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The environmental risks associated with dumped munitions, unexploded ordnance (UXO) and sunken war ships is gaining more and more attention nowadays, since these warfare materials may start leaking, posing a threat to marine wildlife. This study aims to assess the effects of pollution by explosives for marine fauna associated with sunken war ships still loaded with munitions at the time of sinking. For this purpose, transplanted blue mussels (Mytilus edulis) and passive samplers were exposed for several weeks on two WWII warship wrecks (HMS Basilisk and V1302, formerly named John Mahn) to detect leakage of explosives and to characterize the effects of those substances on mussel health. In addition, fish (Trisopterus luscus) dwelling at V1302 were caught and investigated following the same approach as used with the mussels. The hazardous potential of dissolved explosives was assessed using multi-biomarker analysis, which includes the enzyme activity of catalase (CAT), glutathione S-transferase (GST) and acetylcholinesterase (AChE), as well as histochemical biomarkers like lysosomal membrane stability (LMS), lipofuscin (LIPF), neutral lipids (NL) and glycogen (GLY) as an indicator of mussel’s energy reserve. Chemical analysis of passive samplers as well as mussel and fish tissue indicated leakage of explosives at both wrecks and a subsequent uptake by exposed organisms. The leakage of explosives was correlated with membrane impairments and signs of oxidative stress measured in exposed mussels and fish.
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Highlights

	Investigated wrecks are leaking energetic compounds from corroding munition.

	Blue mussels and fish take up energetic compounds.

	Concentrations of munition compounds are in the order of nanograms per gram tissue.

	Mussels respond to concentrations of dissolved explosive showing signs of oxidative stress.






1 Introduction

Since World War I (WWI) the production of conventional munitions and chemical warfare agents (CWA) increased significantly (Bełdowski et al., 2014), as well as their entry into marine waters (Beddington and Kinloch, 2005). There were two main ways of how warfare materials got into the oceans: (1) By war activities including training, mine laying, failed detonations, emergency launches and sunken wrecks loaded with warfare materials (Böttcher et al., 2011) and (2) by intentional dumping operations especially after World War II (WWII) (Böttcher et al., 2011; HELCOM, 2013), chosen as fast and cheap method of demilitarization (HELCOM, 2013).

Throughout WWII, the world experienced the single, largest loss of shipping in any period of time (Gilbert, 2005). For instance, in the East Asian Pacific alone more than 3,800 vessels were sunk during WWII, and it is likely that many of these ships were still loaded with munitions at the time of sinking (Monfils et al., 2006). Also the North Sea was a so-called watery grave for many ships (Bellamy, 1991). Data from the German Maritime Agency, Hamburg record approx. 120 military shipwrecks (Grassel et al., 2021) from WWI and II within the German Exclusive Economic Zones (EEZ) alone. In the Belgian part of the North Sea (BPNS) there are 140 known and identified wrecks that were sunk during war activities. About one hundred of these shipwrecks may still contain munitions (Deutsches Schifffahrtsmuseum, n.d).

Shipwrecks may pose severe risks to the aquatic environment due to their remaining fuel, their cargo or both. Especially military wrecks may contain considerable amounts of munition shells, mines, depth charges and other explosives, as well as chemical warfare agents (Gilbert, 2005). Hence, shipwrecks are of particular importance for environmental risk assessments. For the present study two identified wrecks, the HMS Basilisk and the V1302 formerly named John Mahn, were selected. Main reasons for selection were the confirmation of remaining munitions onboard, the existence of archive information regarding the type of munition and the accessibility of the wrecks for scientific divers. Further information about the ships and their sinking scenarios are provided in the supplement of this study (chapter S.1 and Supplementary Figure S1).

Lost or dumped underwater munitions of the World Wars still endanger the marine environment and human health nowadays. This threat can be divided into three categories: (1) risk of spontaneous detonation and the spreading of unexploded material e.g. during underwater works or when washed onshore (Appel et al., 2019; Beddington and Kinloch, 2005; Böttcher et al., 2011); (2) direct physical contact with toxic chemicals or munitions and the resulting health risks (Beddington and Kinloch, 2005) and (3) contamination of the marine environment by leaking chemicals through corroded munition shells (Appel et al., 2018; Beck et al., 2019; Beddington and Kinloch, 2005; Böttcher et al., 2011; Strehse et al., 2017). Since both CWAs and explosives are bio-available for organisms (Beck et al., 2022; Höher et al., 2019; Schuster et al., 2021; Strehse et al., 2017) there is also a risk that the released chemicals enter the marine food web (Böttcher et al., 2011; Ek et al., 2006, 2008; Maser and Strehse, 2021).

One of the most commonly used explosives is the nitroaromatic compound 2,4,6-trinitrotoluene (TNT) (Juhasz and Naidu, 2007; Lotufo et al., 2013). TNT and other munition constituents are known to be metabolized in the marine environment: The main metabolic pathway of TNT is the reduction to 2-amino-4,6-dinitrotoluol (2-ADNT) and 4-amino-2,6-dinitrotoluol (4-ADNT) via biotic processes, mainly by bacteria or enzymes of or within marine organisms (Beck et al., 2018; Juhasz and Naidu, 2007). During the manufacturing of TNT, several other nitroaromatic compounds are created as by-products. Most of them get removed or destroyed by the purification processes but some of them remain as contaminants in the munitions (Wellington and Mitchell, 1991). This includes 2,4-dinitrotoluene (2,4-DNT) and 1,3-dinitrobenzene (1,3-DNB), which are only slowly biodegradable (Wexler, 2014). The chemical structure of the mentioned explosives is shown in Figure 1.




Figure 1 | Chemical structure of selected explosives. (1) 2,4,6-trinitrotoluene (TNT), (2) 2-amino-4,6-dinitrotoluene (2-ADNT), (3) 4-amino-2,6-dinitrotoluene (4-ADNT), (4) 2,4-dinitrotoluene (2,4-DNT) and (5) 1,3-dinitrobenzene (1,3-DNB).



TNT, its metabolites 2-ADNT and 4-ADNT, as well as the impurities 2,4-DNT and 1,3-DNB all cause adverse health effects, and are harmful to the aquatic environment (Wexler, 2014). The toxic effects of TNT and other explosives have been shown in several studies using different toxicological endpoints (e.g. Nipper et al., 2001, 2009). However, there is still a scientific controversy whether TNT is more or less toxic than its metabolites (Sims and Steevens, 2008).

To assess the effects of pollutants, mussels have often been used as test organisms (Strehse and Maser, 2020). Blue mussels have several properties which make them suitable bioindicators as summarized by Beyer et al. (2017) and Farrington and Quinn (1973) (e.g. potential of bioconcentrating chemicals, robust organisms, abundant in all world oceans, common prey species, represent the environmental conditions of a specific area due to sessile lifestyle, can be easily transplanted) Mussels, especially Mytilus spp., are well established bioindicators which have already been used to monitor dissolved energetic compounds (Strehse et al., 2017) or to detect effects of dumped CWAs (Lastumäki et al., 2020).

In addition to mussels, fish have also been used as bioindicators, because these organisms fulfil the general requirements of a bioindicator as reviewed by Kuklina et al. (2013): they are ecologically relevant because they play an important role in the marine food web, they are generally sensitive to stressors, and fish have a wide distribution, etc. Fish are also known to bioaccumulate toxic substances (de Andrade et al., 2003) and may be especially suitable to assess the toxic effects of TNT, as it has been shown that they are sensitive to TNT exposure with LC50-values ranging from 0.8 to 3.7 mg/L (Talmage et al., 1999). For the present study, pout (Trisopterus luscus) was chosen as fish model, since the species is known to live around hard substrates like reef structures, stones and wrecks (Mallefet et al., 2007; Zintzen et al., 2006).

TNT and its metabolites are suspected to cause oxidative stress in cells and tissues of exposed organisms (Adomako-Bonsu et al., 2024). In addition, pre-investigations at the wreck sites revealed low exposure concentrations for dissolved TNT. Therefore, biomarkers were chosen which proved already their response to dissolved TNT in lab studies (Schuster et al., 2021) and are capable to function as early warning markers, showing their effects or endpoints on sub-cellular or cellular levels. Further, preference was given to biomarker which can be applied using both fish and mussels as bioindicators. At the conclusion, for the present study the following biomarkers were selected: Lysosomal membrane stability (LMS), enzyme activity of Catalase (CAT), glutathione S-transferase (GST) and acetylcholinesterase (AChE), as well as the biomarkers lipofuscin (LIPF), neutral lipids (NL) and glycogen (GLY). Further information about the biomarkers is available in the Supplementary Material (chapter S.2).

The aim of the present study was to assess the hazard potential of pollution by explosives and its ecological effects on exposed fauna at two World War II shipwrecks located near the Belgian coast, the British Destroyer HMS Basilisk and the patrol boat V1302. The objectives were to determine (1) whether the selected shipwrecks emit hazardous energetic compounds and, if so, (2) whether this contamination affects the health condition of the transplanted mussels of the species Mytilus edulis and the health of caught fish (Trisopterus luscus) by using a multi-biomarker approach including enzyme activities.




2 Material and methods


2.1 Study areas

Subjects of the present study were the two wrecks V1302 (formally named John Mahn) and the HMS Basilisk (also known as H11), as well as the wind park Belwind which served as a reference area. All three stations are located in the Belgian part of the North Sea (BPNS), in front of the Belgian coast near the cities Nieuwpoort, Ostend and Zeebrugge (Figures 2, 3).




Figure 2 | Southern part of the North Sea including the economic zones. The area enclosed by green lines represent the Southern Bight. The white shaded area marked with “B” represents the Belgian economic zone (Maes et al., 2005 modified).






Figure 3 | Map of the Belgian coast. Positions of the shipwrecks John Mahn/V1302 and HMS Basilisk are indicated by red dots. The wind park reference area Belwind is indicated by windmills. The colour code represents depth in m below mean lower low water spring tides (MLLWS) (Mathys, 2009 modified).



The BPNS is criss-crossed by several sandbanks (Figure 3). The current in this area can be highly variable due to the tidal cycles, but two main currents can be identified: Near the coast there is a north-easterly current coming from the English Channel into the North Sea. The other current flows further away from the coast in south south-westerly direction parallel to the Westhinder Bank (Maes et al., 2005). Within the BPNS there is a tidal range from approximately 2 to 5 m, with the highest tidal action near the English Channel (Sündermann and Pohlmann, 2011).

The two wrecks are located in different geographical and hydrographical locations. HMS Basilisk lies in 10 m depth at 51° 8′ 16″ N, 2° 35′ 6″ E, on the Trapegeer sandbank in front of the Belgian coast (Figure 3). The seabed near the shore consists mostly of fine sand (Maes et al., 2005). The front part of the wreck was separated from the main part close to the engine room and lies to port side (Figure 4).




Figure 4 | Multibeam image of HMS Basilisk including the location where mussels were transplanted in 2019.



The V1302 lies approx. 37 km northwest of Zeebrugge at 51° 28′ 42″ N; 2° 43′ 18″E (Figure 3) in 35 meter depth (Gröner et al., 1993; Lettens, 2002). The wreck is positioned on its keel with a slight slope to starboard side (25°) in east-west direction (Figure 5). Below the former water line close to the bridge a big hole from one of the bomb impacts is visible. Depth charges can be found on the stern. The wreck is entangled with nets, trawls and fishing lines (Lettens, 2002).




Figure 5 | Multibeam image of munitions onboard the V1302 and the locations for the transplanted mussels (A360-A363).



The offshore wind park Belwind is located in the BPNS on top of the Bligh Bank (51° 39′ 36″ N, 2° 48′ 0″ E) and is one of several wind farms operated by Parkwind. It covers a surface area of 17 km2 and is located 46 km off the coast of Zeebrugge (Figure 3). Water depth at the site is between 20 and 37 m. The wind farm contains 56 turbines at distances of 500 to 650 m and has been operating since 2010 (Belwind, 2017; BOP, n.d).




2.2 Experimental design

The investigation was conducted during two cruises of the RV Simon Stevin: One cruise in 2019 (labelled as SS1019) to both wrecks, and a second in 2020 (labelled as SS0720) to the V1302, during which the main investigation took place. The cruise SS1019 served as test for the feasibility of the experimental setup and to investigate whether any leakage of explosive chemicals occurs at one of the wrecks. For the main investigation the V1302 was chosen because the wreck is easier to access by divers, since it is further outside the tidal zone and the water is less turbid. During the main experiment, mussels were exposed and fish were caught to determine any potential biological effects as a response to the exposure with dissolved explosives from the wreck. A tabular overview about the experimental setup can be seen in Table 1.


Table 1 | Tabular overview about the experimental setup.



Mussels (Mytilus edulis) for transplantation on the wrecks were collected by divers from pylons at the reference area Belwind from approx. 10 m depth. Collected mussels were measured and only mussels with a shell length of 6 to 8 cm were kept for the experiment. Nylon net bags were filled with mussels and a set of two passive samplers (Chemcatcher®) to detect energetic compounds during the exposure. The use of passive samplers allows a qualitative detection of energetic compounds within the water column as well as the estimation of their ratio. Transplantation and retrieval of the mussels were conducted by scientific divers.

Mussels at the HMS Basilisk were placed at 8 m depth. Due to this wreck’s deeper location, mussels at the V1302 were placed at 30 m depth. During both field experiments passive samplers were also installed at the reference site Belwind. In addition, reference mussels were also obtained from the pylons at 10 m depth at the end of the experiments.

During the field experiment in 2019 (cruise SS1019) mussels were exposed at both wrecks: For each wreck one site was chosen close to munition items where mussels were exposed for 3 months (from August until October) together with passive samplers.

The main experiment was conducted in 2020 (cruise SS0720). Here, only the V1302 was investigated, and the mussel nets were placed along the entire length of the wreck (Figure 5). The different stations were labelled A360, A361, A362 and A363. At each station 30 mussels (20 mussel for biomarker analysis, 3 for chemical analysis and the rest as reserve) were exposed for 4 months (from March 13th 2020 until July 30th 2020).




2.3 Mussel and fish sampling, dissection, and morphometric measurements

After the exposure phase mussels were collected and directly processed in the wet lab of the research vessel. Shell length was measured using a Vernier calliper (± 0.1 mm). Total wet weight and shell wet weight were determined using a laboratory scale to calculate the condition index (CI) (Equation 1).

 

To prepare the dissection of mussels, the posterior adductor muscle was first cut. Then gill, mantle and digestive gland tissue were dissected and transferred to cryo-vials. Tissues were snap frozen in liquid nitrogen and stored in nitrogen vapour on board. Back on land, samples were kept at -80°C until further processing. 20 mussels per station were used for biomarker analysis. Three additional mussels per station were used for the chemical analysis of tissues. For chemical tissue analysis the whole soft body was used, which were also snap frozen and subsequently stored at -20°C. Since more than half of the mussels at station A363 had died, only 9 mussels were available for biomarker analysis, and 1 mussel for chemical tissue analysis.

Pouting (T. luscus) were caught directly above the wreck at slack water using commercially available sports fishing gear. Twenty specimens of a length above 25 cm were caught at the wreck and the reference site. Caught fish were processed directly on board. Fish were weighed (wet weight), the total length measured and anesthetized by a blow on the head, followed by decapitation prior to the subsequent dissection. The bile was collected by puncture of the gall bladder with needles (0.15 mm × 35 mm) and disposable syringes (1 mL) and transferred into a cryo-vial before snap frozen in liquid nitrogen. In addition, fish livers were investigated macroscopically for nodules and tumours. Pieces of liver were dissected for anti-oxidative-defence measurement and cryo-sectioning, placed in cryo-vials and snap frozen as described above. Another piece of liver was placed in aluminium foil and frozen at -20°C for chemical analysis. Finally, approx. 20 g of skin free muscle tissue from the fish’s filet was dissected and stored in a 15 mL Falcon tube kept at -20°C for chemical analysis. The biometric data were used to determine the Fulton’s condition factor (K) as an indicator of the general fish fitness status (Equation 2).

 




2.4 Chemical analysis

The preparation of passive samplers as well as chemical analyses by GC-MS/MS were performed according to Bünning et al. (2021) and Maser et al. (2023). In brief: The PES and HLB membranes of the passive samplers were freeze-dried separately, extracted with acetonitrile, and the extracts were analyzed using GC-MS/MS, consisting of a TSQ 8000 Evo mass spectrometer and a Trace 1310 gas chromatograph with a TG-5MS Amine column (15 m * 0.25 mm * 0.25 µm) (Thermo Fisher Scientific Inc., Waltham, MA, USA). Mussels and fish muscle were freeze-dried, ground, extracted with ACN, purified using 3 mL SPE columns, eluted with ACN, and also analyzed using GC-MS/MS. The bile samples were incubated with glucuronidase for 20 hours, extracted using 1 mL SPE columns, eluted with ACN, and analyzed using GC-MS/MS. All measurements were performed with splitless injections and quantified using external calibration curves.

Detailed descriptions of the methodology, instrument parameters and detection limits used for the GC-MS/MS measurements of the samples from the V1302 are published in Maser et al. (2023). Sample preparation and analysis of the samples from the HMS Basilisk and the reference site are carried out in the same way as described in Maser et al. (2023).




2.5 Biomarker analysis


2.5.1 Biochemical biomarkers


2.5.1.1 Homogenisation of mussel digestive gland, mussel gill tissue and fish liver

Homogenisation of mussel digestive gland tissue and fish liver was conducted using a modified version of the method described by Ahvo (2020a). Samples were individually homogenised in 100 mM potassium phosphate buffer with a pH of 7.0. Mussel digestive gland tissue was diluted at a ratio of 1:10 (tissue in mg, buffer in µL) in 2 mL vials for soft tissue homogenisation and kept on ice. Samples of fish liver were diluted in a ratio of 1:20 (tissue in mg, buffer in µL). Homogenisation of mussel gill tissue was conducted as described by Ahvo (2020d) using a 20 mM sodium phosphate buffer with a pH of 7.0. Buffer used for gill tissue was freshly mixed with 0.1% Triton-X100 on each day. Tissue samples of gill were diluted at a ratio of 1:3 (tissue in mg, buffer in µL) in 2 mL vials for soft tissue homogenisation and kept on ice. Homogenisation of tissue samples was executed using the precellys lysing kit Tissue homogenizing CK Mix (Cat.: P000918-LYSK0-A) and the Precellys® 24 homogenizer (Bertin Technology) by 5000 rpm, 2 x 15 sec with 15 sec break between shakings. To keep temperature at 4°C during homogenisation, a Cryolys® (Bertin Technology) was used and (re)filled with liquid nitrogen. Samples were then centrifuged with an Eppendorf centrifuge 5430R for 20 min at 4°C at 10000 g. Supernatants were transferred into 1.5 mL Eppendorf tubes and kept on ice until subsequent enzyme analysis.

Enzyme activity measurements for catalase (CAT) and glutathioneS-transferase (GST) activity were conducted using 96-well UV microplates. Acetylcholinesterase (AChE) activity was measured by using non-UV 96-well microplates. Measurements were done with a microplate reader (Infinite 200, TECAN) and analysed with i-control software 2.0. The volume of supernatants, reaction buffer and reagents in the wells for photometric measurements were adjusted to the used tissue samples in the present study. Samples were measured directly after homogenisation. Leftover extracts were frozen at -20°C for the determination of total proteins. Enzyme activity was adjusted to protein concentration in samples according to Bradford (1976). Protein analyses were conducted using the same microplate reader and non-UV 96-well microplates.




2.5.1.2 Catalase activity

Catalase (CAT) activity was determined by measuring the decrease in absorbance at 240 nm. The used method was based on Claiborne (1985/2018) and modified for mussel and fish tissue by Ahvo (2020b). CAT activity was measured with a final concentration of 10 mM H2O2.




2.5.1.3 Glutathione S-transferase activity

Glutathione S-transferase (GST) activity was measured using the method based on Habig et al. (1974) and modified for mussel and fish samples by Ahvo (2020c). GST was measured at 340 nm as increase in absorbance when adding a mixture of GSH (glutathione), CDNB (1-chloro-2,4 dinitrobenzene) and Dulbecco’s buffer with a final concentration of 2 mM GSH and 1 mM CDNB.




2.5.1.4 Acetylcholinesterase activity

The method used for determining acetylcholinesterase (AChE) activity was based on Bocquené and Galgani (1998) and modified by Ahvo (2020d) for microplates. AChE was measured as increase in absorbance at 412 nm in a mixture containing 0.57 mM DTNB (5,5’-dithiobis 2-nitrobenzoic acid) and 2.86 mM ACTC (acetylthiocholine) in phosphate buffer.




2.5.1.5 Determination of proteins in extract and calculation of activity per protein

Enzyme activity was determined as activity per protein (Equations 3–5). To do so total protein content in extracts were defined according to Bradford (1976) using a bovine serum albumin standard (BSA, Sigma A-6003). Protein analyses were executed by measuring the absorbance at 590 nm. Enzyme activity per protein [U/mg protein] was calculated using the following formulas (used molar coefficients  : H2O2: 43,6 M-1cm-1, CDNB: 9.6 M−1 cm−1, DTNB: 1.36 * 104 M−1 cm−1):

 

 

 





2.5.2 Histochemical biomarkers


2.5.2.1 Tissue preparation for histochemical biomarkers

For determination of sex and gonad status of mussels, as well as for lysosomal membrane stability (LMS) and histochemical biomarker analysis, cryostat sections were prepared by gluing (Thermo Scientific™ Richard-Allan Scientific™ Neg-50™) frozen samples of mussel digestive gland and mantel on pre-frozen aluminium chucks for cryostat sectioning (three samples on one chuck). Tissue sections of 10 µm were obtained using a cryotome (Thermo Scientific™, Cryo Star NX70) with chamber/knife temperature of -25/-23°C. Per chuck a duplicate section was made. The sections were stored at -80°C until further processing for LMS, lipofuscin, glycogen, and neutral lipid staining (only digestive gland tissue) as well as for sex and gonad status determination (digestive gland and mantel tissue). Sections for LMS analysis were stored for a maximum of 24 h by -20°C before treatment.




2.5.2.2 Determination of sex and gonad status

Cryostat sections of mussel digestive gland and mantel were stained with Gill’s Hematoxylin and counterstained using an Eosine-Phloxin solution (HE method) as described e.g. in Brenner et al. (2014). First, cryo-sections were fixed 5 min in Baker’s Formalin, rinsed with Milli-Q water for 1-2 min and stained in Gill’s Hematoxylin for 15 sec. Sections were then counterstained in Eosine-Phloxin solution for 30 sec. Finally, the stained samples were dipped 6 times in 80% ethanol and dried briefly before mounted with Euparal.




2.5.2.3 Lysosomal membrane stability

The lysosomal membrane stability test was performed according to Moore et al. (2004). First, serial cryostat sections were treated at 37°C for increasing time intervals (2 to 50 min) using a mixture of 0.1 M citrate buffer with a pH of 4.5 and containing 3% NaCl to destabilize the membrane. Subsequently section incubation took place for 15 min at 37°C in a solution containing Naphthol AS-BI Nacetyl b-D-glucosamide (Sigma) dissolved in 2-methoxy ethanol and low-viscosity polypeptide (Polypep, Sigma) dissolved in 0.1 M citrate buffer, pH 4.5 with 3% NaCl. Then sections were treated with Fast Violet B (Sigma) dissolved in 0.1 phosphate buffer with a pH of 7.4 to alter a post-coupling reaction resulting in a violet colour change. After 10 min samples were rinsed with running tap water and fixed in Baker’s Formalin. Finally, slides dried overnight in the dark at room temperature and were than mounted with Kaiser’s glycerine-gelatine.




2.5.2.4 Glycogen

The glycogen (GLY) content was used to assess mussel fitness and nutritional status. To determine GLY quantities, duplicate sections were stained using the Perjod-Acid-Schiff-Method (PAS) based on Culling (1974). Duplicate sections were fixed 10 min in Carnoy’s fixative rinsed with Milli-Q water, placed in 1% periodic acid, and again rinsed in Milli-Q water. Sections were then stained for 5 min in Schiff’s reagent and rinsed with Milli-Q water again. Stained sections were rinsed in a series of different ethanol solutions (50%, 70%, 80%, 96%, 100%) for 1 min each and cleaned with Appliclear until no more colours arises in the water. After a short period of drying, the stained sections were mounted with Permount.




2.5.2.5 Lipofuscin

Lipofuscin (LIPF) accumulation in the lysosomes served as indicator for oxidative stress and was determined using the Schmorl’s reaction after Pearse (1985), and modified by Brenner et al. (2014). Duplicate cryostat sections were fixed for 15 min in 4% Baker’s formalin, rinsed in Milli-Q water and then stained in a 1% hydrous ferric chloride/potassium ferricyanide (1:1) solution. Afterwards, stained sections were washed in 1% acetic acid for 2 min and rinsed under tap water for 10 min. Finally, sections were rinsed 3 times in Milli-Q water and mounted with Euparal after a short drying period.




2.5.2.6 Neutral lipids

The accumulation of neutral lipids (NL) was determined using the Oil-Red-O method (ORO) after Lillie and Ashburn (1943) modified by Brenner et al. (2014). First, duplicated sections were fixed in Baker’s formalin for 15 min, and dipped 15 times in Milli-Q water, followed by washing in 60% Triethylphosphate for 1 min. Afterwards, the sections were stained for 15 min in Oil-Red-O solution containing 1% Oil Red O and 60% Triethylphosphate (solution was pre-cooked for 5 min and filtered hot and cold once) and rinsed again for 30 sec in 60% Triethylphosphate. Finally, the stained sections were rinsed with Milli-Q water, dried and mounted using Kaiser’s glycerine-gelatine.




2.5.2.7 Microscopic image analyses

To determine lysosomal membrane stability as well as the lipofuscin, glycogen, and neutral lipid amount in the digestive gland of mussel tissue, a computer assisted image analysis program (camera: MRc, ZEISS; software: AxioVision SE64 Rel. 4.9, ZEISS) combined with a light microscope (Zeiss, Axioskop) at 400-fold magnification were used. For each staining method and sample, three black and white pictures were taken and analysed (3 measurements per individual).

To assess the lysosomal membrane stability the staining intensity of lysosomes was measured. The time needed for destabilisation of the membrane is reflected by the maximal staining intensity in the lysosomes represented by a “peak”. In general two peaks are present which represent different membrane properties of two sub-populations of lysosomes (Moore et al., 2004). The earlier the peaks occur, the more unstable the membrane was which indicates pre-damage. To determine the labilisation period only the first peak is used (Moore et al., 2004).

For lipofuscin and neutral lipids, image analysis was conducted on selected areas of the image, using the microscope-camera system described above. Suitable areas for image analyses were areas with intact tissue and visible tubules. Within this selected image the areas containing the respective staining was chosen. For glycogen the entire images were analysed because tubules were hard to identify.

Sex and gonadal status were determined using the same light microscope and camera like described earlier at 100-fold magnification. Gonadal status was separated into 3 categories according to Brenner et al. (2014): (1) Recovering (non-discriminable), (2) premature (discriminable) and (3) mature gonads (discriminable). Pictures showing examples of the different categories are given in Supplementary Figure S2 in the supplementary chapter S.3. Numbers of individuals assigned to a specific category were counted and displayed as percentages.






2.6 Statistics

Data was arranged using Microsoft Excel 365, and visualized as well as analysed using R (Version 4.1.0, The R Foundation for Statistical Computing). Data is mostly presented as boxplot. A boxplot visualises the data distribution using quantiles including the median, minimum and maximum values and also outliers. The Shapiro-Wilk test and Levene’s test were used to test the data for normal distribution and homogeneity of variance. To determine significant differences between the mussel stations a one-way ANOVA was performed, and the Tukey Test was applied as post hoc test when data was normally distributed and showed homogeneity in variances. If this was not the case the Kruskal-Wallis ANOVA and the Dunn’s Test were used as non-parametric alternatives. Fish samples were tested with the independent t-test when data were normally distributed and homogenic in variances. As non-parametric alternative the Mann–Whitney U-test was used. Significant levels were set to p< 0.05, p< 0.005 and p< 0.0005. In each graphic, significance levels of wreck station compared to the reference are displayed with stars (p< 0.05 = *, p< 0.005 = ** and p< 0.0005 = ***).





3 Results


3.1 Cruise 2019 – chemical analysis

For the cruise in 2019 passive samplers, TNT, 4-ADNT and 2-ADNT were targeted (Figure 6). Results revealed the presence of explosives at both the V1302/John Mahn (JM) and the HMS Basilisk (BA) in the order of ng per sampler. The passive samplers at V1302 had a higher total concentration of explosives (JM: Average concentration of 22.5 ng/sampler. BA: Average concentration of 16.5 ng/sampler). In general, TNT was found at the highest concentration (JM S1: 8.2 ng/sampler, JM S2: 15.1 ng/sampler, BA S1: 5.2 ng/sampler, BA S2: 7.9 ng/sampler), followed by 2-ADNT (JM S1: 5.2 ng/sampler, JM S2: 6.8 ng/sampler, BA S1: 3.1 ng/sampler, BA S2: 9.1 ng/sampler) and 4-ADNT (JM S1: 4.5 ng/sampler, JM S2: 5.2 ng/sampler, BA S1: 2.5 ng/sampler, BA S2: 5.2 ng/sampler).




Figure 6 | Energetic compounds detected in passive samplers during the exposure phase in 2019. Targeted chemicals were TNT (2,4,6-trinitrotoluene), 4-ADNT (4-amino-2,6-dinitrotoluene) and 2-ADNT (2-amino-4,6-dinitrotoluene). JM = V1302/John Mahn, BA = HMS Basilisk.






3.2 Cruise 2020


3.2.1 Chemical analysis

Concentration of energetic compounds measured within passive samplers at the different stations revealed the presence of explosive chemicals within the water column in the order of ng per sampler (Table 2). Dissolved explosives were not only detected at the wreck sites of the V1302 (average explosive concentration 28.6 ng/sampler. A361: 25.4 ng/sampler, A362: 50.7 ng/sampler, A363: 9.6 ng/sampler) but also at the reference site (average explosive concentration: 16.1 ng/sampler). Except for station A362, TNT concentrations were highest at the exposure locations. The highest TNT concentration was detected at station A361 with 19.1 ng/sampler, followed by A362 with 17.3 ng/sampler, the reference area with 8.7 ng/sampler and the lowest concentration was found at A363 with 7.6 ng/sampler. At station A362, 1,3-DNB showed the highest concentration (28.7 ng/sampler), whereas this chemical was not detectable at the other stations. For station A360, no data were available because the passive samplers vanished during the exposure. It should be noted here that passive sampler data give only a rough indication on the leakage of explosives from corroding munitions.


Table 2 | Mussel and passive sampler chemical analysis of the 2020 cruise to V1302 (Maser et al., 2023).



The concentrations of explosives in freeze-dried mussel tissues were an order of magnitude lower relative to the concentrations found in the passive samplers (Table 2). The overall amount of energetic compounds within mussel tissue was similar at the different stations at the V1302 wreck site (Table 2). The highest amount of energetic compounds was measured in mussels collected at station A362 with 5.1 ng/g dry weight (d. w.) followed by A360 (4.7 ng/g d. w.), A361 (4.3 ng/g d. w) and A363 (2.3 ng/g d. w.). Results from the reference site are not available as no samples were taken for chemical analysis. At all stations, TNT concentration was consistently highest (A360: 2.9 ng/g d. w., A361: 1.9 ng/g d. w., A362: 2.9 ng/g d. w., A363: 1.2 ng/g d. w.). Concentration of other chemicals were comparable with a level of< 1 ng/g d. w.




3.2.2 Biomarker studies at the V1302 using blue mussels


3.2.2.1 Condition index

Condition indices (CI) of mussels at the wreck and the reference area did not show significant differences (p = 0.117), although the CI of mussels at the reference site was generally slightly lower (72.08 ± 21.78) compared to the CI of the wreck (88.63 ± 26.78) (Figure 7). CI of mussels collected at the wreck were similar (A360: 83.26 ± 24.1, A361: 91.45 ± 26.2, A362: 91.81 ± 27.74, A362: 87.48 ± 33.89).




Figure 7 | Condition index of mussel from the cruise in 2020. Ref = Reference area Belwind, A360-A363 = Stations at the wreck V1302, [·] statistical outlier. Differences between the groups were not significant (p< 0.05).






3.2.2.2 Glycogen content

Glycogen (GLY) contents in the mussel digestive gland cells were similar between the different stations except for station A362 (Figure 8): Station A362 had a GLY level of 19 ± 3.52% whereas the other stations had a similar GLY level of 13.02 up to 13.96% (A360: 13.36 ± 1.69%, A361: 13.06 ± 1.74%, A363: 13.02 ± 1.46%, Ref: 13.96 ± 1.83%). Mussels at station A362 showed significant higher values than at station A360 (p = 0.011) and A361 (p = 0.013).




Figure 8 | Glycogen content [%] in digestive gland tissue of mussels from the cruise in 2020. Ref = Reference area Belwind, A360-A363 = Stations at the wreck V1302, [·] statistical outlier. Differences between the groups were not significant (p< 0.05).






3.2.2.3 Gonad status

Gonad status between the stations showed no significant differences (Figure 9). Most of the mussels were immature or recovering (45 to 65%), followed by premature (22 to 40%) and mature (5 to 33%). In general, half of the collected mussels had differentiable gonads (premature + mature) while the other half of mussel individuals could not be determined sexually.




Figure 9 | Gonad status of mussels [%] from the cruise in 2020. Ref = Reference area Belwind, A360-A363 = Stations at the wreck V1302.






3.2.2.4 Biochemical biomarkers

Catalase (CAT) activity was higher in mussel tissue of the wreck sites (average: 25.72 ± 9.24 U/mg protein) in comparison to the reference area (20.74 ± 7.87 U/mg protein) but only station A361 showed significance over the reference (p = 0.017) with an activity of 29.79 ± 9.87 U/mg protein (Figure 10a).




Figure 10 | Enzyme activity in digestive gland (dark grey) and gill tissue (light grey) of mussels in 2020: (a) Catalase (CAT) activity (U/mg protein). (b) Glutathione S-transferase (GST) activity (U/mg protein). (c) Acetylcholinesterase (AChE) activity (mU/mg protein). Ref = Reference area Belwind, A360 – A363 = Stations at V1302, [·] statistical outlier. Significant differences to the reference are displayed with stars (p< 0.05 = *).



Activity of glutathione S-transferase (GST) was generally lower than CAT activity. GST activity showed similar levels for mussels at wreck sites (average: 6.16 ± 3.63 U/mg protein) and the reference site (7 ± 3.76 U/mg protein) (Figure 10b). Activity levels were ranging from 5.36 ± 4.23 U/mg protein (A360) up to 7.16 ± 4.09 U/mg protein (A363) with no significances.

Acetylcholinesterase (AChE) activity was in general one dimension lower than CAT and GST activity (Figure 10c). It must be noted that AChE activity was measured in gill tissue and not in digestive gland as the other enzymes. AChE in mussel tissue of the wreck sites had only slightly lower activity (average of all wreck stations: 17.16 ± 8.53 mU/mg protein) compared to the reference (19.53 ± 13.14 mU/mg protein). Station A360 had the lowest activity with 14.67 ± 7.11 mU/mg protein. However, differences were not significant.




3.2.2.5 Histochemical biomarkers

Results of the lysosomal membrane stability (LMS) analysis showed a similar pattern for peak 1 and 2 (Figure 11). For both, the peaks of the reference mussels occurred significantly later than compared to wreck mussels. The first peak of LMS in reference mussels and mussels from station A362 occurred mainly after 20 min, whereas mussels of the other stations showed the first peak between 10 and 15 min. Also, for the second peak reference mussels and mussels from station A362 showed a later response with a peak after 40 min compared to the other station which had a peak after 35 min. Furthermore, both peaks showed significant differences between the stations (first peak: Ref vs A360: p< 0.0005, Ref vs A361: p< 0.005, Ref vs A363: p< 0.05, A360 vs A362: p< 0.005, A361 vs A362: p< 0.005, A362 vs A363: p = 0.04; Second peak: Ref vs A360: p< 0.005, Ref vs A361: p< 0.0005, Ref vs A363: p< 0.005 A361 vs A362: p = 0.01).




Figure 11 | Boxplots of lysosomal membrane stability (LMS) of peak 1 (a) and peak 2 (b) in cells of mussel digestive gland tissue from the cruise in 2020. Ref = Reference area Belwind, A360 – A363 = Stations at V1302, [·] statistical outlier. Significant differences to the reference are displayed with stars (p< 0.05 = *, p< 0.005 = ** and p< 0.0005 = ***).



Lipofuscin (LIPF) level in digestive gland cells was measured between 8 and 12.5% with significant differences between stations (p< 0.0005) (Figure 12a). Significant differences were detected between reference and A361 (p = 0.033) as well as between reference and A362 (p< 0.0005). Further, differences with statistical significance could also be detected between station A360 and A361 (p = 0.006), A362 (p< 0.0005) and A363 (p = 0.031). The highest LIPF content in average could be detected in mussels from the station A360 (12.53 ± 0.65%) and from the reference (12.20 ± 1.10%). The lowest content was found in mussels from station A362 (8.63 ± (0.75%).




Figure 12 | Histochemical biomarkers determined in tissue cells of digestive gland in mussels in 2020. Ref = Reference area at Belwind, A360 – A363 = Stations at V1302, [·] statistical outlier. Significant Differences to the reference are displayed with stars (p< 0.05 = *, p< 0.005 = ** and p< 0.0005 = ***) Used biomarkers were (a) lipofuscin content (LIPF) and (b) neutral lipids (NL).



Neutral lipid (NL) content in mussel tissue was slightly lower in mussels of the reference (2.63 ± 1.42) compared to wreck mussels (average of wreck: 5.54 ± 1.43%). (Figure 12b). Significant differences were detected for reference compared with station A360 (p = 0.0006), A361(p = 0.0015) and A362 (p = 0.014).





3.2.3 Exposed fish

Fish liver samples were taken from both the V1302 wreck and the reference site to assess the biomarker response within these tissues according to the exposure to dissolved TNT and its metabolites deriving from corroding munition onboard the wreck. However, the fat content of the liver samples was relatively high. Hence, samples remained soft and smeary even after being stored at -80°C, making it impossible to cut and process the samples with a cryotome. Therefore, no LMS and histochemical biomarker analysis could be conducted. The remaining tissues were used for the assessment of enzyme activities (see below).



3.2.3.1 Chemical analysis

Chemical analysis of the fish filets revealed the presence of TNT and its degradation products within fish (Table 3). The average detected TNT concentration was 4.2 ng/g d.w. Two individuals showed a clearly higher concentration, up to 3 times higher than average (12.8 and 10.3 ng/g d.w.). The lowest TNT concentration was 1.7 ng/g d.w. In general, the average detected TNT concentration was 4 times higher than the degradation products 4-ADNT and 2-ADNT, whereas 2-ADNT was slightly higher than 4-ADNT (average 2-ADNT: 1.6 ng/g d.w. 4-ADNT: 1.1 ng/g d.w.). 2-ADNT concentrations ranged from 0.7 up to 2.1 ng/g d.w. and 4-ADNT ranged from 0.9 up to 3.2 ng/g d.w. 1,3-DNB and 2,4-DNT were mostly beneath the limit of detection. 1,3-DNB (0.2 ng/g d.w.) and 2,4-DNT (0.6 ng/g d.w.) were only detected in the filet with the highest TNT concentration. 2,4-DNT could also be detected in one additional filet with a concentration of 1.1 ng/g d.w. The fish bile contained only very low concentrations of 2-ANDT (up to 0.5 ng/g d.w.) and 4-ADNT (up to 0.6 ng/g d.w.) whereas TNT could not be detected.


Table 3 | Chemical analysis of fish filet samples and bile caught during the 2020 cruise at V1302 (Maser et al., 2023).






3.2.3.2 Fulton’s condition factor

The condition factor (K) between caught fish at the reference site (1.49 ± 0.26) and at the V1302 wreck (1.54 ± 0.17) showed no significant differences.




3.2.3.3 Biochemical biomarkers

Catalase (CAT) activity in fish liver were very similar between the fish caught at the reference area (165 ± 78.85 U/mg protein in average) and the wreck site (165.1 ± 62.52 U/mg protein in average) (Figure 13a). Therefore, no significant differences could be detected between the stations. The glutathione S-transferase (GST) activity also showed no significant differences between the reference and wreck sites (Figure 13b), even though the fish caught at the wreck had a general higher enzyme activity (110.41 ± 51.98 U/mg protein in average) than the reference fish (87.77 ± 40.33 U/mg protein in average).




Figure 13 | Enzyme activity in liver tissue of fish in 2020 at V1302: (a) Catalase (CAT) and (b) glutathione S-transferase (GST) activity. Ref, reference; Wr, wreck; [·] statistical outlier. Differences between the groups were not significant (p< 0.05).









4 Discussion

Wrecks can be a source of many pollutants depending of their cargo, armament and the vessel’s propulsion. The wrecks investigated for this study were coal or fuel-oil driven. To keep the engine running also lubricants and smears sometimes based on mineral oil derivates were used. In addition, steel ships were protected against sea water driven corrosion by covering the hull with lead containing coatings. Finally, the ships were loaded with munition filled with toxic explosives. Thus, making the wrecks a point source of a pollutant mixtures most probably unique for a specific wreck. For remaining munition investigations using archive information and battle reports were done to estimate amount of munition still on the wrecks at least until the time of sinking. Further, in case of V1302 and HMS Basilisk the remaining munition was visually confirmed by divers. Overall, munition is assumed to be the prominent source of pollutants on the investigated wrecks, knowing, that other pollutants my add to the responses of biomarker analysed for this study.

It is well established that explosives are taken up, metabolized and accumulated in marine organisms of different types (Ballentine et al., 2015; Lotufo et al., 2009; Rosen and Lotufo, 2007b). Several studies have shown that exposure to explosives poses a threat to a variety of marine species. For instance, Nipper et al. (2001) showed negative effects of TNT, tetryl and hexogen on different marine species like algae, polychaetes, opossum shrimps and redfish, with a lowest effective concentration ranging from 0.26 to 7.6 mg/L. It is also known that exposure to munition compounds has varying degrees of effects on different life stages. Rosen and Lotufo (2007a), for instance, showed a higher sensitivity of juvenile mussels (Mytilus galloprovincialis) against exposure to explosives compared to adults. Exposure can also trigger a change in behaviour as reported by Schuster et al. (2021). They found higher numbers of mussels with closed valves when Baltic blue mussels of the Mytilus family were exposed to higher TNT concentrations. They also reported effects of TNT exposure on different stress biomarkers. Most of the available studies are laboratory experiments using concentrations of munitions compounds that are much higher than those found in the environment. Knowledge about effects of dissolved explosives under field conditions is still scarce, but studies are now being published that show a response of organisms and benthic communities to dissolved explosives from dump and wreck sites of conventional munitions (Van Landuyt et al., 2022; Vedenin et al., 2023).

To assess the environmental risks of sunken warships and their cargo, two research expeditions to preselected wrecks were conducted, one in October 2019 (SS1019) and one in July 2020 (SS0720). The aim of the cruise SS1019 was to determine if the wrecks exhibit leakage of chemicals, and whether the exposure setup and sampling methods were suitable for the planned experiments. It turned out that both wrecks showed leakage of dissolved explosives. The V1302 was finally selected as the main research site in 2020, because the wreck site of the HMS Basilisk is under strong tidal influence. This results in high current velocities and turbid water, restricting the diver-based operations necessary to transplant and retrieve the mussels.

Due to the relatively short exposure time of 4 months possible responses of mussels were expected to be on low organisational levels, e.g. on subcellular, cellular and tissue levels. Therefore, the present study used several biomarkers which are known for potential alternation at low concentrations of pollutants. This includes histochemical biomarkers and the measurements of the energy status as well as the assessment of enzyme activities of the Anti-Ox-Defence-System. The same biomarker approach was then used to assess also the fish caught at the wreck and reference area.



4.1 Bioavailability of warfare chemical substances in the marine environment

Chemical analyses revealed leakage of explosives at the V1302 and HMS Basilisk as well as uptake by transplanted mussels and wild fish. Traces of explosives could be detected within the water and sediment, as well as mussel and fish tissue (for results of water and sediment samples, see Maser et al. (2023). Detected explosives within the various samples were on the order of ng per unit. This fits with the usually detected concentrations of munition compounds within environmental samples which is on the order of ng/L or µg/kg as reviewed by Beck et al. (2018). Recent studies already showed the potential of explosive leakage through corroded munition shells. For instance, Strehse et al. (2017) detected leakage of munition compounds at a bulk of explosives and Appel et al. (2018) near a pile of corroded mines in Kiel Bight, Baltic Sea. Both studies used transplanted mussels for assessing the leakage. Dissolved TNT leaking out of the munition shells can be metabolised, mainly by bacteria (Juhasz and Naidu, 2007; Rosen and Lotufo, 2007b) or by enzymes within the marine biota (Koske et al., 2020). Munition compounds as well as their metabolites are taken up and further metabolized by mussels (e.g. Appel et al., 2018; Schuster et al., 2021; Strehse et al., 2017). For instance, Appel et al. (2018) and Strehse et al. (2017) could detect explosive concentrations within mussel tissue in the order of ng/g mussel tissue. This is in accordance with the findings of the present study where mussel tissue also contained explosive concentrations in the order of ng/g mussel tissue. It is known that M. edulis contains several enzyme systems like cytochrome P-450 monooxygenase which may play a role in TNT metabolism (Livingstone and Pipe, 1992). Lab exposure experiments using blue mussels provided further evidence for the ability of mussels to metabolise TNT, since after the exposure to dissolved TNT mostly TNT metabolites were found in the investigated mussel tissues (Schuster et al., 2021).




4.2 Comparability of physiological status of mussel individuals

Species reproduction is an energy consuming and stressful process. Mussels also invest a lot of energy into their gametes and into spawning (Mredul et al., 2024). Individuals which have recently spawned are most probably not comparable, regarding their energy and stress level, to individuals that are still developing their gonads. To ensure that mussels used in the experiments were in a similar physical condition, the gonad status was determined. Further, also the condition index of all investigated mussels was tested for differences. As result no significant differences between mussel from the two different sites were detectable, suggesting that site specific geo- and hydrographical conditions did not influence mussel condition.

Mussels transplanted to the V1302 and HMS Basilisk were first collected from the reference area and pre-sorted according to their size before caged and transplanted. After the exposure mantle tissue of all exposed specimen was analysed for the gonad status. The results show that mussels from the different exposure stations of the V1302 and from the reference site were in a comparable physiological state as indicated by a similar gonad status. Approximately, half of the mussels had mature/premature gonads and the other half were still developing, which fits with the seasonal time of mussel sampling. The general spawning period of Mytilus edulis extends from April until the end of June and in Autumn gonads begin to build up again (Sprung, 1983).




4.3 Effects of leaked explosives on mussels and fish

Leaked munition compounds show a slow dissolution (Beck et al., 2018) and are usually found in ng/L concentrations in the aquatic environment (Beck et al., 2019; Kammann et al., 2024; Koske et al., 2020). It has therefore been suggested that those compounds are unlikely to cause acute toxicity or even lethal effects in organisms living at or in the vicinity from munition dumping sites (Beck et al., 2018, 2019). This appears to be true for the present study. Lethal concentrations of dissolved TNT are in the range of mg/L for many marine organisms, but at the two wreck sites investigated here measured concentrations in the water column were in the range of ng/L. This means that the caged mussels were exposed to concentrations of dissolved TNT reflecting a chronic toxicity level.

To measure the effects of chronic toxicity a multi-biomarker approach focussing on early warning marker on sub-cellular and cellular levels was used. Enzymes of the Anti-Ox-Defence system, such as catalase (CAT) and glutathione S-transferase (GST) were tested in both exposed fish and mussels. In mussels, CAT activity tended to be higher in individuals exposed at the wreck site. However, there was only a single, low significant difference detected for one wreck station (A361) relative to the reference site. This is in line with findings from Schuster et al. (2021) who conducted an exposure experiment under laboratory conditions in which mussels (Mytilus spp.) were exposed for 96 h to 10 mg TNT/L (acute exposure experiment) and 21 d to 2.5 mg TNT/L (chronic exposure). In this study, the authors could not detect significant increased CAT activity during the acute exposure. During the chronic exposure experiment CAT activity was only increased in gill tissue but not in the digestive gland. It has been suggested that CAT activity in gill tissue is more sensitive to environmental pollutants than other tissues due to their physiological role in respiration (Regoli and Principato, 1995). For future studies, it might be of interest to detect CAT activity in mussel gills as well.

GST activity in mussels of the present study was similar between wreck stations and the reference area and showed no significant differences. This is in line with another study conducted by Höher et al. (2019) who exposed M. trossulus for 96 h hours to CWA’s in the order of µg/L in a lab-controlled experiment. In this study the chemical concentration used was too low to trigger GST adaptation. TNT exposure has previously been shown to increase GST activity in mussels, as reported by Schuster et al. (2021). The authors could detect a significant increase of GST activity in the chronic exposure experiment in mussels exposed to 1.25 and 2.5 mg/L TNT. Combined, these studies suggest that the exposure concentrations of dissolved TNT in our study were too low to induce significant GST activity.

Results of the neurotoxic biomarker acetylcholinesterase (AChE) exhibited a lower activity in mussel tissue of the wreck sites than those found in the reference area. In general, a lowered AChE activity is a sign of reaction to pollution, but the differences in AChE activity were not significant. This finding matches the results found by Lastumäki et al. (2020) and Schuster et al. (2021). Both, the field experiment conducted by Lastumäki et al. (2020) and the two laboratory experiments conducted by Schuster et al. (2021) did not reveal a significant increase in AChE when mussels were exposed to munition compounds. Further, it is suggested that AChE inhibition and the alteration of antioxidant enzymes like CAT are reversely correlated as reviewed by Lionetto et al. (2011). However, this phenomenon could not be observed in the present study.

Results of the lysosome membrane stability (LMS) in mussels show a clear pattern. Membrane stability was significantly higher in cells of the digestive gland tissue at the reference site than at all exposed mussels except for station A362. This is true for both peak 1 and 2. A possible explanation is that labialisation of membranes is caused by oxyradicals, developed due to the presence of TNT and its metabolites within the cells. Other studies showed that low LMS values are negatively correlated with high values of neutral lipids (NL) and lipofuscin (LIPF) (Krishnakumar et al., 1994, 1997; Lastumäki et al., 2020). In the present study, the results showed an increase in NL in tissue of wreck mussels but a decrease in LIPF.

LIPF content in wreck mussels were generally lower compared to reference mussels, but only two stations showed significant differences (A361 and A362). In addition, the significant level of station A361 was only on low level. In general, a downregulation of biomarkers could indicate a bell-shaped response (Regoli, 2000; Viarengo et al., 2007). If that would be the case for our data, then LIPF of all wreck stations should be significant lower compared to the reference and CAT activity should show a significant negative correlation to LIPF. Since these trends were not observed, a bell-shaped response seems unlikely. However, the exposure concentration might be too low to trigger a response. For instance, Lastumäki et al. (2020) conducted a field experiment with transplanted mussels (Mytilus trossulus) were mussels were exposed 2.5 month at dumping sites of chemical warfare agents (CWA) in the Baltic Sea. The concentrations of munition compounds found in mussel tissue was on the order of ng/L and they could not detect an increase in LIPF content either. In contrast, an increase in LIPF content can be observed when mussels are exposed to high TNT concentrations (10 mg/L conducted over 96 h), as shown by the laboratory exposure experiment conducted by Schuster et al. (2021).

An accumulation of NL in digestive gland cells of mussels is associated with stress induced by toxic chemicals indicating lipidosis (Krishnakumar et al., 1994; Lowe, 1988; Viarengo et al., 2007). In the present study significantly higher NL levels were found in wreck mussels compared to the reference. Accordingly, Schuster et al. (2021) could detect an increase in NL when mussels were exposed to higher TNT concentration up to 2.5 mg/L during the chronic exposure experiment. In the present study the detected explosive concentrations at the sampling sites were only on the order of ng/L, but there is still an effect visible. It should, however, be noted that the highest NL content was not necessarily found at stations were mussels had the highest TNT concentration in their tissues.

Glycogen (GLY) is the primary energy reserve in most bivalves (Patterson et al., 1999). The GLY storage is affected by various environmental factors including chemical pollution which induces stress in the organisms. This often leads to an increased metabolism and a reduced GLY storage. Therefore, in the present study a lower amount of GLY was expected in mussels located near to munition due to the increased energy requirements caused by increased stress. However, this could not be observed. All stations showed a similar GLY level with exception of station A362 which had an increased GLY content compared to the other wreck stations A360 and A363 but not to the reference site. Schuster et al. (2021) also, could not detect a decrease in GLY of digestive gland cells when mussels were exposed to TNT, despite using a much higher concentration than what was detected at the wreck stations of the present study. Even though some of the tested biomarkers in the present study showed a response to chemical pollution, the effects were not prominent enough to change the energy storage of mussels. This is also true for the individual level, since the Condition Index CI did not differ between mussels exposed at the wrecks site and those from the reference. However, considering the available literature, this seems to be plausible given the low exposure concentrations and the relatively short time of exposure.

In addition to the mussel caging experiment, wild fish were also caught at the wreck and reference sites and tested for biomarker responses. Fish samples showed no significant alteration in Fulton’s Condition Factor (K) and enzyme activity when exposed to dissolved explosives at the wreck site compared to the reference area. Only GST activity showed an increasing trend in fish from the wreck site, although the difference was not statistically significant. In contrast, Ek et al. (2005) already proofed that TNT can have an influence on GST activity in fish: They could detect a significant higher GST activity in fish (Oncorhynchus mykiss) intraperitoneally injected with TNT when compared to a control. Della Torre et al. (2008) also found increased GST activity in European eel (Anguilla anguilla) when exposed to higher TNT concentrations in a laboratory experiment. Further, Niemikoski et al. (2020) could detect a significant change in CAT and GST activity in Atlantic cod (Gadus morhua) from chemical munition dumpsites in the Baltic Sea when exposed to CWAs. However, the test organisms used in those studies were exposed to higher concentrations of munition compounds (lab studies) or to different chemicals (Niemikoski et al., 2020).

The acute and chronic toxicity of TNT and its metabolites has, nevertheless, already been reported for many fish species by older studies like those reviewed by Talmage et al. (1999). Recent studies also proved that fish take up TNT (Maser et al., 2023) and CWA (Niemikoski et al., 2020). While Koske et al. (2020) and Kammann et al. (2024) found munition compounds in the bile of common dab (Limanda limanda, L.) living near dump sites in the North and Baltic Sea, Maser et al. (2023) and Maser et al. (in press) could even show that TNT and it’s metabolites occurred in the edible part (fillet) of fish (pouting; Trisopterus luscus) living at a wreck site in the Belgian North Sea, as well as in flounders (Platichthys flesus) caught in the German North Sea at the coast of Lower Saxony, respectively.

Overall, the comparison of the biomarker results of the present study with findings of former studies is difficult, since most existing knowledge is derived from laboratory studies, where higher concentrations of explosives were used or different chemicals like CWAs were applied. For instance, in comparison with Schuster et al. (2021), there is a difference in exposure concentration of ng/L detected in the present study whereas Schuster et al. (2021) used mg/L in the laboratory experiment with mussels. Even though they used much higher explosive concentration, not all biomarkers were significantly increased during exposure to higher TNT concentration. The same is true for fish. Studies referring to the enzyme activity as a response to higher TNT exposure concentrations used much higher concentrations of explosives then the present study (Della Torre et al., 2008; Ek et al., 2005).

Another problem regarding the assessment of the biomarker results is the fact that also traces of dissolved TNT were found at the reference site. Concentrations measured in the passive sampler from the reference site are lower than those from two wrecks stations (A361 & A362) but comparable to the values measured at A360. As the area has been cleared of lost explosives before the construction phase of the windmill farm, we had assumed that no TNT would be present at this site. At a true reference area, however, the background concentrations of the target chemical used as exposure agent should of course be zero or close to zero. In our study, the tested biomarkers have probably also responded to the TNT traces at the reference site levelling the expected responses between exposure and reference sites. Future studies should put more effort in pre-investigations of the planned reference area, to make sure that the area is free of dissolved explosives.

In addition, there is increasing evidence of sublethal and chronic effects of marine organisms when exposed to munition compounds, especially for immobile organisms living in or on the sediment (Juhasz and Naidu, 2007; Lotufo et al., 2013; Talmage et al., 1999). Those chronic effects can manifest in various forms, including reduced growth and reproduction, impaired development, and damage to the nervous, immune and blood systems (Gong et al., 2007). However, such investigations would need extended exposure times. Alternatively, histological investigations of organs, such as the liver of long-living non-migrating fish could help to assess chronic effects of low concentrated chemicals, such as dissolved explosives.





5 Conclusion

Results of the present study proved the leakage of energetic chemicals at the wrecks of HMS Basilisk and the V1302/John Mahn, as well as the uptake of those compounds by investigated mussels and fish. In mussels, the leakage of explosives is correlated with membrane impairments of cell organelles and signs of oxidative stress. However, in fish no correlation between uptake of explosives and biomarker response could be detected. If responses of a biomarker occurred, they were restricted to the sub-cellular and cellular levels. No effects on the individual level were visible. However, as corrosion of munition shells and the leakage of explosives proceeds, the situation may worsen, since more TNT will get dissolved. Therefore, further monitoring is recommended.
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