Explosives compounds from sea-dumped relic munitions accumulate in marine biota
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Highlights:

e Munition compounds were detected in >98% of organisms collected throughout the southwest Baltic Sea, at a
median level of 6 pmol/g (approximately 1 ng/g)

e Tissue content of TNT, ADNT, and DANT were significantly elevated in a munitions dumpsite at Kolberger Heide

e TNT was rarely detected in fish, whereas the transformation product compounds ADNT and especially DANT
were nearly ubiquitous

o ADNT and DANT were higher in fish viscera than muscle, suggesting reduced risk to seafood consumers, alt-
hough fish muscle from Kolberger Heide was more contaminated than elsewhere

Abstract

Relic munitions are a hazardous legacy of the two world wars present in coastal waters worldwide. The
southwest Baltic Sea has an especially high prevalence of unexploded ordnance and dumped munition
material, which represent a large potential source of toxic explosive chemicals (munition compounds,
MC). In the current study, diverse biota (plankton, macroalgae, tunicate, sponge, mollusc, echinoderm,
polychaete, anemone, crustacea, fish) were collected from the Kiel Bight and a munitions dumpsite at
Kolberger Heide, Germany, to evaluate the potential bioaccumulation of explosives and their derivatives
(2,4,6-trinitrotoluene, TNT; 2-amino-4,6-dinitrotoluene and 4-amino-2,6-dinitrotoluene, ADNT; 2,4-dia-
mino-6-nitrotoluene and 2,6-diamino-4-nitrotoluene, DANT; 1,3-dinitrobenzene, DNB; and 1,3,5-trinitro-
1,3,5-triazinane, RDX). One or more MCs were detected in >98% of organisms collected throughout the
study region (n=178), at a median level of 6 pmol/g (approximately 1 ng/g) and up to 2 x 107 pmol/g
(TNT in Asterias rubens collected from Kolberger Heide). In most cases, TNT and its transformation prod-
uct compounds ADNT and DANT were significantly higher in biota from the munitions dumpsite com-
pared with other locations. Generally, DNB and RDX were detected less frequently and at lower concen-
trations than TNT, ADNT, and DANT. In commercially important fish species (plaice, flounder) from Kol-
berger Heide, TNT and ADNT were detected in 17 and 33% of samples, respectively. In contrast DANT
was detected in every fish sample, including those outside the dumpsite. Dinitrobenzene was the sec-
ond most prevalent MC in fish tissue. Fish viscera (stomach, kidney, liver) showed higher levels of DANT
than edible muscle flesh, with highest DANT in liver, suggesting reduced risk to seafood consumers. This
study provides some of the first environmental evidence for widespread bioaccumulation of MCin a
coastal marine food web. Although tissue MC content was generally low, corrosion of munition housings
may lead to greater MC release in the future, and the ecological risk of this exposure is unknown.
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1. Introduction

Nearly a century of ocean dumping and global wars in the 1900s have left coastal marine systems lit-
tered worldwide with relic munitions. European waters are particularly impacted by the legacy of the
two World Wars (WWI and WWII), and numerous intentional dumpsites exist consisting each of as much
as 1 million metric tons of munition material (e.g., Beaufort’s Dyke; Beddington and Kinloch, 2005). Ger-
man waters of the North and Baltic Seas have at least 15 documented munitions dumpsites and exten-
sive munitions-contaminated regions, together comprising some 1.6 million metric tons of munitions
(Bottcher et al., 2011).

The majority of relic munitions in marine waters contain conventional explosives, but not chemical war-
fare agents (Beck et al., 2018, and references therein). For WWIl-era munitions, the predominant explo-
sives used were TNT (trinitrotoluene), RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine), and in some German
munitions, DNB (dinitrobenzene) (Haas and Thieme, 1996). These explosive chemicals can exhibit
marked toxicity to biological receptors. Effects include genotoxicity, carcinogenicity, and cytotoxicity
(Juhasz and Naidu, 2007; Lotufo et al., 2013; Talmage et al., 1999).

For some compounds such as TNT, structurally-similar transformed metabolites (i.e., for TNT: amino-
dinitrotoluenes and diamino-nitrotoluenes) can also exhibit toxic effects (Lotufo et al., 2013; Koske et
al., 2019). The aminated transformation products of TNT can be formed microbially (Spain, 1995) or
within organs of higher organisms, especially the liver (Ownby et al., 2005; Koske et al., 2020a,b). The
precursor TNT compound has limited potential for bioaccumulation due to rapid excretion and transfor-
mation (Lotufo et al., 2009; Lotufo et al., 2016). In contrast, the aminated transformation product com-
pounds are accumulated to a greater degree, and non-extractable TNT residues can also represent a ma-
jor fraction of the accumulated TNT (Ownby et al., 2005; Belden et al., 2005; Lotufo et al., 2016).

Explosive compounds and their transformation products (referred to generally as “munition com-
pounds”, MC) have only rarely been detected in environmental samples (as reviewed by Beddington and
Kinloch, 2005; Beck et al., 2018). The comprehensive literature review of Lotufo and colleagues (2017)
illustrates the lack of environmental MC data, including water, sediments, and biota. In most cases, only
the most highly exposed organisms had detectible MC levels. For example, one study found tissue TNT
content on the order of 100-1000 ug/g tissue in a featherduster worm, star coral, and sea urchin col-
lected directly from the housing of a breached bomb (Porter et al., 2011). At a marine munitions
dumpsite in Hawaii, MC were also detected at levels of 30 — 140 ng/g in shrimp (H. ensifer), but these
were at or below the analytical detection limit of 250 ng/g (Koide et al., 2016). In a preliminary study in
the Baltic Sea, Gledhill and colleagues (2019) measured MC in a few biota samples (Alga, Asteroidea, Tu-
nicata) and found concentrations generally less than 100 pg/kg tissue. This suggests that the low rate of
MC detection in field-collected biota samples may be due to analytical sensitivity, not lack of exposure
and uptake.

Due to their toxic effects, particularly sub-lethal, MC have the potential to cause important deleterious
impacts on coastal marine ecosystems. Although there is little evidence thus far of widespread MC re-
lease from underwater munitions or uptake by marine biota, corrosion thresholds suggest that the



period of greatest release may only begin in modern times. Therefore, exposure of coastal marine biota
to toxic chemicals from relic munitions is likely to increase.

The aim of the current work was to examine MC content in biota samples collected ad hoc during a mu-
nitions research project in the southwest Baltic Sea. Here, recently developed, high-sensitivity analytical
methods were applied to detect trace MC content in biotic tissue. These data provide insight into poten-
tial uptake into coastal marine food webs, and the risk of toxic MC eventually reaching human seafood
consumers.

2. Methods

2.1 Study site

Samples in the current study were collected throughout German waters of the southwest Baltic Sea,
during seven research cruises in 2017 during the project UDEMM (“Environmental monitoring for the
remediation of munitions in the sea”). Most of the samples were collected at a munitions dumpsite at
Kolberger Heide, which is closed to marine traffic (Fig 1b). This dumpsite is estimated to contain some
30000 tons of munitions (Kampmeier et al., 2020), including a wide variety of types such as bombs,
mines, torpedoes, and grenades. Exposed explosives solids have also been frequently observed (e.g.,
Beck et al., 2019), which may be from original dumping (Wichert, pers. comm.), or residual material
from low-order (incomplete) detonation during blow-in-place clearance activities at the site in early
2009 (Pfeiffer, 2009). Mussels transplanted to the Kolberger Heide dumpsite accumulated TNT as well as
ADNT and DANT over several months (Strehse et al., 2017; Appel et al., 2018; Maser and Strehse, 2020).

2.2 Sample collection and processing

Within the Kolberger Heide dumpsite exclusion zone, samples were hand-collected by scientific divers.
Large wracks of living seaweed were collected into plastic bags to also retain associated faunal commu-
nities. Mussels and sea stars were collected individually. Outside the exclusion zone, benthic samples
were collected with a Van Veen grab and sieved (0.5 mm mesh size) to collect benthic epi- and infauna.
Fauna were sorted and identified to at least phylum level to assess approximate trophic interactions.
One fish and one sea star were collected near Danisch Nienhof by an angler. At control (i.e., non-Kol-
berger Heide; non-KH) and Kolberger Heide (KH) sites, demersal fish samples (plaice and flounder) were
collected with benthic trawls. At the munitions dumpsite, trawls were conducted along the boundaries
of the exclusion zone.

Bivalve flesh was removed from the shell, and the shell was discarded. Except for fish, the entire soft tis-
sues of organisms were homogenized and analyzed. Fish length and weight were measured after collec-
tion, and they were then dissected to isolate liver, kidney, stomach, and edible muscle (skinless). Muscle
flesh was sampled from all fish, and viscera were only measured in eight of the 12 fish from control
sites. All fish but one were females. In total, 178 unique specimens were investigated, for a total of 235
samples including different organs dissected from the fish.

2.3 Munition compound analysis
Sample processing and analysis followed that described by Gledhill et al. (2019) and are briefly described
here. High purity water (MQ, 18.2 MQ cm™; Milli Q, Millipore) and LCMS grade acetonitrile (ACN;



Optima, Fisher Scientific) were used throughout. Standards were made from commercially available
mixed standard solutions in ACN (Composite Explosive Mixture ASM-8330-R-0.5X, 0.5 mg mL™%, Amchro,
Germany) and kept at -20 °C. Working standards were prepared in 67:33 MQ: ACN (v:v).

Biota samples were frozen at -20 °C until analysis. Approximately half of the samples (106 of 235) were
lyophilized, while the other half were processed wet in order to prevent loss of other volatile analytes.
For dry samples, tissue was ground to a coarse powder using a stainless-steel grinder for large samples
or glass rod for small samples. Between 1 and 1300 mg of dry samples were extracted with different vol-
umes of ACN depending on available mass: < 100 mg, 100 — 500 mg, and >500 mg were extracted with 1,
5, and 10 mL ACN, respectively. For wet samples, tissue was ground using a stainless-steel grinder. Be-
tween 0.04 and 6.8 g wet tissue were extracted, again with differing volumes depending on available
mass: < 0.3 g, 0.3-3 g, and >3 g were extracted with 1, 5, and 10 mL ACN, respectively. Samples were
sonicated in an ultrasonic bath (Pallsonic; Allpax, Germany) for 15 min at room temperature. Extracts
were filtered using 0.2 um polytetrafluorethylene syringe filters (Whatman GD/X). Extraction blanks
were performed in the same manner as samples for the three different extraction solvent volumes.

Extracts were diluted to 33% ACN and stored at -20°C until analysis. Extracted MC were separated on an
Acclaim Explosives E2 high performance liquid chromatography (HPLC) column and analyzed by elec-
trospray ionization mass spectrometry (ESI-MS; Thermo Fisher Q-Exactive) following Gledhill and col-
leagues (2019). Tissue MC content is reported here in molar units to allow direct comparison of TNT and
its transformation product compounds ADNT and DANT.

2.4 Statistical tests

Wilcoxon signed rank tests were performed on KH versus non-KH pairs where the number of samples
with detectible MC content was greater than four. Sample sites considered “KH” were constrained to
the marine traffic restricted zone where the density of dumped munitions is especially high (Kampmeier
et al., 2020). Non parametric Kruskal-Wallis rank sum tests were performed on fish tissue MC content
followed by pairwise comparisons using Wilcoxon rank sum test with continuity correction (P value ad-
justment method: BH; Benjamini and Hochberg, 1995). Statistical analysis was carried out in R (R Core
Team, 2017), and figures were produced using the package ggplot2 (Wickham, 2009).

2.5 Quality parameters

Extraction blank levels were uniformly low, leading to a very low, sub-picomolar limit of detection (Table
S1). Detection limits shown in Table S1 represent the upper estimate, given that analyte concentrations
were variable due to varying sample mass and eluent volume. A greater limitation of the current study is
the relatively poor reproducibility of triplicate extractions (median RSD 27-45 %; Table S1). The within
sample variability observed in the current study is partly related to the wide range in sample concentra-
tions, as MC levels near the detection limit have higher inherent uncertainty (Table S1); indeed, many of
the replicated samples had very low concentrations or even undetectable levels of the target MC (e.g.,
TNT was only detected in about a third of the replicated samples). However, poor precision of MC analy-
sis has been observed in spiked samples. For example, in a rigorous intercomparison exercise with
spiked tissue samples, precision was on the order of 5-25% (intralaboratory) and 10-40% (interlabora-
tory; Craig et al., 2019).



To our knowledge, no certified reference materials are available for organic explosives in biota tissue to
verify the accuracy of the extraction procedure. One laboratory intercomparison has been performed
with spiked tissues (Craig et al., 2019), although it is not clear if added MC behave similarly to accumu-
lated MC, and the apparent abundance of non-extractable TNT residues (Ownby et al., 2005; Belden et
al., 2005; Lotufo et al., 2016) suggests that extraction of accumulated MC reflects only a fraction of the
body burden in wild exposed organisms.

3. Results

3.1 Munition compound content in biota

At least one of the MC measured in the current study was detected in at least one individual of every
organism class sampled (Table 1) In fact, of the 178 unique specimens analyzed, 175 (98.3%) had detect-
able levels of one or more of the target MC (no MC could be detected in one mollusc sample and two
polychaetes; Sl Table S2). Tissue MC content varied widely, spanning 7 orders of magnitude (between
0.1 and 2.6x10° pmol/g), with a median content of 6.1 pmol/g. In general, TNT, ADNT, and DANT were
detected at higher levels and more frequently than RDX and DNB (Fig. 2).

Variable numbers of each organism class were analyzed. The groups that had the highest number of
analyses were macroalgae (n=37), mollusc (n=22), echinoderm (n=55), and fish (n=24; Table 1 and Fig.
2). Within these groups, fish had the lowest overall MC content (maximum 800 pmol/g in liver tissue;
Table 2). Macroalgae, mollusc, and echinoderm had MC content as high as 10° pmol/g, and generally
showed decreasing MC content in the order TNT>ADNT>DANT>RDX=DNB. Many of these samples had
one or more analytes that were below detection (see “detects,” Table 1), which limited the statistical
comparison. Among the fish tissues, DANT and DNB were most frequently detected, followed by ADNT
and finally TNT and RDX, which were rarely detected (Fig. 3).

A limited and variable number of samples were collected of the other organisms, but they are included
here for comparison. Only three plankton samples were collected, and DANT and RDX were the only MC
detected in the few samples (Fig 2). The tunicate, sponge, anemone, and crustacean samples all con-
tained measurable levels of all MC, except that no RDX was detected in the four tunicate samples. Col-
lectively, these organisms also contained some of the highest levels of TNT, ADNT, and DANT observed
in the dataset (up to 10* pmol/g). However, too few samples (<10 total of each species) were collected
to make statistical comparisons. Polychaetes were only collected at non-KH sites and contained low and
similar levels of all five target MC (0.37 — 13 pmol/g).

3.2 Isomer ratios

Isomer ratios were calculated for samples in which both isomers of ADNT and DANT were detected (Fig.
4). A single isomer was detected in 28 of 130 samples for ADNT and 33 of 209 samples for DANT, so no
ratio was calculated in those samples. The ratios of 4-ADNT to 2-ADNT in the samples were between 1
and 4.5, except for one mollusc sample at 0.4 and one macroalgae sample at 6.2. Approximately 36% of
the samples had 4-ADNT to 2-ADNT ratios between 1 and 1.5. Ratios of 2,4-DANT to 2,6-DANT showed a
wider range, varying between 0.02 and 68, and were more evenly distributed at ratios below 2.5. Of the
13 samples with ratios greater than 5.5, eight were from fish tissues.



3.3 Statistical comparisons

Organisms from the KH munitions dumpsite generally had higher MC content than those from other lo-
cations. Organisms with sufficient sample sizes (i.e., number of organisms with measurable MC) for sta-
tistical comparison are indicated in Fig. 2 and 3 by the asterisk or “ns” symbols. Macroalgae from KH had
higher levels of TNT (p<0.01), ADNT (p<0.05), and DANT (p<0.05). Molluscs from KH were higher in TNT
and ADNT (p<0.01), and echinoderms from KH had higher levels of TNT (p<0.01) and DANT (p<0.05).
Sample sizes were insufficient to compare MC content in common seastars (A. rubens), except for the
largest specimens (>7 cm diameter) which had higher DANT content in KH (p<0.05; Sl Fig. S1). Ratios of
4-ADNT to 2-ADNT were significantly higher only for macroalgae in KH. No differences were evident for
DANT isomer ratios.

When all the fish tissues were pooled, only DANT was significantly higher in samples from KH (p<0.01;
Fig. 2). Within the different fish tissues, DANT content in muscle and kidney were higher in samples from
KH (p<0.001 and p<0.01, respectively; Fig. 3). Comparison among the tissue types showed that kidney
tissue in KH was significantly higher in DANT than muscle (p<0.01), and liver was elevated relative to all
other tissues (p<0.001). At non-KH sites, liver DANT content was significantly higher than muscle or
stomach (p<0.01).

4. Discussion

4.1 Uptake of munition compounds and bioconcentration factors (BCF)

One or more MC were detected in >98% of organisms collected throughout the study region, suggesting
widespread exposure to MC contamination. The high rate of detection is consistent with Porter and col-
leagues (2010) in Vieques, Puerto Rico, who found one or more MC in every biota sample tested (alt-
hough all samples in that study were collected from surfaces of munitions objects). The MC content in
biota is generally low, on the order of 1 — 10 pmol/g, approximately 1000-fold lower than observed in
laboratory experiments (usually nmol/g or higher; e.g., Ballentine et al., 2015; Belden et al., 2005; Cruz-
Uribe et al., 2007).

Lower levels of MC are expected in field-collected biota given the much lower concentration of dissolved
MC in seawater compared with experimental treatments. Bioconcentration factors (the ratio of the
chemical content in tissue to the concentration in the surrounding water, with units of ml/g; BCF) for
field samples are far more variable than in experiments, but not drastically different. Bottom water dis-
solved MC concentrations in the southwest Baltic Sea are on the order of 1 — 1000 pmol/L (Beck et al., in
Greinert, 2019). Taking 100 pmol/L as a reasonable dissolved concentration, the tissue content meas-
ured in the current study gives median BCF values for TNT, ADNT, DANT, RDX, and DNB of 79, 105, 130,
9.4, and 17 ml/g, respectively. The BCF range is very large, around 1 ml/g at the low end, and up to 2 x
107 ml/g at the high end (i.e., the MC content in Fig. 2 divided by 0.1 pmol/ml). The highest BCF values
were observed for TNT, ADNT, and DANT, and were observed in multiple organism types.

Median BFC values in the current study are consistent with those from laboratory experiments, with ni-
troaromatics up to 10s of ml/g, and approximately an order of magnitude higher than nitramines such as
RDX (Ballentine et al., 2015; Lotufo and Lydy, 2007; Lotufo, 2017, and references therein). BCF values up
to several hundred ml/g have been reported for TNT in green algae and fish viscera (453 and 338 ml/g,



respectively; Talmage et al., 1999). High BCF values were also reported for crab eggs (485 ml/g; Ballen-
tine et al., 2015). Consistency between the median BCF measured in field samples, and those from ex-
periments suggests that MC uptake by biota in the environment is represented reasonably well by labor-
atory studies. Biota MC body burdens may be a good indicator of exposure to water column levels, as
indicated by increased MC levels in mussels located closer to munitions objects (Maser and Strehse,
2020). However, the variation of BCF over some seven orders of magnitude in natural samples suggests
that either exposure of some organisms is far greater than expected (e.g., given the exponential increase
in dissolved MC concentration near munitions objects (Beck et al., 2019)), or that yet unknown environ-
mental factors lead to greatly increased uptake.

4.2 Detection across organism classes and trophic interactions

Biota specimens collected in this study do not necessarily reflect direct trophic interactions in the Baltic
Sea food web. Nonetheless, the sampled organisms do represent a range of trophic levels and feeding
strategies, and there are likely trophic linkages among them. Plankton and macroalgae are primary pro-
ducers; tunicates, sponges, and molluscs are filter feeders and detritovores; crustaceans, echinoderms,
anemones, and polychaetes include detritovores, grazers, and predators; plaice and flounder are preda-
tors. Trophic transfer of MC would likely result in greatest enrichment of fish, but this is not the case
(Fig. 2). Indeed, macroalgae should be at the lowest trophic level, and yet had a very high rate of MC de-
tection (Table 1) and some of the highest observed levels of TNT, ADNT, and RDX (Fig.2).

Macroalgae can accumulate and transform TNT (Ballentine et al., 2015), although the transformation
products may represent a small fraction of the accumulated TNT (<20%; Cruz-Uribe et al., 2007). In the
current study, ADNT in macroalgae was up to 60-fold higher than TNT (average 7.1), suggesting that
transformation product compounds are also likely accumulated from external dissolved sources. Future
work to determine the ratios of TNT and transformation product compounds in the water column will
help clarify the question of ex situ versus in situ transformation, and there are important outstanding
knowledge gaps on uptake pathways (dissolved vs. particulate vs. diet) in natural systems.

The lack of correlation between tissue MC content and approximate trophic level may also result from
excretion of MC by the organisms. Lotufo et al. (2016) showed nearly complete depuration of TNT and
aminated transformation products from sheepshead minnows and mussels within 24 and 48 h, respec-
tively. Non-extractable residues (determined in that study using radiotracers) represented a higher mass
of the TNT and derivatives, and was depurated less rapidly (>200 h). Rosen and Lotufo (2007) also
showed that MC uptake in mussels reached steady state rapidly and was eliminated within hours, limit-
ing the likelihood of trophic transfer.

Rapid depuration is consistent with the observation that concentrations in mussels transplanted to the
KH munitions dumpsite apparently reached steady state levels and did not continuously accumulate MC
(Appel et al., 2018). Furthermore, in the current study, no correlation was observed between MC con-
tent in A. rubens and the organism size (SI Fig. S1). This suggests that MC did not accumulate over the
organism lifetime, although this is complicated by the tendency of A. rubens to shrink when food availa-
bility is poor (Budd, 2008).



Similarly, in fish tissues, none of the MC showed covariation with the size of the individual. This implies
that the MC burden observed in Baltic Sea biota may reflect only days of prior exposure, which is also
consistent with the higher levels of TNT and ADNT observed in organisms near the MC source at KH
compared with other sites (Fig. 2). The transformation product compound DANT is depurated more
slowly, and similar levels in fish across all sites (Fig. 2) may indicate longer-term exposure and retention
of the less rapidly depurated compound.

Lack of increase across trophic levels or with size suggests that MC content in biota primarily reflects re-
cent proximity to source rather than long-term accumulation. This has encouraging implications for envi-
ronmental remediation, since it implies that MC contamination in biota is likely to decline rapidly if the
source is reduced or eliminated. Alternatively, MC levels in live seafood may be reduced by holding in
uncontaminated waters to allow depuration.

It is possible that some of the MC content measured in whole organisms, especially the very high values
observed in some A. rubens specimens, may reflect external contamination by explosives particles ra-
ther than accumulation in tissue. However, particulate explosive contamination cannot explain the con-
comitant high levels of TNT transformation products also observed in A. rubens (Sl Fig. S1), and such par-
ticles are less likely to have affected the other organisms.

4.3 Accumulation of munition compounds in fish

Of the organisms sampled in this study, fish represent the great exposure risk to seafood consumers.
TNT and RDX were not detected in most fish tissue samples (Fig. 3). ADNT was detected with higher fre-
qguency, especially in fish from KH, and DANT and DNB were detected in all fish tissue types and virtually
all specimens. Fish tissue MC content showed no relationship with individual fish length or weight (not
shown).

Concentrations of ADNT and DANT were higher in fish organ tissue, especially DANT in liver (Fig. 3). Mar-
iussen and colleagues (2018) showed that TNT is excreted by salmon through the gall bladder, and that
TNT transformation products accumulate in bile. The high liver MC concentrations observed in the cur-
rent study match with recent work showing detectible MC concentrations in dab (Limanda) bile, and
higher concentrations in fish from KH compared with other sites (Koske et al., 2020b). This is consistent
with previous work showing that TNT and transformation product compound accumulation during aque-
ous exposure was higher in fish viscera than muscle (Ownby et al., 2005). Preferential accumulation of
MC in fish viscera compared with muscle suggests a reduced risk to seafood consumers.

4.4 ADNT and DANT isomer ratios

There is extensive evidence for regioselective nitro-reduction of TNT, with 4-ADNT and 2,4-DANT metab-
olites favored to varying degrees depending on aerobic vs. anaerobic pathways (Barrows et al., 1997;
Preuss et al., 1993; Elovitz and Weber, 1999). Marine mesocosm experiments showed 4-ADNT to 2-
ADNT ratios in marine organisms (phytoplankton, macroalgae, crab, and molluscs) generally between
1.1 and 1.2, but as high as 9.4 in crab eggs (Ballentine et al., 2015). In a field bio-monitoring experiment
at the KH site, only 4-ADNT was detected in mussels exposed for several months (no 2-ADNT, DANT, or
TNT; Appel et al., 2018; Maser and Strehse, 2020). In three subsequent deployments, TNT, 2-ADNT, 4-



ADNT and 2,4-DA-6-NT were all detected in the exposed mussels (Maser and Strehse, 2020). The ratio of
mean 4-ADNT to 2-ADNT in one deployment was 1.3 (Strehse et al., 2017), while subsequent deploy-
ments showed ratios approaching 4 (Maser and Strehse, 2020).

In the current study, most 4-ADNT to 2-ADNT ratios were between 1 and 2.5, similar to the previous
studies referenced above. There was no significant difference in 4-ADNT to 2-ADNT ratios among organ-
ism types, which as proposed by Ballentine and colleagues (2015), suggests a preferential biotransfor-
mation pathway to 4-ADNT that is not organism specific. Only macroalgae showed significantly higher 4-
ADNT to 2-ADNT ratios in KH compared with other sites (p<0.01; Fig. S2). Transformation potential was
demonstrated in in vitro experiments with flatfish liver extract, with 4-ADNT to 2-ADNT ratios reaching a
maximum of 2.6 (Koske et al., 2020a). In the current study, a single ADNT isomer was detected in only
three liver samples at levels between 1.1 and 1.3 pmol/g (4-ADNT once, and 2-ADNT twice).

The median ADNT and DANT isomer ratios in the current study were similar (1.5, and 1.6, respectively),
although DANT ratios reached higher levels (13 samples with DANT ratio above 6 compared with 1 sam-
ple above 6 for ADNT; Fig. 4). 2,4-DANT to 2,6-DANT ratios in samples from KH were not significantly dif-
ferent from samples collected at other sites. DANT isomer ratios in whole mussels and fish in incubation
experiments have been reported as high as 22 (Lotufo et al., 2016). The highest DANT ratios in the cur-
rent study, as high as 68, were observed in fish liver samples, which were also the samples representing
most of the ratios above 6. The higher ratios observed in the current study in liver samples suggests a
transformation mechanism in liver tissue that strongly favors the 2,4-DANT isomer. Given the lack of de-
tectable TNT or ADNT in liver tissue, transformation in fish liver appears to progress rapidly to DANT.

4.5 Ecological and human health risk

The accumulation of MC in natural biota populations represents a clear potential risk to marine organ-
ism health. This is further indicated by the apparent higher incidence of liver lesions and tumors in de-
mersal fish populations near the KH munitions dumpsite (Koske et al., 2020b). The environmental BCF
values estimated in the current study are similar to those observed in laboratory experiments, but abso-
lute MC tissue content is several orders of magnitude lower and water concentrations (ng/L) are much
lower than water quality criteria (WQC) for acute and chronic effects (see comprehensive summary in
Lotufo et al., 2017). Limited experimental data mean that WQC are available for fewer MC in marine wa-
ters, but they are generally lower compared with freshwater by a factor of 5 or so. Therefore, marine
organisms may be more susceptible to MC toxicity than indicated by available data, and this may further
be affected by environmental conditions. Because of these uncertainties, more work is necessary to
evaluate toxic effects of MC release from relic munitions on organisms in natural marine settings.

Accumulation of MC in biota poses a potential risk to seafood consumers. Among the sampled organ-
isms, only molluscs and fish are potentially consumed as seafood. The US Environmental Protection
Agency defines an oral reference dose (RfD) for TNT of 0.5 ug/kg body weight/d, and an Oral Cancer
Slope Factor (CSF) for carcinogenic risk of 30 per pug/kg body weight/d, based on very limited animal ex-
posure studies (EPA IRIS, 1993). The RfD is an estimate of the daily exposure level that is likely to have
no increase in negative effects during a lifetime, whereas the CSF is the increase in lifetime cancer risk
per unit dose. For a 70 kg individual, 35 ug TNT would need to be consumed daily to reach the RfD.
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Taking TNT* as the sum of tissue TNT, ADNT, and DANT content, the current study found median tissue
levels of less than 5 ng/g TNT*. To reach the RfD, these levels would require daily consumption of about
7 kg seafood, far higher than average seafood consumption in Germany (~ 14 kg/y, or 38 g/d; Fisch-In-
formationszentrum e. V., 2020). These levels represent a chronic daily intake (CDI) of 2.7 x 10® mg/kg/d,
giving a carcinogenic risk of 0.08 x 10 (CDI multiplied by CSF). This is lower than the generally accepted
limit of 1 x 106, suggesting negligible carcinogenic risk due to TNT exposure from seafood consumption.
However, this should be taken carefully given that the CSF is based on very limited data from non-hu-
man individuals. The maximum measured TNT* was 2.5, 0.13, and 0.009 pg/g in mollusc tissue, fish vis-
cera, and fish muscle respectively. Consumption of only mollusc flesh at these levels would exceed the
RfD, and only under the unlikely conditions that the most contaminated organisms are eaten continu-
ously over a consumer’s lifetime. Fish viscera tissue is closer to a level of concern, but the most contami-
nated fish muscle measured in the current study would not be expected to pose a chronic health risk to
seafood consumers.

5. Conclusions

This study provides some of the first extensive evidence of MC accumulation in field-collected biota.
Higher MC levels were observed in biota within the major munitions dumpsite at KH where unequivocal
chemical release from munitions objects has been shown (Beck et al., 2019). Non-quantitative and sys-
tematic observations from scientific divers and visual observations with towed cameras and AUVs at this
site indicate that the abundant munitions objects may act as an artificial reef, hosting higher densities of
organisms at the point of greatest exposure risk. The current study provides a strong link between
chemical emission from relic munitions and uptake of these chemicals throughout the food web. No evi-
dence was observed for trophic biomagnification, and lack of covariation with organism size suggests
depuration processes regulate tissue MC content, consistent with previous experimental studies. This
has encouraging implications for environmental management, as it suggests that remediation and re-
moval of the munitions objects would likely lead to rapid decrease in the tissue burden of MC in marine
biota. The current study provides only a preliminary assessment of ecological exposure to chemicals
from underwater munitions, and a more comprehensive study is necessary to confirm the extent and
regional differences of exposure. There are important outstanding questions, especially regarding the
pathway of exposure (food or water) and toxicological effects associated with the exposure.
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Table 1. Summary data for MC in biota tissue, including average and range of measured tissue MC content and the number of samples in which MC were detected.

TNT (pmol/g) Sum ADNT (pmol/g) Sum DANT (pmol/g) RDX (pmol/g) DNB (pmol/g)
Aver- Aver- Aver- Aver- Aver-
n age! Range Detects? age! Range Detects? age! Range Detects? age! Range Detects? age! Range Detects?
KH
Plankton 1 n/a n/a 0 0% n/a n/a 0 0% 97 n/a 1 100% n/a n/a 0 0% n/a n/a 0 0%
Macroalgae 23 | 2500 ig'ggo') 21 91% | 3500 2(:’62(')) 23 100% 17 (0.4-71) 20 87% 10 (0.13-57) 14 61% 49 (0.86-290) 18 78%
. (220 - (16 -
Tunicate 4 960 1700) 2 50% 6400 17000) 4 100% 34 (7.5 -54) 4 100% n/a n/a 0 0% 19 (1.3-54) 3 75%
Sponge 2 19000 n/a 1 50% | 22000 n/a 1 50% 25 (1.7 - 49) 2 100% 0.6 n/a 1 50% 85 n/a 1 50%
Anemone 1 10000 n/a 1 100% | 66000 n/a 1 100% 6700 n/a 1 100% 30 n/a 1 100% 0.5 n/a 1 100%
Polychaete 0 n/a n/a n/a n/a n/a n/a nfa n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
(9.3- (33- (12-
4 2 9 2 4 1009 4 1009 . 1 259 . 1.9-17 4 1009
Crustacean 3800 7600) 50% 800 9600) 00% 3800 15000) 00% 8.8 n/a 5% 6.8 (1.9 ) 00%
7 - 14 - .19 -
Mollusc 8 1300 5(3300) 7 88% 1500 3(700) 8 100% 58 (5.3-280) 8 100% 1.2 (02 95; 5 63% 16 (0.34-68) 5 63%
. (0.22 - . (0.2 - . (13- . . (0.38 - .
Echinoderm 41 | 97000 2400000) 36 88% | 29000 520000) 29 71% 180 2500) 40 98% 1.8 (0.18 - 16) 13 32% 190 2700) 22 54%
Fish (mus- 69 - 54 -
'S Cl(g)‘us 12| 4.2 (3.2-52) 2 17% | 0.8 (01625; 4 33% 12 (5.9-20) 12 100% | 0.7 (%59) 3 25% 1.4 (0.94-25) 11 92%
non-KH
Plankton 2 n/a n/a 0 0% n/a n/a 0 0% 180 (59 - 310) 2 100% 3.9 n/a 1 50% n/a n/a 0 0%
Macroalgae 14 | 55  (0.36-15) 10 71% | 6.4  (1.2-11) 14 100% | 0.8 (01'242) i 10 71% 1.2 (02'131) i 7 50% 0.4 (0.19-1) 4 29%
Tunicate 0 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Sponge 2 n/a n/a 0 0% 5.2 (5-53) 2 100% | 1.1 n/a 1 50% 1.7 (11-23) 2 100% n/a n/a 0 0%
Anemone 1 n/a n/a 0 0% 4.6 n/a 1 100% n/a n/a 0 0% 0.7 n/a 1 100% n/a n/a 0 0%
Polychaete 17 | 3.8 (0.46 - 7) 9 53% | 1.9 (%671) i 9  53% 4.7 (0.47-13) 10  59% 0.9 (01'28? i 5 29% 1.2 (0.37-2.7) 5 29%
Crustacean 5 5.0 (1.1-7.6) 3 60% 3.7 n/a 1 20% 3.3 (1.3-5.5) 4 80% 0.5 n/a 1 20% 1.7 (0.74-2.7) 2 40%
Mollusc 14| 74  (0.66-21) 12  86% | 150 (fééé)' 11 79% 18 (2.6-46) 7  50% 2.6 (09'266) i 6 43% 2.0 (0.65 - 6.9) 8 57%
Echinoderm 14 | 2.1 (%457) ) 6 43% 0.7 (8';;’ 3 21% 3.8 (%599) ) 12 86% 1.3 (12-13) 2 14% 1.6 (0.21-4.3) 6 43%
Fish (mus-
cle) 12 0.9 n/a 1 8% 0.9 n/a 1 8% 8.9 (1.6 - 20) 11 92% 42 n/a 1 8% 3.0 (0.37-12) 12 100%

1 Where MC were detected in only one sample, this is the measured value, not the average
2 "Detects" refers to the number of samples in which the MC was detected. The percentage of collected samples in which MC were detected is also indicated.

"n/a": not applicable
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TNT (pmol/g) Sum ADNT (pmol/g) Sum DANT (pmol/g) RDX (pmol/g) DNB (pmol/g)
Aver- Aver- Aver- Aver- Aver-
n agel Range Detects? age! Range Detects? age! Range Detects? age! Range Detects? age! Range Detects?
KH
(3.2- . (0.69 - . (5.9- . (0.54 - . (0.94 - .
Muscle 12 4 5.2) 2 17% 1 1.2) 4 33% 12 20) 12 100% 1 0.9) 3 25% 1 2.5) 11 92%
) (1.1- (46 - (0.99 -
0, 0, 0, 0, 0,
Liver 12 7 n/a 1 8% 1 1.3) 3 25% 170 490) 11 92% 1 n/a 1 8% 1 1.5) 4 33%
(2.4- (6- (0.9-
0, 0, 0, 0, 0,
Stomach 12 11 n/a 1 8% 5 7.1) 6 50% 19 13) 12 100% 2 n/a 1 8% 3 4.2) 6 50%
Kidney 12 n/a n/a 0 0% 7 (21:,)- 4 33% 36 (163'(1))' 12 100% 2 nfa 1 8% 3 (i':)' 8 67%
non-KH
Muscle 12 0.9 n/a 1 8% 0.9 n/a 1 8% 8.9 (1206)_ 11 92% 42.0 n/a 1 8% 3.0 (013? ) 12 100%
Liver 8 n/a n/a 0 0% n/a n/a 0 0% 200 (:O:(l))- 8 100% 1.9 n/a 1 13% 1.1 (0192:; ) 2 25%
4.7 - 1.4-
Stomach 8 n/a n/a 0 0% n/a n/a 0 0% 8.2 (11) 8 100% n/a n/a 0 0% 3.3 (5 9) 8 100%
Kidney 8 n/a n/a 0 0% 1 n/a 1 13% 14 (?1':)- 8  100% n/a nfa 0 0% 3 (;';)' 4  50%

1 Where MC were detected in only one sample, this is the measured value, not the average
2 "Detects" refers to the number of samples in which the MC was detected. The percentage of collected samples in which MC were detected is also indicated.

"n/a": not applicable
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Figure 1. Study site. Panel b shows a close-up of the study region outlined by the dashed box in panel a.
Dotted lines indication national EEZ boundaries. Samples were collected at locations indicated by the
orange dots. Orange triangles indicate “control” fish sampling sites. Red boxes in panel b indicate known
munitions hotspots: stippled areas are munitions dumpsites, cross-hatched areas are known to contain
munitions, and open areas are strongy suspected to contain munitions (Béttcher et al., 2011;
amucad.org). The arrow and inset in panel b indicate the Kolberger Heide dumpsite, with the marine
traffic restricted zone outlined by the dashed black line. Bathymetry data in panel b are made available
by EMODnet (emodnet.eu).
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Figure 2. Tissue MC content in biota from the southwest Baltic Sea. “KH” refers to individuals collected within or near the Kolberger Heide munitions dumpsite;
“non-KH” refers to those collected in other locations. ADNT and DANT are reported as the sum of their isomers. Values for individual samples are shown as dots,
violin plots are added for site-organism combinations where n>4. The numbers of samples for each site-organism combination where compounds were not
detected is indicated at the base of the graph (also see Table 1 for the detection rate). Results of analysis of statistical differences between sites (Wilcoxon
signed rank test performed on KH versus non-KH pairs where n per organism at both sites >4) are indicated above the data: *- p<0.001, ** - p<0.01, *** - p<0.05
, ns - p>0.05.

19



TNT ADNT DANT

* xk
4 1 ns
3 .
2 m )
— -]
=00 . ’ ) -
o o
_CD @ $ K, I
o O_ L - - . og L
oo
g_ 10 12 118 12 8 11 8 8 12 ] 8 7 8 0 1 00 00
p— T
| @ & @'!'s _“é‘ e 5\ @'\, _&@f\ & o @'\,
o S &F ~F E: &F ¥ R &F
= < &9 & & &9 & P & =
o
=
o RDX DNB
U
c
O 4+ ns ns
Q
[o)] 3
2 ) KH
L] |
2+ . non-KH
1 - ]
%E# LY
O_ 5 ° @ o - E L] ’ %
o
g 12 11 8 11 a8 11 7 1 5 0 4 4 B 8
@ > A & 22 =3 ) &
é} & i At e I~ &
@\x} %@6\ q@tr N %\\} q}@@ @b N

Figure 3. Munition compound content in different fish tissues. Symbols as described in Fig. 2.
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Figure 4. Histograms of ADNT (blue) and DANT (orange) isomer ratios in all samples where both isomers
were detected.
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