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Abstract

Global climate change, leading to warming and increased precipitation in northern latitudes, is
expected to increase the transfer of organic matter from soils to coastal waters. This inflow does not
only bring particulate organic matter (POM) but also brown-coloured dissolved organic carbon
(DOC), which darkens the water. Water darkening alters coastal food web structure and dynamics
by affecting the system from bottom up, suppressing benthic primary production while favouring
bacterial production and potentially also from the top down by hindering visual predators. Global
climate warming further changes coastal food webs from the top down by increasing consumer
metabolic rates, especially in large-bodied fish species, which increases costs for maintenance,
consumption rates and thus body growth. This can lead to decreased fish biomass production and a
shift towards dominance of smaller individuals. While the ecological consequences of warming and
darkening are increasingly studied, their effects on contaminant transfer remain poorly understood.
One likely outcome of water darkening is a shift from benthic to pelagic primary production, pushing
omnivorous fish to rely more on pelagic resources, such as zooplankton. Such shifts in habitat use
and species interactions are critical for contaminant transfer, as radionuclides such as '*’Cs
bioaccumulate mainly through diet. If fish switch from benthic prey with higher '3’Cs concentration
to zooplankton with lower contaminant levels, they may accumulate less radionuclides. In this essay,
I review causes and consequences of warming and darkening of waters and discuss how coastal food
web responses to these drivers may be key to predict radiocesium transfer and bioaccumulation, and
thus important to risk assessment.
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1. Introduction

Increased CO2 levels in the atmosphere have resulted in a rise in average air
temperature, increased sea surface temperatures and altering of coastal ecosystems
globally (Varela et al. 2023). The Baltic Sea, due to its enclosed and shallow
morphology and northern location, is warming at a faster rate (0.4—0.6°C per
decade) than other similar sea areas globally (HELCOM 2023). In addition to rising
mean sea surface temperatures, global change is expected to further increase
precipitation in high latitudes (30°N — 85°N). In Fennoscandia, annual precipitation
has already increased by 1040 % during the 20™ century, in contrast to southern
Europe where precipitation instead has decreased by as much as 20 % during the
same time (Dore, 2005). Increased precipitation results in increased river runoffs,
and thus more freshwater transferring nutrients and terrestrial organic matter (t-
OM) from land to the sea (Wikner & Andersson, 2012). In addition to excess
nutrients and dissolved organic carbon (DOC) causing eutrophication and
darkening of waters, river runoff can also transport contaminants, including
radionuclides, to coastal waters during periods of high precipitation (Hayashi ef al.
2022; but see Fuji et al. 2018). However, there is limited understanding of
contaminant behaviour and transfer under climate change, especially with respect
to coastal waters becoming warmer and darker (Larsen et al. 2011). These
knowledge gaps make it challenging to predict contaminant transfer and
bioaccumulation in coastal ecosystems, increasing the likelihood of environmental
risks (Hatje et al. 2022).

For all organisms, temperature and therefore warming, influences individual
physiology and thus body growth and size. In ectothermic organisms, which make
up over 99% of all species on Earth, body temperature is determined by the
environment, leading to a direct link between temperature and body size (Block
2024; Forster et al. 2012). The metabolic theory of ecology (MTE) outlines how
temperature affects metabolic rate, and consequently resource uptake and
allocation, independently of body size (Brown et al. 2004). However, empirical and
theoretical studies have shown that temperature’s effects are size-specific, both at
the individual, population, and community-level (Lindmark ef al. 2022). Warming
has been shown to shift fish and zooplankton population and community structure
towards dominance of smaller individuals (Uszko et al. 2022; Van Dorst et al.
2019), which may affect overall food web dynamics (Lindmark et al. 2018, 2019).



Looking at warming and natural variation in temperature, Huss et al. (2019) and
Van Dorst et al. (2019) have shown how warming is likely to more positively affect
body growth of young than old and large fish. This is in line with the temperature-
size-rule (TSR) according to which ectotherms in warmer environments grow at a
faster rate but reach smaller asymptotic size (Forster et al. 2012; Angilletta et al.
2004). Accordingly, there are examples of warming increasing body growth in
small individuals making them bigger at younger age (Huss et al. 2019), but leading
to smaller adult size and therefore earlier maturation and gonad development
(Baudron ef al. 2014; Niu et al. 2023 but see Lindmark et al. 2023). In addition to
fish size and population biomass, warming can have a direct positive effect on
aquatic primary production if they have sufficient nutrients and light available
(Héder et al. 2014; Bernhardt et al. 2018). However, warming-induced increases in
phytoplankton growth rates is not always expected to compensate for the increased
metabolic rates and foraging of larger-bodied herbivores (in this case zooplankton)
at higher temperatures, restricting phytoplankton standing stock biomass
(O’Connor 2009). Still a recent study by Mooney et al (2025) found a positive
relationship between lake phytoplankton biomass and temperature, suggesting that
increased phytoplankton growth rates were not offset by increased grazing rates at
high temperatures. However, it is important to note that in the study by O’Connor
(2009), zooplankton was not predated and the study system consisted of only two
trophic levels, whereas in Mooney at al. (2025) the system consisted of three trophic
levels, highlighting the role of food chain length in warming-induced effects.
Terrestrial dissolved organic matter (t-DOM), often referred to in the literature
as allochthonous dissolved organic matter (ADOM) because it originates from
external sources (Figueroa et al. 2016), includes coloured dissolved organic matter
(cDOM). This is one of the major factors causing browning and darkening of waters
in lakes and coastal areas that receive high inflows of freshwater from rivers and
streams (Vasconcelos et al. 2016; Figueroa et al. 2016, see also Opdal et al. 2023
for effects in waters far from the shore). Browning is a term generally used for
freshwater systems, and darkening is the equivalent process in coastal waters, both
being caused by cDOM and with direct and indirect effects on aquatic ecosystems.
For example, darker waters can directly affect fish behaviour, especially with
respect to foraging rates of visual predators (Weidel et al. 2017), and indirectly their
body growth, biomass production, as well as energy flow between organisms at
different trophic levels (van Dorst ef al. 2019). Darkening of waters decreases the
amount of light that reaches the benthic primary producers. Thus, water darkening
reduces benthic primary production, lowering the ecosystem’s total primary
productivity and the proportion of total production contributed by benthic relative
to pelagic primary producers living in upper layers of the water column where light
is sufficient (Ask et al. 2016; Karlsson et al. 2009). At high levels, increased
allochthonous carbon loading have also been shown to suppress pelagic



phytoplankton biomass production, while favouring growth of pelagic
heterotrophic bacteria (Wikner & Andersson ef al. 2012; Ask et al. 2009). With the
microbial pathway, that contain additional trophic levels, becoming increasingly
more important with DOM loading, energy will flow through more trophic levels
before reaching fish. This means more energy is lost and the energy transfer
efficiency lower, which results in a decrease in biomass production in higher
trophic levels (Berglund et al. 2007; van Dorst et al. 2019).

Anthropogenic pollution of persistent contaminants, such as heavy metals and
radionuclides, is a serious threat to environmental well-being due to their toxicity
and persistence in the environment that make them bioaccumulate in organisms and
in some cases biomagnify in food chains (Ali and Khan 2019). Radioactivity in the
Baltic Sea is possibly higher than in other similar water bodies around the world
due to its unique morphology, slow water exchange and rapid sedimentation
(HELCOM 2013). After contamination from the Chornobyl fallout in 1986,
especially '*’Cs concentrations are higher in the Baltic Sea than other places in the
world (Ikiheimonen et al. 2009). Studies of 1*’Cs bioaccumulation in the Baltic Sea
offers valuable information on radionuclide bioaccumulation due to *’Cs long
physical half-life (30.17 years), naturally low background levels and tendency to
bioaccumulate to fish muscle tissues without metabolising (Sundbom et al. 2003).
Previous studies have shown that radionuclides and especially '*’Cs
bioaccumulation to tissues increases with fish size, trophic level and vary with
feeding habits (Rowan et al. 1998) and temperature (Nakahara et al. 1977). In
addition, increases in particulate organic matter input has been also shown to
significantly impact transfer and export of 1*’Cs from soils to marine ecosystems,
thereby increasing radionuclide concentrations in the coastal areas (Naulier ef al.
2017).

With increased river runoffs (Wikner & Andersson, 2012) affecting both water
darkness and primary production (Ask et al. 2009; Karlsson et al. 2009), there is a
need for a better understanding of how increasing organic matter input to coastal
ecosystems is affecting radionuclide bioaccumulation and transfer, both alone and
in combination with warming. Along with the accelerated warming of sea surface
waters, it is important to understand other processes affected by environmental
change when evaluating and modelling radionuclides transfer through aquatic food
webs. The aim of this essay is to review how coastal food web responses to the
combination of warming and darkening may influence radionuclide
bioaccumulation and biomagnification, through both direct pathways and indirect
pathways mediated by species interactions.



2. Warming and darkening of coastal
waters

2.1 Coloured terrestrial organic matter causes
darkening of waters

2.1.1 Primary production in coastal ecosystems

Shallow coastal areas are ecologically important ecosystems that support high
biodiversity and serve as critical habitats for most marine organisms during some
stage of their life cycle (Henseler et al. 2019). In addition, coastal areas are highly
productive (Pauly and Christensen 1995), and their total primary production is
driven by both pelagic and benthic primary producers (Ask et al. 2016). In the
pelagic zone, referring to the upper water column in the open area of water bodies,
basal producers include pelagic phytoplankton capable of photosynthesis, along
with heterotrophic bacteria. Both groups can act as energy mobilizers, acting as a
link between the chemical environment and higher trophic levels, regulating carbon
flows and therefore energy transfer (Andersson et al. 2018). For pelagic food web
dynamics, also the community structure of these basal producers is important.
Herbivorous zooplankton typically favours feeding on larger phytoplankton, and in
turn zooplankton serves as a resource to larger animals at higher trophic levels. In
contrast, smaller sized phytoplankton often boosts the microbial food web by
releasing DOM that promoted bacteria and the protozoa that graze on them
(Legendre & Rassoulzadegan 1995). In pelagic habitats, where the light climate is
generally favourable but nutrient concentrations are typically low, phytoplankton
growth is often limited by nutrient availability, particularly nitrogen, both globally
in marine and in the Baltic Sea (Howarth 1988; HELCOM 2021).

Benthic primary producers consist of a large variety of organisms such as macro-
and microalgae and aquatic plants. Macroalgae and seagrasses are often epiphytes
growing on rocks and the surfaces of other algae (Borowitzka et al. 2006) and can
be seen with the naked eye. In contrast, microalgae attach to different substrates
such as hard rocks and soft sediments and can only be distinguished with a
microscope (Allan et al. 2021; Ask et al. 2016). Due to living close to the sea floor,
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benthic primary producers have access to nutrient-rich sediments but are often
light-limited due to shading and turbidity caused by phytoplankton, as well as the
darkening of the upper water column caused by coloured dissolved organic matter
(cDOM) (Karlsson et al. 2009; Harvey et al. 2015). Consequently, in deeper areas
with strong light limitation, pelagic primary production is responsible for almost
the entire ecosystem’s total primary production (Sand-Jensen & Borum 1991). In
contrast, in clear and shallow waters, primary production is dominated by benthic
algae (Vadeboncoeur et al. 2003) and therefore the proportion of benthic primary
production of total primary production can be significant in clear waters (Ask et al.
2009). For example, in the Baltic Sea, benthic primary production contributes up to
17% to the total annual primary production in estuaries and up to 31 % in entire bay
areas (Ask et al. 2016).

Coastal habitats are typically rich in both organic and inorganic particulate and
dissolved matter. Some of this material originates from land, including terrestrially
derived dissolved organic carbon (DOC) (Opdal et al. 2023; Frigstad et al. 2023),
along with other substances derived from terrestrial plant material that fare
transformed in soils through interactions with minerals and microorganisms
(Solomon et al. 2015). Besides dissolved substances, t-OM also contains particulate
organic matter (POM), of which some aggregate and sink to the bottom sediments
due to its weight (Solomon et al. 2015) and thus serve as a resource for benthic
organisms (Bartels ef al. 2018). These organic substances are carried by freshwater
inputs to estuaries, and can especially in marine upwelling areas, result in murky
nutrient-rich waters (Héder et al. 2014). For example, Frigstad et al. (2023) showed
that a 23—85% increase in riverine discharge resulted in a 40-78% increase in
suspended organic particulate material in coastal waters, contributing to reduced
water clarity. Water darkening, also referred to as browning or brownification
(mainly in freshwaters), describes the darkening of water colour caused by
dissolved organic carbon (DOC) and suspended particles that absorb sunlight and
thereby reduce the light available for photosynthesis (Kritzberg et al. 2020; Harvey
etal. 2015). Darkening of coastal waters is recognized as an environmental concern,
with yet poorly understood ecological impacts on coastal ecosystems (Bartels et al.
2018; Opdal et al. 2023).

2.1.2 Effects of water darkening on benthic and pelagic
habitats

Water darkening directly affects both benthic and pelagic habitats. In benthic
environments, reduced light availability can negatively affect benthic primary
producers, leading to decreased benthic biomass production (Ask et al. 2009). This
reduction in benthic biomass production can propagate up through food webs,
ultimately affecting higher trophic levels such as fish that rely on benthic
invertebrates as a food resource (Karlsson et al. 2009). As light availability at the
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bottom declines, the benthic share of total primary production declines relative to
pelagic production (Vasconcelos et al. 2016), altering the importance of different
energy transfer pathways. This shift affects prey distribution and composition in
both habitats, impacting prey availability to higher consumers. When predators
such as fish, adjust their diet toward feeding on the relatively more abundant pelagic
zooplankton, they exert top-down control which in turn can benefit pelagic primary
producers via reduced grazing pressure (Vasconcelos et al. 2019). In addition to
shifting the relative share of pelagic vs. benthic prey resources due to light
limitation, increased t-OC also directly affects the balance between phytoplankton
and bacterial production in the pelagic zone. Start from low levels, increased input
of DOM and nutrients could initially benefit both phytoplankton and bacterial
production by increasing nutrients that usually limit primary producer’s biomass
growth (Andersson et al. 2018). However, over time, continuous loading of DOC
mainly benefits bacterial production, as bacteria can utilise DOC as an energy
source, but suppresses phytoplankton growth due to light limitation and/or
competition with bacteria, thereby shifting more of the total biomass production to
the microbial loop (Jansson et al. 2007; Wikner and Andersson 2012). Importantly,
external t-OC can support a significant portion of biomass production in both
benthic and pelagic habitats (Ask et al. 2009).

Besides indirect effects of t-OC on fish biomass through changes in food
availability, water darkening may also directly influence fish behaviour. Fish have
well-developed eyes and most fish species depend a lot on their vision when
receiving information from their environment (Guthrie 1986). Increased water
turbidity and/or DOC, which alter underwater light climate, have been shown to
directly affect the feeding behaviour of some zooplanktivorous fish species (Weidel
et al. 2017). Similarly, strongly vision-depended piscivorous predators are
negatively affected by reduced visibility compared to fish feeding on benthic prey
(Hecht and van der Lingen 1992). However, the overall negative impact of water
darkening on fish biomass is likely driven by a combination of multiple factors and
a literature synthesis by Roth et al. (2025) found no evidence that browning affects
fish foraging in a consistent way across species. In most cases, it seems that reduced
fish biomass in dark waters is more clearly linked to a decline in food availability
rather than decreased foraging rates due to difficulties in detecting prey (Horppila
et al. 2025), especially in species capable to forage efficiently even in low-light
conditions, such as roach (Rutilus rutilus) (Van Dorst et al. 2020).

Direct and indirect effects of water darkening have been shown to affect
individual fish body growth differently over ontogeny e.g. relating to ontogenetic
diet shifts in prey. This was experimentally demonstrated by Van Dorst et al (2022)
showing how browning decreased body growth of young-of-the year fish more than
for 1 year-old fish. They explained this by a shift in zooplankton community
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composition with browning and differences in prey selectively among small and
larger roach.

As illustrated by the examples above, water darkening can alter trophic
interactions and prey availability, highlighting the complexity of natural aquatic
food webs and the influence of both top-down and bottom-up controls. Bottom-up
regulation refers to the control of energy flow to higher trophic levels by resource
availability, such as nutrients and light (Weathers et al 2013). Increased t-OM and
water darkening affect food webs from the bottom-up by reducing light attenuation
and by shifting primary production from benthic to pelagic and further by favouring
microbial heterotrophy over primary production (Ask et al. 2009; Wikner and
Andersson 2012). Top-down control refers to organisms at higher trophic levels
regulating biomasses of those at lower ones (Carpenter et al. 1985). Studies have
shown how the effects of DOC on coastal food webs depend on the presence or
absence of a top predator (Degerman et al. 2018, Garnier et al. 2025). Degerman et
al. (2018) experimentally showed that in ecosystems where zooplankton
represented the highest trophic level, an increase in DOC in the water
correspondingly increased zooplankton production. However, in a system with fish,
increased DOC had a negative effect on fish growth and production (Degerman et
al. 2018). These findings highlight that water darkening and other ecosystem
changes cannot be understood solely through simple top-down or bottom-up trophic
cascade frameworks, but that we need to account for variation in food web structure
and food chain length.

2.1.3 Effects of increased t-OC in pelagic habitat

The terms allochthonous (terrestrial origin) and autochthonous (fixated within the
aquatic system) are commonly used to describe the origin of carbon in aquatic
systems. In oligotrophic lakes and nutrient-poor marine ecosystems with low
productivity, bacteria have been shown to significantly contribute to energy
mobilization through the pelagic food webs by utilizing external sources of carbon,
whereas phytoplankton dominates in more nutrient-rich waters (Gasol et al. 1997,
Jansson et al. 2007). In oligotrophic systems, pelagic basal producers, particularly
heterotrophic bacteria, rely on allochthonous carbon and nutrients originating from
outside of the system (Ask et al. 2009) and the autochthonous carbon alone does
not support high bacteria biomass and growth (Kritzberg ef al. 2004). As a result of
increased input of t-OC favouring bacteria that can use inorganic dissolved
substances directly as a resource, leads to enhanced competition between
phytoplankton and bacteria in the pelagic habitat (Andersson et al. 2015). In an
ecosystem with higher loads of freshwater input and t-OC, basal pelagic production
may therefore be dominated by heterotrophic bacteria (Wikner and Andersson
2012).
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A large portion (common assumption being 90%, Lindeman 1942, but see Eddy
et al. 2021 for why values likely are highly variable) of carbon fixed at the base of
food webs is lost at each trophic level through respiration, sloppy eating and
reproduction. Lower carbon losses imply a higher rate of energy transfer through
the food web, leading to high food web efficiency (FWE). Ultimately, the
combination of basal energy mobilization and FWE determines how many trophic
levels, and thus top predators, aquatic system can sustain. High FWE values means
that more energy is transferred from lower to higher trophic levels (Eddy et al.
2021). Generally, FWE tends to be low in oligotrophic waters (Sommer ef al. 2002).
In these low-nutrient ecosystems, primary production is dominated by
picoplankton, which is too small to be directly consumed by meso-zooplankton. As
a result, the carbon they fixate into the food web enters the microbial loop, passing
through additional trophic links before reaching zooplankton and higher trophic
level consumers (Sommer et al. 2002). In contrast, autotrophic algal primary
production in systems dominated by meso-zooplankton has been shown to transfer
energy more efficiently to higher trophic levels due to fewer trophic levels between
primary production and top predators (Berglund et al. 2007), although under
eutrophic conditions FWE may be low due to dominance of less edible primary
producers (Garzke et al. 2019) As stated earlier, t-OC tends to benefit heterotrophic
bacteria over phytoplankton production, leading to longer and less efficient food
chains (Degerman et al. 2018). Consequently, FWE is expected to decrease,
resulting in lower biomass production at higher trophic levels (Berglund et al.
2007).

2.2 Effects of warming on aquatic organisms

Environmental temperature is closely linked to individual physiology, especially in
ectotherms, whose body temperature and thereby metabolism, is directly
determined by their ambient conditions. According to the metabolic theory of
ecology (MTE), temperature affects metabolic rates (Brown et al. 2004) and thus
organisms net energy gain and body growth (Block 2024). Since metabolic rate is
also influenced by body size, temperature and size together determine individual
body growth, in turn, influencing fitness, maturation size and ultimately the
efficiency of energy transfer across trophic levels (Barneche and Allen 2018). Not
only can temperature and body size additively determine body growth, but both
empirical and theoretical studies suggest that temperature effects are size-
dependent. Studies have, for example, shown that warming accelerates the growth
of juvenile fish but that the effect diminishes in larger and older individuals (Huss
etal. 2019; Van Dorst et al. 2019; Lindmark et al 2022; Ikpewe et al. 2021; Wootton
et al. 2022). This size-specific response is often linked to a negative relationship
between optimum growth temperature and body size, resulting from differences in
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how maximum consumption and metabolic rates scale with temperature and body
size. (Lindmark et al. 2022). The temperature-dependence of body growth is
reflected in the temperature size rule (TSR) (Atkinson 1994), which suggests that
ectotherms, including fish and most aquatic species, grow at a faster rate but mature
earlier in warmer environments, resulting in smaller asymptotic body sizes (Forster
et al. 2012, although not always true, see below). While higher temperatures are
thought to reduce adult size by increasing size-dependent maintenance costs and
speeding up maturation (Niu et al. 2023), recent findings suggest that fish
populations can adapt metabolically over generations, potentially mitigating these
effects (Wootton et al. 2022). However, we still lack a general understanding of
mechanisms and key processes affecting body size-temperature responses (Verberk
etal. 2021).

Shrinking body size in fish can have major ecological and economic
consequences, especially in commercial fisheries where reduced body size and
biomass of large predatory fish may lead to lower yield-per recruit (Audzijonyte et
al. 2013) and thus overall lower fisheries catch (Lindmark et al. 2022b). Although
many empirical studies support TSR in fish (e.g. Ikpewe at al. 2021), some studies
have reported deviating results (Solokas et al. 2023; Audzijonyte et al. 2020)
indicating that the effects of warming on individuals and populations are strongly
influenced by local environmental factors and cannot always be universally
predicted based solely on climatic variables (Solokas et al. 2023). At the population
level, warming often results in smaller mean body size and reduced total biomass,
even with increased growth rate (size-at-age) in juveniles (Baudron et al. 2022). In
a study of lake fish populations across a large temperature gradient, Van Dorst et
al. (2019) showed how mean body size and population biomass production
decreased with temperature (van Dorst ef al. 2019). However, like individual-level
responses to higher temperatures, warming waters may not always lead to a
decrease in population biomass production. For example, Solokas et al. (2023)
found that populations with large-bodied individuals increased their size more than
small-bodied populations in warming waters.

Although many studies on temperature-body size relationships exist specifically
for fish, they are common across organism groups (Daufresne et al. 2009).
Accordingly, also zooplankton communities often shift toward dominance of
smaller species under climate change (Uszko et al. 2022). Within zooplankton
species, however, warming may also drive a shift in population size and stage
structure, with juvenile growth accelerating and resulting in biomass accumulation
in adult life stages (Uszko et al. 2022). Consequently, not all species and individuals
show the same size-specific responses to variation in temperature (Audzijonyte et
al. 2020), highlighting the complexity of temperature effects on aquatic organisms
and food webs.
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2.3 Northern coastal food web responses to warming
and darkening under climate change

In the Baltic Sea, surface water temperature is estimated to rise 2-4 °C and
precipitation to increase ~30% by the end of the century (HELCOM 2023). At the
same time, climate change is expected to increase the input of allochthonous
organic matter into the coastal waters of northern Europe due to the increased
precipitation (de Wit et al. 2016, Opdal et al. 2023). Still, we have limited
knowledge about their combined effects on coastal food webs. Van Dorst et al.
(2019), with a space-for-time approach suggested that ongoing browning of lakes
will add to the negative effects of warming on fish production (van Dorst et al.
2019). In fish larvae, studies instead suggest that warming can increase body growth
while darkening simultaneously decreases it (Huss et a. 2021). However, at the
population level, accelerated juvenile growth rate does not necessary result in
higher total biomass, if the body growth and/or number of large individuals
simultaneously decrease (van Dorst et al. 2019). This can also be expected as
warming has been shown to increase mortality in fish (Lindmark et al. 2023). In
conclusion, the net effect of climate warming on fish population structure and
production depends on the balance between effects on growth and mortality, and
the combined effects of warming, darkening and other concurrent changes.

In addition to the effects of warming-induced changes in body growth and size
structure, fish production may suffer due to both reduced resource production and
energy transfer efficiency (Mehner et al., 2022). A study by Pontevice et al. (2021)
estimated that a decrease in primary production may lead to a decrease in total
consumer biomass in marine environments by 18.5 % by end of the century.
Similarly, water darkening and increased DOC concentrations are projected to
favour bacteria production over phytoplankton production, resulting in longer food
chains and therefore to further decline in energy transfer efficiency and thus
biomass at upper trophic levels (Degerman et al. 2018). Warming and increased
organic carbon loading may also contribute to the expansion of anoxic conditions
in deep basins, by strengthening stratification and oxygen consumption, as well as
internal nutrient release which may increase cyanobacteria production (Andersson
et al. 2015). Both modelling and empirical studies suggest that water darkening
influences food webs from the bottom-up by reducing light availability and thus
benthic primary production and benthic resource availability for consumers, while
simultaneously increasing nutrients in the pelagic habitat, which may favour
pelagic production. In contrast, warming may to a larger extent affect aquatic food
webs from top-down by affecting consumer feeding rates and size distributions
(Van Dorst et al. 2019, Vasconcelos et al. 2019). However, how the combined effect
of warming and darkening play out in terms of the relative importance of bottom-
up vs. top-down control of coastal food web in natural systems is still unknown.
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Not only are the effects of environmental change, such as warming and
darkening, on food webs interesting from an ecological point of view but resulting
shifts in food web structure and food chain length may crucially affect how
contaminants bioaccumulate and transfer. Contributing factors that can affect the
latter include food chain length, species diversity and individual’s traits, such as
lipid or muscle content, body size, age, gender, reproduction, habitat use, feeding
preferences and trophic level (Borga et al. 2004). Environmental changes, such as
warming and increased organic matter input can alter food web structure and food
chain length and thereby likely to influence contaminants transfer. To the best of
my knowledge, no previous studies have examined how increased input of coloured
organic matter, either independently or together with rising sea temperatures,
influences radionuclide bioaccumulation and transfer. Understanding how climate
change may alter these pathways and dynamics is essential for accurately
simulating potential future accident scenarios. The Fukushima accident in 2011
further highlighted the need to better integrate ecological processes into
radioecological models to improve predictions of radionuclide dynamics in natural
environments (Vives I Batlle et al. 2018).
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3. Anthropogenic radionuclidesin aquatic
ecosystems

3.1 Radionuclides

3.1.1 '3'Cs exposure in the Baltic Sea

Anthropogenic radionuclides (RN) refer to radioactive substances, such as *°Sr,
137Cs, 2°I and '*C, which are continuously produced by human activities and do not
naturally occur on Earth (Benitez-Nelson et al. 2018a). Among them, the focus in
this essay is on cesium-137 ('*’Cs, later referred to also as radiocesium), which is a
fission product and a long-lived radionuclide with a physical half-life of 30.2 years.
It is a widely studied and an important indicator of radioactive pollution in aquatic
environments, especially due to its longer half-life compared to other radiocesium
isotopes, such as '3*Cs, with a half-life of only 2.2 years (Lestaevel et al. 2010).
137Cs emits high-energy beta particles, and its decay product, '*’™Ba, emits gamma
radiation (EPA, 2025). Although the long-term health impacts of *’Cs exposure
are not fully known, human studies have associated it with immune deficiency,
deformations, neurological disorders and increased thyroid cancer risk, particularly
in children, who are more vulnerable to toxic effects than adults (Lestaevel et al.
2010). Chemically, '*’Cs behaves similarly to the essential nutrient potassium (K)
and it is water-soluble. This allows '3’Cs to be efficiently taken up by plants and
animals and thus be transported through food chains (Ashraf et al. 2014).

Large quantities of anthropogenic radionuclides typically enter marine
ecosystems through single point sources, often linked to one-time events or
accidental releases rather than continuous emissions. However, continuously
occurring authorised discharges of radioactive substances such as ®°Co and *’Cs
from nuclear power plants and research reactors contribute a small part of the total
radioactivity load to the Baltic Sea (HELCOM 2013). On a global scale, the largest
historical source of '*’Cs and other radionuclides are nuclear weapon testing
between 1945 and 1980, which released an estimated 1 000 PBq of '3’Cs into the
atmosphere, from which 600 PBq ended up in the oceans (Benitez-Nelson et al.
2018a). This weapon testing led to a widespread fallout particularly in the northern
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hemisphere, with over 78 % of the total radioactivity distributing around the globe,
and rest deposited near the test sites (Benitez-Nelson et al. 2018a). Other major
sources of anthropogenic radionuclides include release from nuclear reprocessing
facilities and accidents related to nuclear power plants, such as the Chornobyl
disaster in Ukraine (April 1986) that released 85 PBq of '*’Cs globally and the
Fukushima Dai-ichi incident in Japan (2011) with emissions around 20-40 PBq of
137Cs (Benitez-Nelson et al. 2018a).

The anthropogenic radionuclide contamination levels in the Baltic Sea are
among the highest globally (Ikdheimonen et al. 2009). This is due to the Baltic Sea’s
unique environment, including a large brackish water body with limited water
exchange with the North Sea, shallow morphology and a drainage basin more than
four times larger than the sea itself (HELCOM 2023). The elevated levels of *’Cs
in the Baltic Sea originate primarily from the Chornobyl disaster in 1986, which
released a total of 4700 TBq of '*’Cs into the Baltic Sea region (Nielsen et al. 2010).
Alongside strontium-90 (*°Sr) fallout from the same event, which together with
37Cs are the main contributors to the Baltic Sea radioactivity, other relevant
anthropogenic radionuclides include ?*****9Py and **Tc¢ (Eriksson et al. 2018;
Zalewska and Suplinska 2013). Due to weather conditions at the time of the
accident and varying sedimentation rates, radionuclides have distributed unevenly
in the sea area, with the highest '*’Cs concentrations found in the Bothnian Sea, the
Gulf of Finland and specifically in coastal sediments (Kotilainen et al. 2021;
Ikdheimonen et al. 2009). In addition to Chornobyl, other radiocesium sources to
the Baltic Sea are the nuclear weapons testing and discharges from nuclear
reprocessing plants outside of the Baltic Sea such as Sellafield in the UK and La
Hague in France. By contrast, the 11 nuclear power plants located along the Baltic
Sea coast contribute less than 0.1% of total radionuclide activity (Ikdheimonen et
al. 2009).

It is worth noting that the '*’Cs activity in the Baltic Sea is steadily decreasing
and no global increases in radionuclide concentrations after the Fukushima Daiichi
nuclear accident have been detected in seawater (Eriksson et al. 2018). Due to the
Baltic Sea’s slow water exchange time, concentrations of '*’Cs in sea water has
reached a nearly stable state and is nowadays impacted mainly by sedimentation,
radioactive decay and bioaccumulation to biota (Bezhenar et al. 2016; Zalewska
and Suplinska 2013). '3’Cs accumulation in biota has decreased its environmental
concentrations in sea regions with high contamination (Burger and Lichtscheidl
2017). Given the importance and vulnerability of coastal ecosystems to climate
warming, it is important to understand how such environmental change might
influence !*’Cs accumulation and transfer in coastal food webs, including the
combined effect of projected sea surface temperature increases of 0.4-0.6°C per
decade (HELCOM 2023) along with increased precipitation bringing terrestrially
derived organic material to coastal Baltic Sea areas.

19



3.1.2 Uptake, metabolism and excretion

Even though radiocaesium behaviour has been widely studied both in field and
laboratory conditions, studies on uptake and transfer of *’Cs through food webs
have received various and contradicting results (Rowan and Rasmussen 1994). It is
widely accepted that radionuclides, such as other contaminants, are transferred to
organisms from the environment through several pathways (Ali and Khan 2019).
In aquatic environments, depending on the organism, radionuclides can be taken up
via three main routes: from the surrounding contaminated seawater, through
ingestion of contaminated food or contact with contaminated sediment (Benitez-
Nelson et al. 2018c). Following uptake via diet, radionuclides absorb through the
gut wall into the internal tissues and cells. In addition to exposure and
contamination through food, some radionuclides can also absorb through external
surfaces such as scales, skin and gills. Adsorption is another key mechanism
affecting radionuclide concentrations in particularly organisms with hard, calcified
external body surfaces (e.g. crustaceans and echinoderms), where ionic charges
attract and bind radionuclides into the external surfaces (Carvalho 2018). If
transferred into a non-contaminated environment, aquatic organisms eliminate
ingested radionuclides through biological processes such as excretion (Benitez-
Nelson et al. 2018c¢) and desorption (Carvalho 2018).

Uptake and elimination dynamics are essential for determining biological half-
life, which refer to the time it takes for half of the radionuclide to be eliminated
from an organism through biological processes (Tanaka et al. 2018). The effective
half-life is used to assess the overall accumulation of radionuclides. It combines
the physical half-life (e.g. ~30 years for *’Cs) with the biological half-life,
reflecting both the radioactive decay and the organism’s ability to eliminate the
substances. The effective half-life thus represents the actual time required for the
radionuclide concentration in the organism to be reduced by half. Consequently,
effective half-lives vary significantly depending on the organism and
environmental conditions (Metian et al. 2019). Therefore, results from the high-
salinity marine environments in coastal Japan cannot be directly used to predict
outcomes in the brackish Baltic Sea, where effective half-lives of '3’Cs are
estimated to be 1-9 years longer (Takata 2022). According to the International
Atomic Energy Agency (IAEA), the effective half-lives of *’Cs and *°Sr for the
Baltic Sea as a whole are 14.1 years (*’Cs) and 12 years (°°Sr), respectively
(Zalewska and Suplinska 2013).

The concentration of radionuclides in seawater is not necessarily directly
correlated with concentrations measured in biota, as uptake processes are
influenced by multiple environmental parameters, such as temperature effects on
metabolic rates and ionic competition. In aquatic environments, radionuclides are
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distributed both in dissolved form in the water column and bound to particles in
sediments (Carvalho 2018). According to numerous studies following both the
Fukushima Dai-ichi nuclear power plant accident and the Chornobyl disaster, the
highest concentrations of radioactive cesium in aquatic environments are typically
found in the sediments (Kotilainen et al. 2021). This is due to adsorption to organic
particles, with '¥’Cs concentrations in organic matter being up to seven time higher
than in bulk sediment (Bezhenar et al. 2016). '*’Cs has a strong affinity to bind to
fine clay particles, which are highly abundant in soils and soft sediment bottoms,
and therefore accumulate more radionuclides than hard and coarse bottoms (Fuji et
al. 2017; Eriksson et al. 2018). This is the case also in the Baltic Sea where,
according to monitoring programmes, '*’Cs activity in the sediments are four times
higher than in the seawater (Eriksson et al. 2018). As a result, sediments serve as a
long-term storage and source for radionuclides in aquatic ecosystems globally,
including in the Baltic Sea (Yamazaki 2020; Zalewska and Suplinska 2013).

Over time, most radionuclides in the water column are absorbed in suspended
particulate matter composed from plankton, detritus and minerals, which eventually
accumulate into sediments (Zalewska and Suplinska 2013). However, aquatic
organisms can absorb a small fraction of radionuclides directly from the water
(Ashraf et al. 2014). Therefore, water chemistry can significantly affect
radionuclide uptake. For example, an increase of K+ concentration in the water can
result in a significant decrease of 1*’Cs uptake in algae because '*’Cs is taken up by
the same K transport channels in plant cell membranes (Ashraf et al. 2014). In
addition, water colour and humic substances have been shown to influence '*’Cs
concentration in fish. Séarkka et al. (1996) found that in high humic water lakes,
137Cs concentration are lower in perch, which may be explained by radiocesium
adsorption to humus particles, making it less available for biological uptake.
However, the extent to which ecological processes contribute to these effects of
humification are unknown. Also, salinity has been shown to have a significant
effect on anthropogenic radionuclide concentration in waters by affecting the water
solubility of radionuclides and the isotope exchange between water and bottom
sediments, therefore directly influencing '*’Cs uptake by aquatic organisms
(Mirzoeva et al. 2020). In isopods and macroalgae, lower salinity in the water has
been shown to significantly increase '3’Cs accumulation, whereas bioaccumulation
rates in fish were higher in salt water than in brackish water (Topcuoglu 2000).
Increased temperature has been seen to affect the concentration factor to fish muscle
positively for some radionuclides, such as '*’Cs (Benitez-Nelson et al. 2018c;
Nakahara et al. 1977), although this is not a consistent outcome among studies
(Saiki and Koyanagi 1977). The pH on the other hand has not been found to have
any effect on anthropogenic radionuclide concentration in water (Mirzoeva et al.
2020).
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3.2 Bioaccumulation of radionuclides (*’Cs) in
individuals

Bioaccumulation refers to the process by which a substance accumulates in an
organism through uptake from the environment and via diet. If the rate of uptake
exceeds the rate of elimination and growth dilution (i.e. contamination levels
decreasing with increasing new biomass production) the substance accumulates
over time, leading to an increasing concentration in the organism (Ali and Khan
2019). In the case of '*’Cs, over 70 % of the radionuclide accumulates in the fish
muscle tissue after absorption. The remaining 30% is distributed among the
gastrointestinal (11 %), skin or scales (9 %), bones (3%) and gills, liver and
reproductive organs (4 %). Not all radionuclides, however, accumulate to the same
organs, for example strontium-90 (°°Sr) shows a more even distribution within the
organism: ~38 % accumulate in bones, 37 % in gastrointestinal organs and the
remaining 18 % in skin or scales (Benitez-Nelson et al. 2018c). These differences
in accumulation can be explained by the chemical similarities with other elements
in the periodic table. As mentioned earlier, radiocesium has a chemical similarity
to the essential nutrient potassium (K), and therefore its uptake to cells and tissues
in solution uses the same pathway as potassium. Correspondingly, strontium shares
chemical similarities with calcium (Ca) and therefore uses the same transfer
pathways as calcium (Ashraf et al. 2014). Body shape can also be an essential factor
influencing radionuclide accumulation. For example, in marine invertebrates, the
variation in bioaccumulation among tissues depends on species. For species with
flatter shaped shells, and therefore a high shell surface ratio, such as oysters, they
tend to accumulate higher concentrations of radiocesium than more round-shaped
clams (Metian et al. 2016).

To help understand radionuclide exposure pathways in aquatic organisms,
specific metrics have been developed to model radionuclide fate and biological
transport (Wang et al. 2000). Three commonly used parameters in such models are
the concentration factor (CF), the transfer factor (TF) and the assimilation
efficiency (AE). When applying these parameters, it is important to remember that
they are generally developed under steady-state conditions and therefore depend
strongly on environmental factors such as temperature, salinity and possibly also
particulate and dissolved organic matter. Moreover, these parameters are species-
specific, and values can differ substantially among closely related taxa and even
within species if their habitats, feeding habits or environmental conditions differ
significantly (Wang et al. 2000; IAEA 2004).

The concentration factor describes the ratio between radionuclide activity in the
organism and that in the surrounding seawater (Benitez-Nelson et al. 2018c):

CF = Bq g~ ! organism’ wet weight

Bq g~ sea water
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The transfer factor describes the ratio between radionuclide activity in the
organisms and the sediment or food (Benitez-Nelson et al. 2018c):

—_ Bq g~ ! organism’ wet weight
~ Bq g~!sediment or food

The assimilation efficiency is typically determined under laboratory conditions
with radiotracer experiments. It describes the proportion of an ingested radionuclide
that is absorbed across the gut to the body tissues (Benitez-Nelson et al. 2018c).
Assimilation efficiency therefore quantifies the bioavailability of radionuclides
from the diet. For many animal taxa, the assimilation efficiently of *’Cs is
relatively high, reflecting the strong affinity of radiocesium to bind to internal
tissues (Thomas et al. 2018; Zhao & Wang 2001), which could lead to
biomagnification of radiocesium in food webs. Similar to concentration factors, AE
values of 137Cs are generally increase at higher trophic levels (Zhao & Wang 2001).
Attempts to determine CF and AE values across different species have generated
variable results (e.g. Topcuoglu 2001), highlighting that species-specific
physiology, feeding behaviour and environmental conditions can strongly influence
radionuclide assimilation. Consequently, several mechanisms underlying '*’Cs
uptake in lower trophic levels remain poorly understood (Metian et al. 2019).

Individual’s own characteristic such as size, species and age can all influence
bioaccumulation of '¥’Cs, with size and age typically being strongly correlated. In
one study, '*’Cs concentration in fish increased with length and weight in 4 out of
16 studied species (Kasamatsu and Ishikawa 1997). However, different species
accumulate '*’Cs differently, and for some ray-finned fish, higher CFs of *’Cs were
found for smaller rather than for larger individuals, showing their ability to
accumulate '¥’Cs more efficiently (Metian et al. 2019). This kind of variation is
usually related to their use of different food resource and variation in metabolic
activity (Thomas & Fisher 2019). Looking specifically at between-species variation
in the Baltic Sea, perch seem to accumulate high levels of radiocesium, including
relatively small non-piscivorous individuals, compared to other fish species
occupying similar trophic levels (Sundbom et al. 2003).

Age has been shown to influence bioaccumulation in fish, and older fish
generally contain higher levels of *’Cs than juveniles (Kryshev and Ryacov 2000).
However, in the case of a sudden, single-point exposure, the situation can be
reversed due to younger size classes accumulating radiocesium more actively than
older fish and reaching maximum levels faster. This was seen after the Chornobyl
accident, with juvenile fish containing higher concentrations than the older
individuals (Kryshev and Ryacov 2000). Nevertheless, juveniles also lost
radiocesium in their tissues faster than older individuals when living in an
environment with decreasing radiocesium activities due to their higher metabolism
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per unit biomass, with their radiocesium levels following the contamination in their
food (Kryshev and Ryacov 2000). Many fish species, such as Eurasian perch
undergo one or several ontogenetic niche shift through its life cycle. Juvenile perch
start to feed on pelagic zooplankton, then later shift to benthic macroinvertebrates
and eventually, when large enough, also feed on fish (Hjelm et al. 1999). This leads
to shifts in species interactions and influences not only the whole food web structure
and dynamics but likely also radiocesium transport, adding to differences of
bioaccumulation between differently sized perch. In the case of perch, large
individuals feeding on higher trophic level diet items are therefore likely to contain
higher levels of radiocesium.

The effects of warming and temperature variation on bioaccumulation is still
relatively unknown. In nature, species living in warm regions have generally not
been shown to accumulate radiocesium differently than species in colder
environments (Metian et al. 2016). In experimental set ups, determination of *’Cs
bioaccumulation and concentration factors has, however, shown that temperature
can influence the accumulation rate by increasing uptake rates in clams and fish,
but not in gastropod species (Thomas & Fisher 2019). Pan and Wang (2016)
accordingly found that higher experimental temperatures affect '*’Cs uptake to fish
due to their increased metabolic activity in warmer waters. Interestingly,
bioaccumulation rates in macroalgae can be negatively correlated with temperature
(Topcuoglu 2001).

3.3 Transfer of radionuclides (*’Cs) in food webs

Understanding how radiocesium bioaccumulate in single individuals or species is
not enough to understand its transfer in food webs. For '3’Cs concentration in fish,
studies have shown that the most significant source (> 99 %) of '¥’Cs is from their
diet (Thomas et al. 2018), and that only a small fraction is absorbed through gills
or scales directly from the water (Metian et al. 2016; Yamazaki 2020). In addition,
trophic pathways are shown to be a main uptake route of '3*Cs for shrimps and
bivalves (Metian et al. 2016). All aquatic organisms acquire some radiocesium
directly from the seawater, but this accounts for only 1.2-2.5% of their total body
burden, leading that nearly all accumulated radiocesium to consumers is ingested
through their diet (Wang et al. 2016). Therefore, understanding food web structure
and trophic interactions are essential to understand how radiocesium is transported
in coastal food webs. Natural aquatic food webs are complex and influenced by
multiple factors, making modelling of these systems challenging both with respect
to ecological interactions and contaminant transfer. In addition to this challenge,
already gathered knowledge on the topic and studies taking ecological interactions

24



into account, especially with respect to '*’Cs transfer from sediments up the food
chain, are still limited (Periafiez et al. 2019).

When examining ecological processes and trophic interactions, including at
higher trophic levels, it is important to consider that the structure of the food web
at the level of basal producers strongly influences biomass distribution and
consequently radionuclide bioaccumulation to higher levels (Rowan and
Rasmussen 1994). For radionuclide bioaccumulation in general, and for *’Cs
bioaccumulation specifically, several studies have shown that the primary route of
137Cs into organisms varies with trophic level (Yamakazi 2020; Wang et al. 2016).
Phytoplankton and zooplankton take up !*’Cs mainly from the surrounding water
via sorption (adsorption and/or absorption) (Thomas et al. 2018). For primary
producers, such as phytoplankton, CF values for '*’Cs are generally low, suggesting
that radiocesium accumulates very little in their tissues (Wang et al. 2000; Thomas
et al 2018). Because phytoplankton forms the main food resource for filter-feeding
organisms such as bivalves and zooplankton, them feeding solely on phytoplankton
would be expected to result in low radiocesium transfer through their diet.
However, high '¥’Cs concentrations have been measured in many benthic
environments where bivalves live (Fuji et al. 2018). If the environment is disturbed
and sediment is resuspended and further ingested by the bivalves in large quantities,
this would increase *’Cs concentrations in bivalves. Bivalves that are used as a key
food resource for other aquatic species, such as predatory gastropods, can facilitate
the transfer of radiocesium to further up in food web (Bezhenar et al. 2016; Wang
et al. 2000; Wang et al. 2016). This is supported by Wang et al. (2025), who in a
laboratory experiment found that radiocesium can be transferred to benthic animals
feeding on organic particles in the sediment, which in turn are eaten by predatory
macroinvertebrates. They also showed that radiocesium was passed to next trophic
level with high efficiency. However, the sediment composition and the
bioavailability of *’Cs to benthic invertebrates strongly influence how much of it
that can be taken up by the animals. For example, has a high affinity of *’Cs to
particulate matter, particularly to clay, decreases assimilation efficiency from
sediment to chironomid larvae (Fuji et al. 2017). Consequently, not all benthic
invertebrates exposed to contaminated sediment will necessarily accumulate high
levels of radiocesium. Their *’Cs uptake can vary with habitat use and with how
the ingested '*’Cs binds to particulate matter that passes through organisms’
digestive tract (Fujino et al. 2017). Therefore, environmental radioactivity levels,
species interactions and sediment characteristics all need to be considered when
modelling radionuclide transfer in food webs.

Because organisms at higher trophic levels generally grow larger and consume
more radionuclide containing prey, the transfer factor tends to increase with trophic
level (Wang et al. 2000). At the same time, *’Cs turnover rate decreases with
trophic level (Wang et al. 2016). For example, gastropods and bivalves have a
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relatively higher depuration (a term commonly used for shellfish to describe the
removal of contaminants in their gut when moved to uncontaminated environment)
effectiveness than fish. For polychaetes, '*’Cs dietary uptake elimination rate was
45%, for crabs 14%, but for fish only 5% per day (Wang et al. 2016).

2lel uoleulwl|3

Figure 1. Different pathways of '*’Cs to large piscivorous perch in a schematic coastal food web.
Concentration factors generally increase when moving up the food chain, whereas elimination rates
generally increase when moving down.

When the contaminant concentration increases with increasing trophic level, this
is called biomagnification. It is often caused by the long effective half-life of
contaminants in organism and when organisms are continuously exposed and are
ingesting contaminated prey (Ali and Khan 2019). However, numerous studies on
the matter have reported varying results, both for and against the tendency of *’Cs
to biomagnify in food chains. For example, Rowan et al. (1998) and Kasamatsu and
Ishikawa (1997) showed that *’Cs concentration increased almost four-fold at each
trophic level in Ottawa river and in average three-fold in their entire dataset. Also
Pan and Wang (2016) showed that '3’Cs has a strong potential to biomagnify in
estuarine food webs. However, not all studies found this general trend for
radiocesium CF to increase with increasing trophic level (Metian et al. 2019). '¥’Cs
biomagnification can thus vary between ecosystems, species, populations and even
within individuals, highlighting the need to examine these variations together with
environmental characteristics to understand outcomes (Leaphart et al. 2019).

As mentioned earlier, diet is one of the most important factors contributing to
variation in '3’Cs concentration in consumers. Rowan and Rasmussen (1994)
reported that piscivorous fish generally bioaccumulate more radiocesium than fish
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feeding on zooplankton (planktivores) and benthic invertebrates (benthivores),
although they also found cases when this was not true. In a later study, Rowan et
al. (1998) found that fish with a diet consisting mainly of benthic invertebrates had
two times higher '*’Cs levels than planktivorous fish of the same trophic level.
Similarly, Sundbom et al. (2003) demonstrated biomagnification of radiocesium in
piscivorous fish, but they did not find a relationship between trophic level and
radiocesium levels in non-piscivorous fish. They explained this with a difference in
their food sources, where algae and invertebrates tend to be in equilibrium with the
ambient 1*’Cs concentration. The length of the food chain is thus an important factor
with diet affecting how much fish and other top predators, including those
commonly used as human food, accumulate *’Cs. Still, as pointed out above, there
is variation also within trophic levels, with e.g. perch being shown to have a higher
137Cs concentrations compared with some other fish species at the same trophic
level (Sundbom et al. 2003).

Biodilution is the opposite phenomenon to biomagnification, where the studied
substance concentration decreases with trophic level (Ali and Khan 2019).
However, although this is possible for some contaminants, numerous studies have
shown that 3’Cs does not biodilute but rather increases in concentration higher up
in the food chain (Heldal et al. 2003; but see Metian et al. 2019).

3.4 River runoffs effects on radionuclide bioavailability

From the atmosphere, radiocesium along with other radioactive gasses emitted from
point sources, such as nuclear accident or weapon testing sites, eventually deposit
to land or water. Depending on soil type, radiocesium is absorbed tightly into clay
particles (Yamazaki 2020) and after fixation does not really move in the
environment but commonly stay in the top 20 cm soil layer (Isaksson and
Erlandsson 1998). This is due to '*’Cs strong tendency to attach itself to clay
particles, found in both sediments and terrestrial soils. In addition, clay particles
play an essential role in radionuclides transfer processes from soils to coastal waters
(Yamazaki 2020). In the environment, radiocesium is usually present in two main
forms; dissolved and particulate. Dissolved is generally present as cesium ions and
cesium ion hydrates, which are more mobile and thus available for uptake by plant
roots. The particulate form is more stable and tightly bounded into suspended solids
(Tsuji et al. 2014).

During summer months with high rainfall and flood events, dissolved
radiocesium can be remobilized from the upper soil layer and move to the deeper
soil layers (Isaksson and Erlandsson 1998). Dissolved '*’Cs can also be leached
from leaf litter and transported with terrestrial material along streams and rivers to
seas and oceans. Leaf litter has been shown to be one of the main sources of
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radiocesium to aquatic environments (Gomi et al. 2018). Therefore, vegetation and
land-use close to rivers and streams have a central role in radionuclide
transportation. According to monitoring studies done in forest areas close to
Fukushima, Japan, dense tree stands are key sources of dissolved radiocesium to
rivers (Iwagami et al. 2019). Concentrations of '*’Cs bound to terrestrial particles
in rivers were, however, shown to be highly variable depending on disturbance
caused by high flooding events and precipitation (Tsuji et al. 2014).

As for the Baltic Sea, about 70 % of *’Cs is stored in sediments (Kotilainen et
al. 2021). Although radioactivity of *’Cs in the Baltic Sea is declining, it is still
higher compared to pre-Chornobyl levels, especially in the coastal areas (Eriksson
et al. 2018). The Baltic Sea sediments are generally rich in clay particles, making it
efficient in storing '*’Cs, but at the same time decreases the bioavailability of
dissolved '*’Cs to biota (Ikiiheimonen et al. 2009). Although strong rainstorm
events have been shown an increase dissolved '*’C concentrations in stream water,
a case study of a flood in 1997 in the Southern Baltic Sea did not find an increase
in radionuclides transported from eroded soil particles (Knapinska-Skiba et al.
2003). However, in theory, a climate-induced increase in precipitation could be
expected to lead to more radionuclides being transferred to rivers and on to estuaries
along with terrestrially derived organic matter, although this has not been explicitly
studied.
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4. |mportance of understanding
radionuclide bioaccumulation in
changing environments

Radiation risk assessments evaluate the risks caused by exposure to ionizing
radiation, and is a continuously evolving field relying primarily on long-time series
of data of exposed populations (Nair 2023). Relying on long-time data series and
field observations, however, has its own limitations, e.g. as this can only tell us
about how radionuclides behave in a studied system for a certain period and do not
take into consideration continuous and future changes in environmental conditions
(Avila et al. 2013). Numerous radioecological models based on measurement data,
taking a variety of environmental conditions into consideration, have been
developed to predict radionuclide behaviour and in aquatic environments
(Almahayni et al. 2019). These models can aid understanding of radionuclide
bioaccumulation rates, pathways to individuals of different species at various
trophic levels in food webs. Still, to further these predictions, there is a need to
consider more ecological processes in aquatic radioecology (Vives I Batlle et al.
2018). Ecological knowledge combined with insights on radionuclide behaviour
can be used to simulate potential accident scenarios where large number of
radionuclides is released into the atmosphere, detailing how it might be transported
in the environment and accumulate into biota (Avila et al. 2013). Following the
Fukushima accident in 2011, models were applied to predict radionuclides transport
in the surrounding environment and valuable lessons were learned about the
importance and limitations of predictive modelling. To develop modelling
approaches to predict radionuclide bioaccumulation, taking ecological interactions
into account, is therefore crucial for assessing the radiological risks and for
supporting decision-making in safety regulations both now and in the future. This
is especially important in a changing climate, which may alter food web
composition, radionuclide transport pathways and ecological dynamics (Almahayni
et al. 2019).
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Pelagic

Benthic

Figure 2. Transfer of ¥ ’Cs in coastal ecosystems from land to the aquatic environments. Land use
is a key factor affecting transport of '3’Cs bonded to terrestrial organic matter containing mineral
particles. In marine ecosystems, sediments act as a radiocesium storage and as a main source of
radionuclides to marine food webs through benthic invertebrates ingesting organic particles. Water
darkening following increased loading of brown-coloured DOC is expected to shift fish prey
resource use from benthic to pelagic and to favour heterotrophic bacterial production, leading to
transfer across additional trophic levels from basal resources to fish.

Precipitation at northern latitudes, such as in Scandinavia, is expected to increase
in the future due to climate change (Dore, 2005; Cooley et al. 2022). Due to
increased precipitation, more organic material from terrestrial environments (e.g.
leaf litter, upper soil layers and dead plant material) is transported to and along the
river streams to coastal waters, causing darkening of the water (Opdal et al. 2023).
As described above, darker water colour has been shown to significantly decrease
benthic productivity, and especially if leading to anoxic conditions, result in a
strong decrease in macroinvertebrates (Brothers et al. 2014). In this case fish might
shift to rely more on the pelagic habitat and associated resources (Vasconcelos et
al. 2018). This shift in fish diet can decrease the fish exposure to '*’Cs, given that
the diet is the most significant pathway of '*’Cs accumulation to consumers
(Thomas et al. 2018; Wang et al. 2016). Fish feeding on benthic invertebrates
containing higher levels of '*’Cs due to their proximity to sediment, are likely to
contain higher concentration of '3’Cs than fish feeding on zooplankton (Wang et al.
2016).

In addition to indirect effects of water darkening on '*’Cs bioaccumulation in
fish via changes in dietary pathways, they may also be affected by direct effects of
increased terrestrial carbon loading. The highest dissolved '*’Cs concentrations in
Japan have been measured in forested areas during high rain and run-off events
when dissolved '*’Cs can be released from solids such as sediment or leached from
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leaf litter. This been shown to be one of the main sources of *’Cs to aquatic
environments (Gomi et al. 2018). Therefore, increased precipitation can also
directly affect '’Cs concentrations in the environment and thus increase
concentrations also in biota.

Not only may climate change modify contaminant uptake and bioaccumulation
via changes in environmental concentrations and species composition by also by its
effects on individual organisms. In some species, such as perch, body size is a
significant factor affecting '*’Cs accumulation to individuals, with bigger ones
usually containing higher levels than smaller ones (Sundbom et al. 2003). In
warming environments, fish communities are expected to shift toward a dominance
of smaller and younger individuals (Van Dorst et al. 2019, but see Lindmark et al.
2023), although these fish often exhibit faster growth rates at small sizes (Huss et
al. 2019, Lindmark et al. 2022). Given the strong link between contaminant
bioaccumulation and body size, such changes may be critical for predicting future
radionuclide concentrations in fish. However, to date, there are no published studies
that I know of addressing exactly how temperature will influence food web
dynamics and thus contaminant dynamics up to fish.

Several previous studies have focused on '*’Cs transportation in the environment
and the factors affecting its bioavailability to biota, especially following the Daiichi
Nuclear incident in 2011 and the 1986 Chornobyl accident in the Baltic Sea.
However, there is still no consensus on if and how '*’Cs bioaccumulate and
biomagnify in food webs, and little is known about the role of ecological
interactions in the transfer of '*’Cs between organisms, particularly under climate
change scenarios.
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