hg-relations can be regarded simi-
lar for all sites so that the typical Hg concentration 
of a 2-year old dab is about 19 and for a 4-year old 
dab is about 47 µg/kg w. w. (calculated from equation 
[4], shown in Fig. 2) in the southern Baltic Sea. The 
higher Hg concentration in fish from KH (Table 2) is 
therefore mainly caused by their higher age and not 
by higher contamination level of, e.g. sediments. This 
leads to the question, if earlier findings of elevated 
Hg concentration in KH sediments before (Beldowski 
et al., 2019) could explain enhanced  Hg concentration  
of fish regarding (1) its concentration relatively to 
diffuse sources and (2) the biovailability of Hg- 
fulminate for fish. It has to be taken into account, that 
highest individual Hg levels were reported in fish from  
KH.

Koske et  al. (2020b) reported for the same indi-
viduals which have been used in the present study set 
that only about half of the fish were tested positive 

4-ADNT CI

site

-1,0 -0,5 0,0 0,5 1,0

Faktor 1 : 53,34%

-1,0

-0,5

0,0

0,5

1,0

%81,22 : 2 rotkaF

age

Hg[µg/kg]

Fig. 3   Principal component analysis of dab from three sites in 
the western Baltic Sea, variable projection on factors 1 and 2: 
Hg mercury in muscle tissue [µg/kg ww]; 4-ADNT 4-aminod-
initrotoluene in bile [ng/ml] according to Koske et al. (2020b); 
site = KH, SG or B01 (compare Fig. 1); age [years]; CF condi-
tion factor

Table 3   Loadings for the first two factors (F1, F2 with vari-
ance levels) of a principal component analysis of dab from 
three sites in the western Baltic Sea. Hg, mercury in muscle 
tissue [µg/kg fresh weight]; 4-ADNT, 4-aminodinitrotoluene 
in bile [ng/ml] according to Koske et  al. (2020b); site = KH, 
SG or B01 (compare Fig. 1); age [years]; CF, condition factor. 
Factor loadings above/below ± 0.5 are marked in bold

F1 (53.34%) F2 (22.18%)

Age  − 0.5246 0.2465
Hg  − 0.5168 0.2409
Site 0.4395 0.4768
4-ADNT  − 0.3974  − 0.5770
CF 0.3266  − 0.5665
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for explosives (4-aminodinitrotoluol in Table  3) and 
therefore had a proven contact to dumped munitions. 
However, no indication could be found in the pre-
sent study that fish determined positive for explosive 
compounds tend to higher Hg levels. This might be 
explained by the different time scales of exposure 
when a metabolite is detected in bile (days) compared 
to bioaccumulation of Hg in muscle (months/years). 
It is also possible that exposure to explosives and to 
Hg takes place in parallel in KH but that Hg con-
tamination originating from Hg fulminate has either a 
low bioavailability, or a low concentration compared 
to other diffuse Hg sources and is therefore hard to 
detect.

A PCA illustrates the relations in the data set in 
Fig. 3 and confirms that the variables age and Hg are 
related as expected from Fig. 2 (displayed closely in 
the projection and covered by same factor, Table 3). 
The PCA also shows a weaker relation between vari-
ables 4-ADNT and site as described by Koske et al. 
(2020b) (variables inversely correlated on the same 
diagonal in the projection in Fig. 3). There is no clear 
relation between Hg and 4-ADNT because they were 
mainly covered by different factors (Table 2). Results 
of correlation analysis (Fig.  2) as well as of PCA 
(Fig. 3) are supported by ANOVA showing a signifi-
cant correlation (p > 0.001) between age and Hg but 
not between site and Hg. All three statistical methods 
point in the same direction: Dumped munition at KH 
is not likely to be a Hg source for fish.

As Hg is a core indicator in environmental monitor-
ing programme for the Baltic Sea, HELCOM (2018) 
reported in its second holistic assessment that concen-
trations of Hg in fish muscle exceeded the threshold 
level of 20 µg/kg w. w. in almost all monitored regions 
indicating no good status for the Baltic Sea. This is in 
accordance with our findings and underlines the impor-
tance of Hg measurements in the marine environment 
and the need of knowledge about local sources of Hg 
to interpret monitoring results; especially if they are 
related to dumped munition. The German environ-
mental ministers decided in 2019 to initiate a process 
to set up a screening in munition dump sites and ref-
erence areas to assess possible environmental impact 
on the ecosystem originating from dumped munitions 
in German marine waters (UMK, 2019). Hg is dis-
cussed as one of the indicators for munition exposure 
besides explosives such as 4-ADNT. KH is likely to be 

included in this future screening study because it is a 
well-studied region (Kampmeier et  al., 2020; Koske 
et  al., 2020a, b; Strehse et  al., 2017). For investiga-
tions described above or a later monitoring on dumped 
munition, e.g. under MSFD suitable indicators in fish 
have to be selected. As outlined before, Hg does not 
seem to act as suitable indicator for monitoring of 
dumped munition at KH.

Conclusion

We conclude that elevated Hg levels present in dump 
site sediments (Beldowski et al., 2019) do not signifi-
cantly influence Hg contamination in fish living there. 
Therefore, Hg in fish is no suitable indicator for expo-
sure to dumped munition at KH. We hypothesize that 
Hg from diffuse sources may overlay the additional 
input at dump sites. However, Hg exposure originat-
ing from dumped munition cannot be excluded in 
general as local contamination source for fish and 
may contribute to the overall exposure monitored, 
e.g. under MSFD D8.

Author contribution  CRediT authorship contribution state-
ment, UK: conceptualization, data curation, formal analysis, 
writing—original draft, writing—review and editing, project 
administration, visualization. M-OA: writing—original draft, 
writing—review and editing, visualization. MS: resources, 
methodology, validation, investigation. NS: methodology, vali-
dation. KS: resources, investigation, writing—review and edit-
ing. TL: conceptualization, resources, project administration, 
funding acquisition. All authors approved the final version of 
the manuscript submitted for publication.

Funding  This study was funded by the European Union, Bal-
tic Sea Region Programme, DAIMON (www.​daimo​nproj​ect.​
com). Its content is the sole responsibility of the authors and 
can in no way be taken to reflect the views of the European 
Union. Partial financial support was received under Regulation 
(EU) No 508/2014 from the European Parliament and of the 
Council on the European Maritime and Fisheries Fund.

Data availability  The datasets generated during and/or ana-
lysed during the current study are available from the corre-
sponding author on reasonable request.

Declarations 

Conflict of interest  The authors declare no competing inter-
ests.

http://www.daimonproject.com
http://www.daimonproject.com


	 Environ Monit Assess         (2021) 193:788 

1 3

  788   Page 8 of 9

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Beck, A. J., Gledhill, M., Schlosser, C., Stamer, B., Böttcher, 
C., Sternheim, J., Greinert, J., & Achterberg, E. P. 
(2018). Spread, behavior, and ecosystem consequences 
of conventional munitions compounds in coastal marine 
waters. Frontiers in Marine Science, 5, 141. https://​doi.​
org/​10.​3389/​fmars.​2018.​00141

Beck, A. J., van der Lee, E. M., Eggert, A., Stamer, B., Gledhill, 
M., Schlosser, C., & Achterberg, E. P. (2019). In situ meas-
urements of explosive compound dissolution fluxes from 
exposed munition material in the Baltic Sea. Environmen-
tal Science & Technology, 53(10), 5652–5660. https://​doi.​
org/​10.​1021/​acs.​est.​8b069​74

Baeyens, W., Leermakers, M., Papina, T., Saprykin, A., 
Brion, N., Noyen, J., De Gieter, M., Elskens, M., & 
Goeyens, L. (2003). Bioconcentration and biomagnifi-
cation of mercury and methylmercury in North Sea and 
Scheldt estuary fish. Archives of Environmental Con-
tamination and Toxicology, 45(4), 498–508. https://​doi.​
org/​10.​1007/​s00244-​003-​2136-4

Bełdowski, J., Szubska, M., Siedlewicz, G., Korejwo, E., 
Grabowski, M., Bełdowska, M., Kwasigroch, U.,  
Fabisiak, J., Łońska, E., Szala, M., & Pempkowiak, J. 
(2019). Sea-dumped ammunition as a possible source 
of mercury to the Baltic Sea sediments. Science of the 
Total Environment, 674, 363–373. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2019.​04.​058

Bohl, H. (1957). Die Biologie der Kliesche (Limanda Limanda 
L.) in der Nordsee. Ber. Dtsch. Wiss. Komm. Meeresforsch., 
15, 1–57.

Böttcher, C., Knobloch, T., Rühl, N.-P., Sternheim, J., 
Wichert, U., & Wöhler, J. (2011). Munitionsbelastung 
der Deutschen Meeresgewässer - Bestandsaufnahme und 
Empfehlungen, Meeresumwelt Aktuell Nord- und Ost-
see. Retrieved March 21 2021 from https://​www.​blmp-​
online.​de/​PDF/​Indik​atorb​erich​te/​2011_​03_​sd.​pdf

Clarkson, T. W., & Magos, L. (2006). The toxicology of 
mercury and its chemical compounds. Critical Reviews 
in Toxicology, 36, 609–662. https://​doi.​org/​10.​1080/​ 
10408​44060​08456​19

DIN. (1994). Deutsches Institut für Normung e.V. (DIN) 
32645, Nachweis-, Erfassungs- und Bestimmungs-
grenze. Berlin Beuth Verlag, Berlin

Donadt, C., Cooke, C. A., Graydon, J. A., & Poesch, M. S. 
(2021). Mercury bioaccumulation in stream fish from an 
agriculturally-dominated watershed. Chemosphere, 262, 
128059. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2020.​
128059

Driscoll, C. T., Mason, R. P., Chan, H. M., Jacob, D. J., &  
Pirrone, N. (2013). Mercury as a global pollutant: Sources, 
pathways, and effects. Environmental Science & Technol-
ogy., 47(10), 4967–4983. https://​doi.​org/​10.​1021/​es305​071v

Gledhill, M., Beck, A. J., Stamer, B., Schlosser, C., & Achterberg, 
E. P. (2019). Quantification of munition compounds in the 
marine environment by solid phase extraction – ultra high 
performance liquid chromatography with detection by elec-
trospray ionisation – mass spectrometry. Talanta, 200, 366–
372. https://​doi.​org/​10.​1016/j.​talan​ta.​2019.​03.​050

HELCOM. (2018). State of the Baltic Sea – Second HEL-
COM holistic assessment 2011–2016. Baltic Sea Envi-
ronment, Proceedings 155. retrieved June 2 2021 from 
http://​state​ofthe​balti​csea.​helcom.​fi/​wp-​conte​nt/​uploa​ds/​
2018/​07/​HELCOM_​State-​of-​the-​Baltic-​Sea_​Second-​
HELCOM-​holis​tic-​asses​sment-​2011-​2016.​pdf

Kammann, U., Akcha, F., Budzinski, H., Burgeot, T.,  
Gubbins, M. J., Lang, T., Le Menach, K., Vethaak, A. 
D., & Hylland, K. (2017). PAH metabolites in fish bile: 
From the Seine Estuary to Iceland. Marine Environ-
ment Research, 124, 41–45. https://​doi.​org/​10.​1016/j.​ 
maren​vres.​2016.​02.​014

Kammann, U. (2007). PAH metabolites in bile fluids of dab 
(Limanda limanda) and flounder (Platichthys flesus): Spa-
tial distribution and seasonal changes. Environmental Sci-
ence and Pollution Research, 14, 102–108. https://​doi.​org/​
10.​1065/​espr2​006.​05.​308

Kampmeier, M., van der Lee, E. M., Wichert, U., & Greinert,  
J. (2020). Exploration of the munition dumpsite  
Kolberger Heide in Kiel Bay, Germany: Example for 
a standardised hydroacoustic and optic monitoring 
approach. Continental Shelf Research, 198, 104108. 
https://​doi.​org/​10.​1016/j.​csr.​2020.​104108

Koske, D., Goldenstein, N., Rosenberger, T., Machulik, U., 
Hanel, R., & Kammann, U. (2020a). Dumped muni-
tions: New insights into the metabolization of 2,4,6- 
trinitrotoluene in Baltic flatfish. Marine Environ-
ment Research, 160, 104992. https://​doi.​org/​10.​1016/j. 
​maren​vres.​2020.​104992

Koske, D., Straumer, K., Goldenstein, N. I., Hanel, R., Lang, 
T., & Kammann, U. (2020b). First evidence of explosives 
and their degradation products in dab (Limanda limanda 
L.) from a munition dumpsite in the Baltic Sea. Marine 
Pollution Bulletin, 155:111131. https://​doi.​org/​10.​1016/j. 
​marpo​lbul.​2020.​111131

Lang, T., Kruse, R., Haarich, M., & Wosniok, W. (2017). 
Mercury species in dab (Limanda limanda) from the 
North Sea, Baltic Sea and Icelandic waters in relation to 
host-specific variables. Marine Environment Research, 
124, 32–40. https://​doi.​org/​10.​1016/j.​maren​vres.​2016.​
03.​001

Law, R., Hanke, G., Angelidis, M. O., Batty, J., Bignert, 
A., Dachs, J., Davies, I., et al. (2010). Marine Strategy 
Framework Directive: Task group 8: Report contami-
nants and pollution effects. Joint Research Centre, Euro-
pean Commission. https://​doi.​org/​10.​2788/​85887

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2018.00141
https://doi.org/10.3389/fmars.2018.00141
https://doi.org/10.1021/acs.est.8b06974
https://doi.org/10.1021/acs.est.8b06974
https://doi.org/10.1007/s00244-003-2136-4
https://doi.org/10.1007/s00244-003-2136-4
https://doi.org/10.1016/j.scitotenv.2019.04.058
https://doi.org/10.1016/j.scitotenv.2019.04.058
https://www.blmp-online.de/PDF/Indikatorberichte/2011_03_sd.pdf
https://www.blmp-online.de/PDF/Indikatorberichte/2011_03_sd.pdf
https://doi.org/10.1080/10408440600845619
https://doi.org/10.1080/10408440600845619
https://doi.org/10.1016/j.chemosphere.2020.128059
https://doi.org/10.1016/j.chemosphere.2020.128059
https://doi.org/10.1021/es305071v
https://doi.org/10.1016/j.talanta.2019.03.050
http://stateofthebalticsea.helcom.fi/wp-content/uploads/2018/07/HELCOM_State-of-the-Baltic-Sea_Second-HELCOM-holistic-assessment-2011-2016.pdf
http://stateofthebalticsea.helcom.fi/wp-content/uploads/2018/07/HELCOM_State-of-the-Baltic-Sea_Second-HELCOM-holistic-assessment-2011-2016.pdf
http://stateofthebalticsea.helcom.fi/wp-content/uploads/2018/07/HELCOM_State-of-the-Baltic-Sea_Second-HELCOM-holistic-assessment-2011-2016.pdf
https://doi.org/10.1016/j.marenvres.2016.02.014
https://doi.org/10.1016/j.marenvres.2016.02.014
https://doi.org/10.1065/espr2006.05.308
https://doi.org/10.1065/espr2006.05.308
https://doi.org/10.1016/j.csr.2020.104108
https://doi.org/10.1016/j.marenvres.2020.104992
https://doi.org/10.1016/j.marenvres.2020.104992
https://doi.org/10.1016/j.marpolbul.2020.111131
https://doi.org/10.1016/j.marpolbul.2020.111131
https://doi.org/10.1016/j.marenvres.2016.03.001
https://doi.org/10.1016/j.marenvres.2016.03.001
https://doi.org/10.2788/85887


Environ Monit Assess         (2021) 193:788 	

1 3

Page 9 of 9    788 

Maser, E., & Strehse, J. S. (2021). Can seafood from marine 
sites of dumped World War relicts be eaten? Archives of 
Toxicology. https://​doi.​org/​10.​1007/​s00204-​021-​03045-9

Maier, H. N. (1906). Beiträge zur Altersbestimmung der Fis-
che: Allgemeines; die Altersbestimmung nach den Oto-
lithen bei Scholle und Kabeljau. Littmann.

Morcillo, P., Esteban, M. A., & Cuesta, A. (2017). Mercury 
and its toxic effects on fish. AIMS Environmental Science, 
4(3), 386–402. https://​doi.​org/​10.​3934/​envir​onsci.​2017.3.​
386

Niemikoski, H., Straumer, K., Ahvo, A., Turja, R., Brenner, 
M., Rautanen, T., Lang, T., Lehtonen, K. K., & Vanninen, 
P. (2020). Detection of chemical warfare agent related 
phenylarsenic compounds and multibiomarker responses 
in cod (Gadus morhua) from munition dumpsites. 
Marine Environment Research. https://​doi.​org/​10.​1016/j.​ 
maren​vres.​2020.​105160

North.io GmbH. (2019). Amucad.
Strehse, J. S., Appel, D., Geist, C., Martin, H.-J., & Maser, E. 

(2017). Biomonitoring of 2,4,6- trinitrotoluene and deg-
radation products in the marine environment with trans-
planted blue mussels (M. edulis). Toxicology, 390, 117–
123. https://​doi.​org/​10.​1016/j.​tox.​2017.​09.​004

Strehse, J. S., & Maser, E. (2020). Marine bivalves as bioin-
dicators for environmental pollutants with focus on 
dumped munitions in the sea: A review. Marine Environ-
ment Research, 158, 105006. https://​doi.​org/​10.​1016/j.​ 
maren​vres.​2020.​105006

UMK. (2019). German environment minister conference 
(UMK), press release of 93. UMK, 15. November 2019/
BUE15, retrieved March 21 2021 from https://​www.​ 
umwel​tmini​sterk​onfer​enz.​de/​Mitgl​ieder-​UMK-​Mitgl​ieder.​
html.​html/​Aktue​lles-​Box.​html?​newsID=​230

Uścinowicz, S., Szefer, P., & Sokołowski, K. (2011). Trace 
metals in the Baltic Sea sediments. In: Uścinowicz, S. 
(Ed.), Geochemistry of the Baltic Sea Surface Sediments 
2011, p. 356 (Warszawa).

Zhang, Y. X., Jaegle, L., Thompson, L., & Streets, D. G. 
(2015). Six centuries of changing oceanic mercury. Glob. 
Biogeochem. Cycles, 28, 1251–1261. https://​doi.​org/​10.​
1002/​2014G​B0049​39

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1007/s00204-021-03045-9
https://doi.org/10.3934/environsci.2017.3.386
https://doi.org/10.3934/environsci.2017.3.386
https://doi.org/10.1016/j.marenvres.2020.105160
https://doi.org/10.1016/j.marenvres.2020.105160
https://doi.org/10.1016/j.tox.2017.09.004
https://doi.org/10.1016/j.marenvres.2020.105006
https://doi.org/10.1016/j.marenvres.2020.105006
https://www.umweltministerkonferenz.de/Mitglieder-UMK-Mitglieder.html.html/Aktuelles-Box.html?newsID=230
https://www.umweltministerkonferenz.de/Mitglieder-UMK-Mitglieder.html.html/Aktuelles-Box.html?newsID=230
https://www.umweltministerkonferenz.de/Mitglieder-UMK-Mitglieder.html.html/Aktuelles-Box.html?newsID=230
https://doi.org/10.1002/2014GB004939
https://doi.org/10.1002/2014GB004939

	Deep impact? Is mercury in dab (Limanda limanda) a marker for dumped munition? Results from munition dump site Kolberger Heide (Baltic Sea)
	Abstract 
	Introduction
	Material and methods
	Study sites
	Sampling
	Condition factor and age determination
	Chemicals
	Hg measurement and quality assurance
	Statistics

	Results and discussion
	Conclusion
	References


