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Effects of climate change on marine
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Abstract

Marine environments are contaminated with enormous amounts of warfare agents due to military activity and
exercise, and the disposal of unused ordnance. Due to corrosion of munition shells, substances are leaking from the
warfare materials into the environment. It has to be expected that climate change will influence munition corrosion
and distribution of their content. Although there is no doubt about the principle toxicity of many of the munition
compounds, including their transformation/degradation products, the impact of munition compounds on marine
environments, including their biota are yet only at the beginning to be understood. Recently the intake of munition
compounds has been confirmed in mussels and fish collected from contaminated areas. It has become clear that
dumped munitions are a continuous source of toxic substances leaking into the environment and that ongoing cor-
rosion will worsen the problem. The present review intends to evaluate the available literature on how climate change
might influence the contamination of marine environments and inhabiting biota with munition compounds. Direct
testing (or modelling) of climate change scenarios in the context of the marine munition problems has yet not been
undertaken. Nevertheless, it can be predicted that climate change effects such as rising temperature and higher fre-
quencies of extreme weather events will accelerate the rates at which disposed ordnance corrodes and consequently
accelerate the rate at which munition compounds are leaking out. Climate change will cause elevated stress to biota,
ranging from temperature stress and lower availability of oxygen to shifts in salinity and pH. In combination, elevated
release of munition related compounds and elevated environmental stress, will put biota under threat, in particular

in areas with high munition contamination and limited water exchange, such as the Baltic Sea. On a positive side,
biodegradation of organic munition compounds by biota and microorganisms is likely to be accelerated with rising

temperature.
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Introduction

Climate change coincides with changes in temperature,
precipitation and the frequencies of extreme weather
events [33]. An increase of average temperatures by
1.5 °C by the middle of the twentieth century is pre-
dicted if the emission of greenhouse gases continues as
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currently ongoing [51]. The mean atmospheric carbon
dioxide (CO,) concentration is increasing, from approxi-
mately 280 parts per million (ppm) in pre-industrial
times [73] to a recent concentration of 413 ppm in the
beginning of the year 2020 [58]. The rising atmospheric
CO, level (350 to 380 ppmv, 1990-2010) contributes to
climate change more than any other greenhouse gas and
its implications are for instance global warming, sea-level
rise (3.6 mm per years 2006—-2015, 21-24 cm since 1880)
and ocean acidification (pH 8.13 to 8.08, 1990-2010) [18,
22,23].
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Accordingly, it is likely that climate change will also
affect pollutants that are already present in the marine
environment. As climate change alters abiotic condi-
tions, such as salinity, pH, temperature, precipitation
and circulation of the water column in marine envi-
ronments [28, 71], it has to be expected that the state,
environmental fate and potential risk of the pollutants
are affected. Such changes will also apply to munitions
dumped in marine environments (Fig. 1).

Contamination of marine environments with dumped
munitions has become a global problem since the
World Wars in the twentieth century. Munitions in
the marine environment are often remains of mili-
tary activities during wars and trainings, but the far
majority was dumped intentionally as fast, economic
and legal disposal practice until the 1970 [16]. Alone
in German coastal waters of the North and Baltic Sea
about 1.6 million metric tons of munition were dumped
during and after World Wars I and II [11]. In addition
to the explosion and security risk, these munitions
contain cytotoxic, genotoxic, and carcinogenic chemi-
cals associated with conventional explosives, chemical
warfare agents, and munition structural components
(e.g., mercury in fuses) [68, 82], reviewed in Ref. [6, 27].
Besides explosives and chemical warfare agents, also
mercury from the dumped munition might be released
in the environment. Some munition objects contained
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mercury, either elementary or as mercury fulminate a
common explosive primer [9].

Looking at the overall amount of anthropogenic marine
dumpings, munitions might only be a small fraction, but
they are a ticking time bomb. Since their marine disposal,
metal housings of munitions are subjected to corrosion
[41, 74] and more and more munition shells deteriorate
and munition compounds are leaking into the environ-
ment [6, 7, 86]. These processes are ongoing and it is dif-
ficult to estimate when a peak in the release of munition
compounds is reached.

Since environmental factors such as water turbulence,
temperature and salinity are influencing the corrosion
of munition housings and the distribution of munition
compounds [6], the future development of these param-
eters in marine environments is of great importance. In
this respect, it has to be expected that climate change will
influence the speed at which munition compounds are
released. Furthermore, biota and their interaction with
munition compounds, are dependent on environmental
factors that are subject to climate change.

We hypothesise that climate change will increase the
physicochemical pressure on marine munitions mainly
through rising temperatures, but also by water turbu-
lence due to more frequent extreme weather events. As a
consequence, more munition compounds will be set free
into the environment. Microorganisms might accelerate
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Fig. 1 Abiotic changes in the marine environment due to climate change adapted from Harley et al. [28], which are likely to affect the condition of




Scharsack et al. Environ Sci Eur (2021) 33:102

the speed at which they metabolise organic munition
compounds, but higher taxa will presumably suffer to
higher extent from the toxic properties of many munition
compounds and their degradation products. Particularly
so, since climate change will coincide with elevated expo-
sure of organisms to environmental stress, such as tem-
perature shifts.

The marine dumped munitions problem is receiving
increasing attention and has become a major concern
to seafood consumers, environmentalists, politicians
and scientists [5, 6, 43, 49, 50, 66, 76], but information
on how climate change will affect dumped munitions
and the associated effects on biota including fish is lim-
ited. Direct investigations of climate change effects on
marine dumped munitions are extremely scarce. Indirect
evidence, for example on temperature effects on the dis-
solvability of organic explosives, allows to discuss aspects
of the marine munition problem in the light of climate
change. With the present review, we have investigated
the available literature for evidence about climate change
effects on marine dumped munitions.

Chemicals contained in dumped munitions
With regard to the munition compounds released into
the environment from dumped munitions, a fundamental
distinction must be made between conventional muni-
tion and chemical weapons (CW). Munition dumped in
German territorial waters are mainly conventional with
about 1.3 mio t in the North Sea (90 t CW) and 0.3 mio
t in the Baltic Sea (5000 t CW). Most CW of German
origin were dumped outside German territorial waters,
170,000 t in the North Sea (Skagerrak, European North
Sea, German Bight) and 42,000—65,000 t in the Baltic Sea
(Bornholm Basin, Gotland Basin, Small Belt) [11].
Conventional munition compounds typically contain
organic and metalloorganic explosives and metals from
the casings. Heavy metals, such as mercury and lead
are included in the compounds used to initiate detona-
tions of secondary explosives [6]. Mercury fulminate (Hg
(CNO),) is a common explosive primer used for differ-
ent munition objects. Beldowski et al. [9] estimated that
about 300 t of mercury are present in dumped munition
in the Baltic Sea.

The quantitatively most important conven-
tional ~munition compounds are the explo-
sives TNT (2,4,6-trinitrotoluene), HMX
(octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocin), =~ RDX
(hexahydro-1,3,5-trinitro-1,3,5-triazine) and tetryl

(2,4,6-trinitrophenylmethylnitramine) [6].

Chemical warfare agents (CWAs) include a large num-
ber of different compounds that were already produced
during World War I as riot control and blistering agents
[55]. Prominent examples are the phenylarsenic CWAs
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Adamsite, Clark I/1I, Triphenylarsine or Lewisite and sul-
fur-based CWAs, such as mustard gas [8].

Environmental fate of munition compounds

The fate and behaviour of munition compounds, both
conventional explosives and CWAs, in the marine envi-
ronment strongly depends on environmental factors.
For example, the solubility of TNT, HMX and RDX
increases significantly with temperature and water tur-
bulence [7]. Upon release from the casings, munition
compounds spread and traces of both CWA and conven-
tional explosives were discovered in marine organisms.
In cod (Gadus morhua) collected form a CWA dumpsite
near Bornholm in the Baltic Sea residuals of CWA were
detected in muscle tissue at higher rates compared to a
reference site [59].

Blue mussels (Mytilus edulis) exposed to a site con-
taminated with conventional munition (Kolberger Heide,
Kiel Bay, Baltic Sea) had elevated concentrations of TNT
and its metabolites in their tissues [79]. This particular
area was also affected by “blast in place” (BiP) operations
which often result in incomplete (low-order) detonation,
leaving substantial quantities of the explosive material
in the environment [49, 50]. Concentrations measured
in mussel tissue depended on the distance at which the
mussels were placed over the contaminated ground. In
mussels placed at the ground, 103.75+12.77 ng/g wet
weight of 2-ADNT and 131.31£9.53 ng/g wet weight
4-ADNT were recorded. TNT itself was measured with
an average concentration of 31.04 4 3.26 ng/g mussel wet
weight. In mussels positioned one meter above ground
TNT and 2-ADNT were not detected, but 4-ADNT with
an average concentration of 8.71 £2.88 ng/g mussel wet
weight [79]. Experimental exposures with blue mus-
sels revealed that characteristic shell closing behaviour
of bivalves at trigger concentration lead to non-linear
responses to exposure concentrations [72]. Accordingly,
measured concentrations of TNT and its derivates in
tissues in field exposed mussels might rather lead to an
under-estimation of the abundant TNT.

In the same dumping area, significantly elevated con-
centrations of TNT and its metabolites were found in
free ranging bottom dwelling flat fish, dab (Limanda
limanda) [37]. Measurements were taken from bile fluid,
with which detoxification products from the livers are
expelled. TNT exceeded the limit of detection only mar-
ginally, but 2-ADNT (1.60 ng/mL bile) and 4-ADNT
(17.06 ng/mL bile) were detected in significant amounts.
This suggests that highly toxic TNT, if taken up by dab
is metabolised to less toxic 2-ADNT and 4-ADNT [37].
This was supported by in vitro experiments with liver
cells collected from dab (L. limanda), plaice (Pleuronectes
platessa) and flounder (Platichthys flesus). TNT added to
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the liver cell cultures was rapidly metabolised to 2-ADNT
and 4-ADNT [36].

Mercury is a contaminant entering the environment
via various sources including war relicts [67]. It has been
shown before that mercury as war emission is bioavail-
able over the water phase for organisms [80]. Beldowski
et al. [9] observed increased concentrations of mer-
cury in sediments from a munition dumpsite and also
detected mercury fulminate in sediments indicating
that that dumped munition may be a local point source
of mercury. In addition, Uscinowicz et al. [83], observed
high mercury concentrations in Baltic Sea sediments
from specific munition dumpsites. In the environment,
inorganic mercury can turn into methyl mercury, which
bioaccumulates within the food chain. Lang et al. [38],
reported higher disease prevalence in fish that exhibited
elevated methyl-mercury levels.

It is still unclear if mercury released from dumped
munition will significantly increase contamination of
organisms, such as mussel or fish living there—or if mer-
cury from diffuse sources may overlay the additional
input from dumped munitions. However, mercury expo-
sure originating from dumped munition may contribute
to the overall mercury load of organisms.

Biodegradation of organic munition compounds
Organic munition compounds (i.e., TNT, HMX, and
RDX) were originally believed to be recalcitrant to micro-
bial biodegradation. More recently, it has been estab-
lished that natural bacterial assemblages in coastal waters
and sediment can metabolize these organic nitrogen
sources and even incorporate their carbon and nitrogen
into bacterial biomass [56, 75, 76]. Experimental stud-
ies suggest that under anaerobic conditions, substantial
amounts of munition derived nitrogen is metabolised to
aerobic nitrogen (N,) which is released to the atmosphere
[2]. Rates of biodegradation of organic munition com-
pounds depends on the assemblage of micro-organisms
[19, 77] and their activity is dependent on environmental
factors, such as temperature and salinity [26].

Also, the habitat structures available for microbial col-
onisation, such as the grain size of sediments, influence
biodegradation activity. Both, sorption and microbial
degradation of organic munition compounds occurred
faster in sediments with smaller grain size [76] and higher
carbon content [3]. It is difficult to predict how climate
change will alter sedimentation of organic materials.
Extended vegetation periods in combination with fertili-
zation may increase primary production and sedimenta-
tion of organic matter. Marine sediments, transferred to
laboratory conditions, exhibited the highest rate of TNT
disappearance under biotic conditions, but also exhibited
high sorption affinity for TNT under abiotic conditions.
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At higher temperature, kinetics of biotic processes out-
paced abiotic processes, but at low temperature, kinetics
of abiotic processes were more significant [17]. Conse-
quently clearance rates for organic munition compounds
in marine environments are suspected to be susceptible
to climate change effects [56]. However, ocean warming
might facilitate the biodegradation of organic munition
compounds.

Weather conditions

Important factors that will affect the condition of
dumped munitions are weather conditions, such as
extreme winds, waves and storms, which are expected to
intensify and become more frequent in the future [33]. It
is likely that the dissolution of munition compounds in
storm events will be enhanced by stronger water move-
ments, most obviously in shallow areas. The deposition
or burial of munition objects and distribution of par-
ticulate munition material by currents [53] is also likely
to increase during extreme weather events. With a bur-
ial recording mine placed at a sandy shore lines of the
Belgian North Sea at 7-10 m depth, storm events were
observed to facilitate vertical relocation of the object
deeper in the sediment [62]. This means that extreme
weather events, may on the one hand cause burial of
munition objects and reduce their release of munition
compounds and on the other uncover them and acceler-
ate leakage. In general, location of many munition objects
can change over time and encounters of objects along
traffic routes or beaches will continue to occur.

To which extent changes in water turbulences influ-
ence corrosion of unburied munition shells and the dis-
solution of their content in aquatic environments was
not investigated yet. However, it might be possible that
elevated water turbulence rather accelerates corrosion
rates and dissolution of munition compounds. On the
other hand, concentration gradients of dissolved muni-
tion compounds might be less stable in turbulent waters
and locally high concentrations of munitions compounds
might be less likely to occur.

Climate change will likely result in longer vegetation
seasons which may result in higher primary production
and enhanced delivery of organic matter to sediments.
High organic matter in sediments is known to increase
sorption and degradation of organic munition compound
[3, 5]. Delivery of organic fine particulates to nowadays
sandy bottom munition dumpsites might facilitate the
sorption of explosives, but since the critical shear thresh-
old of fine sediments of organic origin is low [40], this
may also facilitate transport and spread of munition
compounds.
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Similar processes were suggested to play a role for the
distribution of chemical warfare agents (CWA) via fine
biogenic materials. Circulation models at the chemical
warfare dumpsites in the Bornholm and Gotland basins
of the Baltic Sea revealed that the bottom friction veloc-
ity was almost permanently below the resuspension
thresholds for the suspended particulate matter and fine
sand, and even the Major inflows could not violate the
balance. Only occasionally the bottom friction velocity
may exceed the resuspension threshold for the fine bio-
genic material (fluffy layer and cysts) almost everywhere
in the deep Baltic basins [89].

Extended vegetation seasons are likely to alter marine
habitats differentially. The Baltic Sea is an inland Sea with
minor tidal influence and currents and reduced water
exchange. With the freshwater inflow, communal and
agricultural efflux reach the Baltic Sea that fertilize pri-
mary production and enhance formation of organic sedi-
ments [52]. Open Oceans are generally more turbulent,
due to tides and currents, but fertilization and extended
vegetation seasons might alter the marine munition
problem here too.

Vegetation period and fertilization are connected with
oxygen concentrations, which rise during photosynthetic
primary production and decrease during the decompo-
sition of biotic material [24] and regional hypoxia may
occur [52]. For marine munition oxygen concentrations
matter in the context of corrosion of munition shells [74].
Corrosion is a complex process in marine systems, but
shifts in oxic and anoxic conditions are likely to acceler-
ate corrosion [85]. Biodegradation of organic munition
compounds occurs under aerobic and anaerobic condi-
tions [4, 5] and the speed of degradation in sediments
increased with low grain size, high carbon content [3].
Further research is needed to get a better understanding
of how climate change, vegetation season, fertilization
and oxygen concentrations interact on the faith of marine
munitions.

In specific marine habitat situations, such as the semi-
enclosed shallow Baltic Sea, more stable stratification is
predicted as a result of ongoing climate change [32, 52].
This is explained by changes in re-stratification during
spring caused by the increase of the mean temperature.
In future, temperatures in the Baltic Sea are expected to
be usually higher than the temperature of maximum den-
sity and thermally induced stratification will start with-
out prior thermal convection [32]. Earlier and stronger
spring blooms are a consequence which are facilitated by
nutrient input to the Baltic Sea from inflowing freshwa-
ter systems. As a result, sedimentation of organic mat-
ter and its decomposing causes hypoxia in deeper water
layers [52]. The Baltic Sea is a special marine habitat, but
it teaches us, that we need to look at specific habitat/
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local conditions, if we want to understand how marine
munition will develop in future. In deeper zones of the
Baltic, in which most munition was dumped, in future,
more stable stratification and more stable (prolonged)
hypoxic/anoxic conditions have to be expected. One
might hypothesize that under such conditions corrosion
of munition shells occurs slower as with convection and
shifts between oxic and anoxic conditions.

How weather conditions affect marine munition
strongly depends on the location and the surround-
ing habitat conditions. The deeper they are located, the
less likely direct weather impact becomes. In more shal-
low waters, exposure to waves and currents and the sur-
rounding sediments form complex interactions which in
concert will determine the faith of munition objects. To
gain a better understanding of how marine munition will
be affected by weather conditions, more habitat specific
investigations are needed.

Salinity

Changing ocean salinity, for example depending on pre-
cipitation in certain regions [33], are expected during
ongoing climate change. For ship wrecks, e.g.,, WWII
relicts, it is established that salinity alters the speed of
corrosion [46, 47] and generally abundance of salt accel-
erates the corrosion rates of shipwrecks [57].

Yet only limited information is available on how
changes in salinity may influence corrosion of munition
shells and the faith of organic munition compounds.
Sorption of munition compounds to passive samplers
did not vary with natural salinity gradients [87]. With an
in situ study, Beck et al. [7] measured dissolution of TNT
in a salinity range from 15.4 to 18.2 ppt and conclude
that a salinity effects is rather small compared to other
factors.

However, the photochemical degradation of dinitro-
toluene (DNT), a degradation product of TNT was more
strongly influenced by salinity and dissolved organic mat-
ter (DOM) as by nitrate, pH and temperature in their
natural range [64]. Increasing salinity and increasing
DOM enhanced the photochemical degradation of DNT
[64]. In sum, specific information on the effects of salin-
ity on the corrosion of munition shells is lacking. Sorp-
tion and dissolution of organic munition compounds
does not seem to be altered strongly by salinity. However,
increased salinity seems to enhance the photochemical
degradation of organic munition compounds.

UV radiation

UV radiation is expected to increase in future by halogen-
ated pollutants and rising greenhouse gas concentrations,
which alter the spatial distribution of ozone that protects
the earth’s surface from excessive UV radiation [18, 71].
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The photochemical sensitivity of conventional munition
compounds is well known. UV radiation enhances their
transformation and degradation and such effects are
stronger in salt, compared to fresh water [44, 64].

Thus, it is clear that exposure of munition compounds
to increased UV radiation will enhance degradation pro-
cesses and the formation of degradation products. Since
the intensity of UV radiation decreases with water depth,
effects of UV radiation is particularly significant for
munition objects lying in shallow water [6].

Exposure of aquatic organisms to pollution in com-
bination with UV radiation can enhance the toxicity of
pollutants [63]. There is also evidence that toxicity of
explosive compounds increases through photoactiva-
tion and photolysis to other toxic compounds [21, 88].
In sum, elevated UV radiation coinciding with global
climate change, will have two sided effects. On the one
hand degradation of conventional munition compounds
will be accelerated in shallow waters. On the other hand,
organisms will be exposed to elevated amounts of toxic
photodegradation products.

Water temperature

The average global sea surface temperature rose by
0.85 °C over the past 130 years and this trend is expected
to accelerate in the future [28, 33]. When addressing the
influence of rising water temperatures on the contamina-
tion of the marine environment by dumped munitions
mainly corrosion and the solubility, sorption and degra-
dation/transformation of the leaking compounds must be
considered.

The progressive corrosion process of munition hous-
ings is suggested to be influenced by temperature [34],
among other factors, but this relationship has not yet
been investigated with a focus on marine dumped muni-
tions. MacLeod [46, 47] investigated the in-situ corrosion
of WW II shipwrecks over years and derived an influence
of temperature on corrosion of steel. North and Macleod
[60] investigated the complex relationship between cor-
rosion of metals and temperature and estimated a dou-
bled corrosion rate for every 10 °C in temperature
increase. However, this only applies without any biologi-
cal interaction, such as protective biological growth on
the corroding surface [42]. The munition housings are
commonly made out of iron steel, but can also contain
copper and other non-ferrous metals for driving bands
and fuses [6, 78, 82]. North and Macleod [60] calculated
a corrosion rate of 0.11 mm/year for steel, copper might
corrode twice as fast in marine environments.

A higher water temperature is likely to increase the sol-
ubility of compounds from dumped munitions [45]. An
in situ study investigated the solubility of exposed con-
ventional munition material in the Baltic Sea and did not
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find substantial differences in the solubility during dif-
ferent seasons with changing water temperatures [7]. On
the other hand, sorption of TNT to marine sediments,
sand and silt was inversely correlated to temperature
change [5]. In addition, the absorption of TNT and RDX
in passive samplers was inversely correlated to tempera-
ture change [87].

Temperature rise will not only influence the abun-
dance of dissolved munition compounds, but will also
change the exposure conditions for marine organisms,
for example fish. Processes that alter toxicokinetics, such
as diffusion rates, ventilation, metabolic rates and feeding
activity, may result in increased uptake of pollutants as
water temperature rises. Change of single factors or mul-
tiple factors in concert, may lead to increased exposure
rates and toxicity for the organisms. On the other hand,
increased elimination and detoxification rate of pollut-
ants in the organism can coincide with increased meta-
bolic activity, which counteracts potential toxification of
the organisms [13, 29, 48, 71].

Multiple studies reported increased toxicity at
higher temperatures to aquatic organisms, and sug-
gest that changes in toxicity are based on the altered
substance-specific bioactivation and detoxification dur-
ing biotransformation of xenobiotics [15, 25, 61, 65].
Experimental exposure of marine flatworms to the TNT
derivate 4-ADNT revealed that its toxicity increases
with temperature. After 12 day exposure of flatworms to
ADNT (33.3.mg/L) at 30 °C mortality was 100% and at
21 °C mortality was close to 60%. In corresponding con-
trols no mortality was recorded [10]. This observation
clearly illustrates that toxicity of explosives is tempera-
ture dependent.

In fish, specific tests with munition compounds and
temperature are lacking. However, Schartup et al. [70],
explained an increase in tissue methyl-mercury con-
centrations in Atlantic bluefin tuna (Thunnus thynnus)
with increases in seawater temperature. Buckman et al.
[14] showed that increased water temperature short-
ened the half-life of PCBs in the water and simultane-
ously the biotransformation of PCBS in rainbow trout
increased. Consequently, the concentrations for certain
toxic, hydroxylated PCBS increased in the trout plasma
with rising temperatures. The herbicide atrazine showed
increased toxicity in catfish with increasing tempera-
ture, also in combination with lower oxygen level in the
water [25]. Since the biotransformation of munition com-
pounds is crucial for their toxicity, future rise in water
temperature will also have consequences for exposed
fish. Taking this into account, as a precautionary princi-
ple, higher toxicity to fish species exposed to munition
compounds should be expected with rising temperatures.
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Another possibility is that degradation products are
more toxic than their original compounds, such as
1,2,5-trithiepane derived from mustard sulphur, which
was extensively used in CWA [20]. In this case elevated
degradation rates due to temperature increase might
result in higher abundance of highly toxic degradation
products.

An important aspect of temperature change for the
marine munition problem is that biodegradation of
organic munition compounds leaking from corroded
munition shells is positively correlated with temperature
rise [17].

Crucial questions for the marine munition problem are,
how the mentioned effects interact with one another will
there be effects dominating over others? Possible predic-
tions are that rising temperature increases corrosion of
munition shells and the solubility of organic munition
compounds, which will result in higher emission from
dumped munitions. A further possible prediction is that
sorption of organic munition compounds to sediments
will decrease with rising temperatures. Accordingly,
amounts of munition compounds available in the water
column might increase.

If (how) elevated amounts of released munition com-
pounds will be detrimental to the environment is diffi-
cult to estimate. This will to a large extend depend on the
degradation speed of toxic munition compounds which
is likely to increase with rising temperatures. On the
other hand, toxicity of munition compounds is likely to
increase with temperature too. Which of these processes
will dominate might in the end also depend on other fac-
tors, such as the availability of carbon for biodegrading
microorganisms.

Stress-on-stress responses

Climate change is expected to have strong impact on
marine ecosystems [22]. Abiotic and biotic conditions
change and this causes stress to inhabiting organisms
(e.g., [54, 69]). Climate change induced stress is likely to
interfere with the ability of marine organisms to cope
with pollutants and their potential toxicity and accu-
mulation [35]. The example of marine flatworms that
showed higher mortality during experimental exposure
to the TNT derivate 4-ADNT at 30 °C compared to 21 °C
[10] suggests that multiple stressors amplify toxic effects
of munition compounds.

An example for a fish species that is subjected to multi-
ple stressors and clearly declines, is the Baltic cod (Gadus
morhua). Fishing pressure plays a role [1], but also the
expansion of areas/periods with hypoxic conditions in
the Baltic Sea [81]. At one of the most important spawn-
ing sites of the eastern Baltic cod, the Bornholm basin
[30, 31], about 50,000 t chemical weapons (CW) were
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dumped after WW II [11, 84]. Indeed traces of chemi-
cal warfare agents (CWA) were detected in cod from the
Bornholm Basin [59]. In Baltic mussels (Mytilus tros-
sulus) exposed in the Bornholm Basin CWA were not
detected, but a series of biomarkers indicated that the
mussels suffered from stress at the dumpsite [39]. It was
proposed that multiple stressors including CWA affect
the health status of mussels and cod in the Baltic Sea [12].

In situations with multiple stressors it is extremely dif-
ficult to disentangle which stressors have more or less
strong fitness effects and which stressors might amplify
one another’s effects. For the marine munition prob-
lem, experimental exposure studies with munition com-
pounds and additional stressors are needed, to make
more robust predictions how environmental stress trig-
gered by climate change, interferes with toxic stress from
munition compounds.

Conclusions

Climate change will influence a number of factors that
determine the faith of munition compounds in marine
environments. Direct effects concern mechanical impact
through water turbulences which is likely to increase the
leakage of toxic compounds from dumped munitions.
Corrosion is a ticking time bomb, which will lead to
increased leakage from dumped munitions. There is no
doubt about this ongoing process, but it is likely that cli-
mate change will rather accelerate corrosion, than atten-
uate it. Organism confronted with munition compounds
seem to be able to metabolise them to some extent, toxic
effects of munition compounds might outweigh the ben-
efits of metabolization and degradation, in particular
when organisms are exposed to environmental stress due
to climate change.

Outlook

The present review illustrates that the marine munition
issues are extremely complex. We are only at the begin-
ning to understand how environmental factors alter the
faith of marine munitions. Given the complexity of the
problem, a lot of information is still missing. Although
general information about locations of munition dumps
is often available, detailed data on types of munition and
their state are often missing. Furthermore, it is often
unknown if munition compounds are leaking out and
what the effects on the environment are. More detailed
investigations at multiple contaminated sites are urgently
needed. For the question how climate change impacts
on marine munition, in particular comparisons of data
from dump sites across different climate zone would be
very helpful. Such comparisons ask for standardised sam-
pling methods to be applied to measure the (corrosive)
state of munition objects, but also the amounts of leaking
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compounds and their presence in and effects on biota.
Furthermore, laboratory studies are need in which vari-
ables affected by climate change (e.g., temperature, shifts
in oxic—anoxic conditions) are tested on biota together
with environmentally relevant concentrations of muni-
tion compounds. When more data about state and emis-
sion of marine munition become available, it would be
extremely valuable to develop models that enable predic-
tions of how climate variables will interact with marine
munition.
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