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and field investigations

• Dynamic modelling of transfer between
seawater, sediments and the biological
compartments

• New data on submarine groundwater
discharges and ocean circulation of ra-
dionuclides

• We formulate a strategy for marine ra-
dioecology based on processes-based
research.

• We highlight the need for more ecology
knowledge in marine radioecology.
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This paper focuses on how a community of researchers under the COMET (CO-ordination and iMplementation of
a pan European projecT for radioecology) project has improved the capacity of marine radioecology to under-
stand at the process level the behaviour of radionuclides in the marine environment, uptake by organisms and
the resulting doses after the Fukushima Dai-ichi nuclear accident occurred in 2011. We present new
radioecological understanding of the processes involved, such as the interaction of waterborne radionuclides
with suspended particles and sediments or the biological uptake and turnover of radionuclides, which have
been better quantified and mathematically described.
We demonstrate that biokinetic models can better represent radionuclide transfer to biota in non-equilibrium
situations, bringing more realism to predictions, especially when combining physical, chemical and biological
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interactions that occur in such an open and dynamic environment as the ocean. As a result, we are readier now
than we were before the FDNPP accident in terms of having models that can be applied to dynamic situations.
The paper concludes with our vision for marine radioecology as a fundamental research discipline and we pres-
ent a strategy for our discipline at the European and international levels. The lessons learned are presented along
with their possible applicability to assess/reduce the environmental consequences of future accidents to the ma-
rine environment and guidance for future research, aswell as to assure the sustainability ofmarine radioecology.
This guidance necessarily reflects on why and where further research funding is needed, signalling the way for
future investigations.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Marine radioecology is a research discipline investigating and quan-
tifying the biogeochemical and ecological processes that control the fate
and transfer of radionuclides in the marine environment. A context for
improving knowledge and consideration of these processes is, most un-
fortunately, provided by the Fukushima Dai-ichi nuclear power plant
(FDNPP) accident in 2011, which led to the most important accidental
release of artificial radionuclides to the oceans ever. As a result, the
FDNPP accident was rapidly identified as the subject for marine radio-
ecology investigations.

Many questions about the behaviour and fate of FDNPP-derived ra-
dionuclides appeared unsolved at the time of the accident. There was
an ongoing need to obtain reliable data to assess and follow the radio-
logical state of the local environment. Measurements in marine biota
were not available in the acute accident phase (i.e. the first 30-days),
when activity concentrations in the Fukushima coast were highest.
Therefore, dynamic modelling tools for radionuclide dispersion and
biokinetic transfer were urgently required to complete the timeline of
contamination in the various marine compartments, including marine
biota species, both locally and in the wider marine environment.

In 2012, a strategic research agenda (SRA) for radioecologywas pub-
lished (Hinton et al., 2012), as the outcome of work within a series of
European Commission (EC)-supported initiatives. This SRA identified
three challenges: (1) predict human andwildlife exposuremore robust-
ly by quantifying the key processes that most influence radionuclide
transfers; (2) determine ecological consequences under realistic expo-
sure conditions and (3) improve human and environmental protection
by integrating radioecology (Hinton et al., 2012).

Themain lines of research from Challenge One of the SRA are direct-
ly relevant to the study of the Fukushima accident. One such line in-
volves identifying and mathematically representing key processes that
make significant contributions to the environmental transfers of radio-
nuclides and resultant exposures of humans and wildlife. Another re-
search line calls for acquiring the data necessary for parameterisation
of the key processes controlling the transfer of radionuclides. A third
line focusses on developing transfer and exposuremodels that incorpo-
rate physical, chemical and biological interactions, enabling predictions
of radionuclide concentrations in biota to be made, both spatially and
temporally. These research lines provided the reference point for the
present project.

This paper focuses on the development within the EC-funded
project COMET (Vandenhove et al., 2016) of modelling tools adapted
to the highly dynamic FDNPP post-accident situation, improving the
existing models by making them more dynamic and process-based,
and trying to make more realistic estimates of marine dispersion
and transfer to biota with thesemodels in order to assess radiological
consequences, using improved data for parameterisation, calibration
and validation.We also report new research onmarine processes un-
dertaken to investigate in detail the fate of the FDNPP-derived radio-
nuclides in the ocean, providing an integrated radioecological
picture of what releases subsist and the environmental concentra-
tions arising thereof. We then use this experience to propose a strat-
egy for the future of marine radioecology.
1.1. State of knowledge on the impact of the FDNPP accident on the marine
environment

The FDNPP accident that occurred on 11 March 2011 was a highly
significant event for marine radioecology, since about 80% of the radio-
active fallout occurred over the Pacific Ocean (IAEA, 2015; Sanial et al.,
2017; Stohl et al., 2011; UNSCEAR, 2014), especially in coastal waters
near the FDNPP. Direct discharges of radionuclides to the ocean contin-
ued during the first months after the accident, as a consequence of
emergency cooling efforts at the FDNPP (Buesseler et al., 2011), where-
as atmospheric releases ceased in a few days. This chain of events con-
stituted the largest ‘single’ accidental release of manmade
radioactivity to the marine environment from civilian nuclear plants
(Beresford and Vives Batlle, 2012). A full description of the accident is
given elsewhere (IAEA, 2011; IAEA, 2015; IRSN, 2012; PMJHC, 2011;
Povinec et al., 2013; UNSCEAR, 2014), so only a brief summary is pre-
sented here.

Most efforts on the investigation of the contamination in the ocean
have centred on the radiocaesium isotopes 134Cs (T½ = 2.06 y) and
137Cs (T½ = 30.2 y), of which between 5 and 11.7 PBq would have
been deposited onto the regional ocean (Estournel et al., 2012;
Kawamura et al., 2011; Kobayashi et al., 2013). The direct liquid dis-
charges to sea were estimated to be about 2.8–5.9 PBq (Miyazawa
et al., 2013; Tsumune et al., 2012; Tsumune et al., 2013), although
other authors produced larger figures, ranging from 13.5 to 27 PBq
(Bailly du Bois et al., 2012; Charette et al., 2013; Rypina et al., 2013).
The combined inputs of fallout and direct discharges would amount to
about 15–18 PBq (Aoyama et al., 2015; Inomata et al., 2016; Tsubono
et al., 2016), which represent an increase by 22–27% of the existing
137Cs in the North Pacific due to global fallout (Aoyama et al., 2015;
Buesseler et al., 2017).

The concentrations of radiocaesium in the coastal ocean of Japan de-
creased with time after the accident, but remained consistently above
background values over the following years, with some episodic, signif-
icant increases. Concentrations of 137Cs in surface seawater from the vi-
cinity of the FDNPP increased from 1 to 2 Bqm−3 before the accident to
~107 Bq m−3 near the plant in early April 2011 (Buesseler et al., 2011),
then decreasing to ca. 1000 Bqm−3 during 2013–2015. By late 2011, in-
puts of radiocaesium were already ~4–5 orders of magnitude lower
than those estimated at the time of the accident (Bailly du Bois et al.,
2012; Charette et al., 2013; Estournel et al., 2012; Kanda, 2013; Rypina
et al., 2013; Tsumune et al., 2012).

After radionuclides entered thewater bywet/dry atmospheric depo-
sition and direct discharges, numerous physical and biogeochemical
processes occurred. These included (a) transport and dilution of radio-
nuclides by oceanographic advection and dispersion, (b) exchange pro-
cesses between seawater and suspended particulate matter (sorption
and ion exchange), (c) accumulation of radionuclides in sediments
(sorption, particle scavenging and deposition), (d) biological uptake
and turnover of radionuclides by marine biota (seawater uptake, food/
sediment ingestion, depuration and transfer across the foodweb) and
(e) remobilisation of sediment-borne radionuclides by desorption, sed-
iment resuspension or biological activity. A conceptual representation
of these key processes is given in Fig. 1. In this study, we focussed



Fig. 1. Fate of radionuclides in the marine environment including the principal processes of dry and wet deposition, advection and dispersion, particulate transfer, sedimentation, seabed
remobilisation and biological uptake.
(adapted from Hervé Bouilly, IRSN)
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principally on processes such as oceanographic dispersion, infiltration
of groundwater to sea, uptake and turnover by sediments and bioaccu-
mulation, capitalising on knowledge of the local ecosystem.

Radiocaesium was transported by ocean currents, particularly the
southward flowing Oyashio Current and the northward and eastward
flowing Kuroshio Current in the area off the FDNPP. The transport east-
wards was driven by the North Pacific Current. Aoyama et al. (2016) es-
timated an average propagation velocity of about 7 km day−1 until
March 2012, and 3 km day−1 from March 2012 through August 2014,
consistent with drifter-based estimates (Rypina et al., 2014). FDNPP-
derived Cs isotopes were detected on the Canadian continental shelf
by June 2013 and in the coastal waters of North America in February
2015, with 5.6 Bqm−3 and 1.4 Bqm−3 for 137Cs and 134Cs, respectively
(http://OurRadioactiveOcean.org/results; http://fukushimainform.ca/).
Based on ocean circulationmodels, it is expected that the 137Cs activities
in coastal waters of North America will decrease to pre-accident levels
of 1–2 Bq m−3 by 2020 (Behrens et al., 2012; Rossi et al., 2014).

In addition to radiocaesium, other long-lived radionuclides were re-
leased to the marine environment. Due to its low volatility, the releases
of 90Sr to the atmosphere were several orders of magnitude lower than
those of 137Cs (Povinec et al., 2012; Steinhauser et al., 2014; Tanaka
et al., 2014). Most of the 90Sr released from the FDNPP was directly
discharged to the North Pacific Ocean, with estimates of total invento-
ries ranging from 0.04–1.0 PBq (Casacuberta et al., 2013; Povinec
et al., 2012). Approximately 1 kg of the long-lived 129I was also released
from the FDNPP, mainly through direct discharges into the ocean
(Guilderson et al., 2014), slightly increasing the concentrations of 129I
in seawater near the FDNPP due to global fallout. The potential release
of plutonium has also been reviewed by Zheng et al. (2013), who esti-
mated that at most about 1.0 to 2.4 × 109 Bq 239,240Pu would have
been released as a consequence of the accident, which is a relatively
low amount due to its low volatility and the limited explosive releases
from the FDNPP.

Only a small fraction of radiocaesium is scavenged by particles that
eventually accumulate on the sea floor, whether they are biogenic or
lithogenic and resuspended from the shelf. Various studies of samples
collected using sediment traps detected FDNPP-derived Cs after the ac-
cident (Buesseler et al., 2015; Honda and Kawakami, 2014; Honda et al.,
2013; Otosaka and Kato, 2014), allowing the calculation of Cs removal
rates of b2% y−1 from the water column (Honda et al., 2013).

The radioactive contamination in seabed sediments from sites off the
east coast of Japan is dominated by 134Cs and 137Cs (Ambe et al., 2014;
Black and Buesseler, 2014; Kusakabe et al., 2013; Nagaoka et al., 2015;
Otosaka and Kato, 2014; Otosaka and Kobayashi, 2013; Sohtome et al.,
2014; Thornton et al., 2013). The inventories of 137Cs in the sea floor
from 35.5 to 39° N off Japan out to 4000-m depth range from
b50 Bq m−2 (comparable to the inventories due to global fallout) to
some 105 Bq m−2 in sediments closest to the FDNPP, totalling b1% of
the estimated total of 15–30 PBq of radiocaesium released during the
FDNPP disaster (Black and Buesseler, 2014; Kusakabe et al., 2013),
most of which ended in the ocean and originated from atmospheric de-
position. Albeit with a large spatial variability, 137Cs inventories tend to
decrease with increasing distance from the FDNPP and increasingwater
depth, and are higher in shelf sediments to the south of the FDNPP rel-
ative to the north (Ambe et al., 2014; Black and Buesseler, 2014; Kim
et al., 2016; Ono et al., 2015; Otosaka and Kobayashi, 2013).

Since radionuclides from the FDNPP have entered the marine envi-
ronment, they have also been taken-up by the local biota. Measure-
ments carried out by the site operator and the Japanese authorities
give the contamination evolution in the various environmental com-
partments (including biota) over the years since the accident. Several
databases have become available online, such as the Japanese Nuclear

http://OurRadioactiveOcean.org/results
http://fukushimainform.ca/


1 The biological half-life of a radionuclide for a particular organism is the time required
by the organism to eliminate half the activity taken-up through biological processes (that
is, excluding radioactive decay).
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Regulatory Authority (NEA - http://radioactivity.nsr.go.jp/en/list/205/
list-1.html), the Japanese Atomic Energy Agency (JAEA - http://emdb.
jaea.go.jp/emdb/en/) and the Tokyo Electric Power Company (TEPCO -
http://www.tepco.co.jp/en/nu/fukushima-np/f1/smp/index-e.html).
These databases can be complemented with published data (Buesseler
and Aoyama, 2012; Buesseler et al., 2012; Honda et al., 2012). When
combining these sources, a quasi-continuous record of concentrations
emerges. Despite significant data scatter, it shows that benthic fish,
which live and feed in close proximity to bottom sediments, have higher
Cs activity concentrations than pelagic fish (Wada et al., 2013). It is also
clear that biota landed in the Fukushima Prefecture have levels higher
than elsewhere - see Fig. 5 of Buesseler et al. (2017) and Sohtome
et al. (2014).

The comprehensive UNSCEAR study (2014) included an evaluation
of the biological uptake of FDNPP radionuclides and the resulting
doses to marine biota have been published (Strand et al., 2014; Vives i
Batlle et al., 2014). Based on an extensive record of measured data
from biological samples collected in the early post-acute period (April
2011–August 2012) activity concentrations of 137Cs in marine biota
ranged from a few Bq kg−1 up to above 103 Bq kg−1. The highest dose
rates to marine biota calculated directly from these measured concen-
trationswere approximately in the range 0.17–0.25 μGy h−1 (ascidians,
macroalgae, sea urchins and holothurians) and 0.10 to 0.17 μGy h−1

(benthic fish, crustaceans and molluscs). An absolute maximum total
dose rate of 4.4 μGy h−1 was calculated for fat greenling
(Hexagrammos otakii) in August 2012.

As the earliest information became available (MEXT, 2011; MEXT,
2013; TEPCO, 2011), it was possible to conduct an early dynamicmodel-
ling based assessment of doses to non-human biota in the FDNPP envi-
ronment in the first 3 months after the accident. A dynamic transfer
model (Vives Batlle et al., 2008) was used to reconstruct biota concen-
trations 1 month after the accident, when seawater concentrations
were peaking but biota monitoring had not been established (Vives i
Batlle and Vandenhove, 2014). This allowed the refinement of early es-
timates that had identified the potential for ecological consequences
(Garnier-Laplace et al., 2011) but, since equilibrium of the biota with
maximum ambient concentrations had been assumed, this led to higher
exposures than subsequently calculated (Buesseler et al., 2011; Kryshev
et al., 2012; Vives i Batlle, 2011).

These early dynamic modelling efforts were refined in the UNSCEAR
study, allowing maximum dose rates (131I and 134,137Cs combined) for
fish of approximately 140 μGy h−1 to be retrospectively calculated for
the closest vicinity of the FDNPP (North drainage channel). This implies
an accumulated dose to fish over 1 year of about 0.32 Gy.Maximumcal-
culated exposures for macroalgae (exceeding 20 mGy h−1) were pre-
dicted to have occurred at day 23 after the accident, decreasing to
below 10 mGy h−1 by the 32nd day due to the decreasing contribution
of 131I, and giving an accumulated dose of 6.8 Gy over the first 90 days.
Further away (Iwasawa shore), maximum dose rates for all biota were
b3 μGy h−1, except that a maximum 131I dose rate of 633 μGy h−1 for
seaweed was recorded 30 days post-accident, decreasing 2 orders of
magnitude after one month (Vives i Batlle et al., 2014).

The conclusion of UNSCEAR, based on both monitoring and model-
ling, was that exposures of marine non-human biota were generally
too low for acute effects to be observed, and that effects (if any)
would have been transient. This transience was due to the quick radio-
active decay of the then dominant isotope (131I, T½ = 8 days). Any ef-
fects would have been confined to some species (seaweeds) and areas
close to the release point, with exposures generally falling below
thresholds for likely population effects in a few months after the acci-
dent, so that observable effects on populations were not to be expected
(UNSCEAR, 2014). The more recent IAEA study provides an evaluation
consistent with these findings (IAEA, 2015).

Other dynamic modelling methodologies have been used to study
the transfer of FDNPP radionuclides to marine biota (Heling et al.,
2002; Keum et al., 2015; Kryshev et al., 2012; Maderich et al., 2014;
Psaltaki et al., 2013). Additional data and model simulations have ex-
tended the analysis to subsequent years (Vives i Batlle, 2016; Vives i
Batlle et al., 2016). Sediment transfer and source-term estimation are
now factorised in dynamic transfer modelling (Vives i Batlle, 2015;
Vives i Batlle andVandenhove, 2014), aswill be shown in Results below.

Observations after 2011 showed that radionuclide levels in fish off
Fukushima are highly variable but remain elevated. By 2012, 137Cs levels
of several thousand Bq kg−1 in benthic fish were being reported, ex-
ceeding the Japanese radioactivity in food limit of 100 Bq kg−1

(Buesseler, 2012; Buesseler and Aoyama, 2012; Wada et al., 2013).
However, the activity concentrations in marine products in Fukushima
Prefecture (even within the 20-km radius area) decreased drastically
during the five years after the FDNPP accident. Nevertheless, by 2015,
137Cs concentrations of N10 kBq kg−1 were still detectable in some sed-
entary rockfishes (Sebastes cheni, S. oblongus, and S. pachycephalus) from
the interior of the FDNPP port (Wada et al., 2016).

We consider that this did not indicate significant risks at the level of
populations. For 2012–2014, only the most exposed fish nearest to the
FDNPP somewhat exceeded the ERICA ‘screening’ benchmark of 10
μGy h−1 with a median dose rate of 45 μGy h−1 (Johansen et al.,
2015), but this would be for the most exposed individuals and not for
fish populations as a whole. Recent work shows a tendency towards
even lower exposures. Regarding dose to human fish consumers, by
2013 Fukushima-derived doses were already 3–4 orders of magnitude
below naturally occurring 210Po-doses.

Dynamic transfer modelling continues to be applied. Prior to this
study, this could simulate successfully the acute phase of the accident,
but not the sustained concentrations in fish observed over a longer pe-
riod of several years (Johansen et al., 2015). Ourwork has helped to rec-
oncile this difference by refining the biokinetic model with a two-
component biological half-life1 (TB½) so it can now reproduce the
long-term ecological half-lives observed in the FDNPP environment
(Iwata et al., 2013; Tagami and Uchida, 2013; Vives i Batlle, 2016), as
shown below.
2. Methodology

The objectives of the present study, in line with the ALLIANCE SRA,
were to (a) identify and mathematically represent key processes
governing the environmental transfer of radionuclides resulting from
the Fukushima accident and resultant exposures to biota in the marine
environment, (b) acquire the data necessary for parameterisation of
the key processes controlling the transfer of radionuclides and
(c) develop transfer and exposure models that incorporate physical,
chemical and biological interactions, enabling time-dependent predic-
tions of radionuclide concentration to biota to be made. To achieve the
objectives, we undertook research to improve and validate
radioecological models for the improved understanding of impact to
humans and the environment in dynamic (non-steady state) exposure
situations. We also performed field investigations on the impact of di-
rect and indirect releases from the FDNPP, which included research
cruise work.

For the modelling effort, we aimed to go beyond the simple models
included in decision support systems for emergency situations by
selecting process-based models used to represent more accurately the
Fukushima post accidental situation, whence we linked some of these
models with the ERICA dosimetric approach (Brown et al., 2008), bridg-
ing the gap between research and assessment modelling. The main
focus was to use time-dependent (dynamic) models as a basis for the
work with three goals in mind:

http://radioactivity.nsr.go.jp/en/list/205/list-1.html
http://radioactivity.nsr.go.jp/en/list/205/list-1.html
http://emdb.jaea.go.jp/emdb/en
http://emdb.jaea.go.jp/emdb/en
http://www.tepco.co.jp/en/nu/fukushima-np/f1/smp/index-e.html
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a) Implementation and use of classical radioecologicalmodels based on
dynamic transfer (biokinetic) equations to evaluate concentrations
in marine organisms (algae, fish, molluscs, crustaceans), combined
with improvement of radioecological parameters (concentration
factors and single or multicomponent biological half-lives) for
137Cs, 134Cs and 90Sr. This task included comparisons with observed
data series from Fukushima.

b) Inclusion of the processes governing the interaction of radionuclides
with seabed sediments in dynamic transfer modelling, in order to
better understand the benthic transfer pathway. This work followed
our ongoing studies adapting existing dynamic models and testing
themwith the available data to see if theywere capable of reproduc-
ing radionuclide concentrations in sediment to give a more realistic
calculation of concentrations in biota, improving the dosemodels for
humans and biota based on Kd values.

c) Inclusion of ecological and environmental processes in process-
oriented modelling for mid- and long-term predictions: modelling
trophic transfer to pelagic fishes, including foodweb transfers and
establishing whether there is real potential for biomagnification in
the Fukushima marine food chain.

For the field-based work we focused on sampling seawater, sedi-
ments and biota using purposely-designed research cruises providing
controlled sampling in terms of spatial and temporal location. An im-
portant objective of this cruiseworkwas to quantify the fluxes of chem-
ical elements associated with the offshore transport via submarine
groundwater discharge. We participated in the 2014 KS-14-20 and
2015 KS-15-13 Shinsei Maru cruises organised by Japan off the
Fukushima coast, where samples of water were collected and analysed
for 134Cs, 137Cs, 90Sr, 129I, 236U and Pu-isotopes. Biota samples were col-
lected and analysed for 134Cs and 137Cs. This fieldwork aimed to address
the following four questions:

a) What is the fate of the contamination from the FDNPP accident in the
ocean andwhat fraction of the total releases is stored in marine sed-
iments?

b) How much radioactivity is still leaking from the FDNPP site and
which are the mechanisms that govern the releases to the ocean,
such as the role of submarine groundwater discharge?

c) To what extent have the concentrations of contaminants in the
ocean changed since 2011?

d) What are the current activity levels and doses to marine biota?

3. Results

3.1. Biological transfer modelling

The main results of the model development effort have been pub-
lished elsewhere (Belharet et al., 2016; Duffa et al., 2015a; Vives i
Batlle, 2016) and are included in reports (Iosjpe et al., 2016a) and con-
ference presentations (Duffa et al., 2015b; Iosjpe et al., 2016b; Vives i
Batlle, 2014), Thus they will only be summarised here.

For the goal of implementing and using models based on dynamic
transfer (biokinetic) equations, two kinetic radioecological models
were perfected. The first one was the model STERNE, which is now
optimised to obtain fast results for the first analysis of any radiological
situation. STERNE calculates on a tri-dimensional grid both radionuclide
transport using advection and diffusion equations offline fromhydrody-
namic calculations, and radioecological transfers to biota with a simple
model based on first order kinetic transfer equations (Fievet and Plet,
2003). The required radioecological parameters (concentration factors
and TB½s)were compiled for some relevant radionuclides and for gener-
ic marine species including macroalgae, fish, molluscs and crustaceans
(Duffa et al., 2015a).
The second model was D-DAT (Dynamic Dose Assessment and
Transfer), which includes the dynamics of radionuclide uptake and
turnover in biota, as determined by a balance between the residence
time of radionuclides in seawater and the organism's TB½ of elimination.
Themodel calculates activity concentrations of 131I, 134Cs, 137Cs and 90Sr
in fish, crustaceans, molluscs and macroalgae starting from measured
activity concentrations in seawater. Although the model does not ex-
plicitly include the incorporation of radionuclides via food intake, this
process is captured indirectly by imposing the condition that the con-
centration ratio at equilibrium equals the concentration factor (CF),
which incorporates all processes. D-DAT uses the radionuclide concen-
trations in biota to calculate absorbed dose by using dose rate per unit
concentrations (DPUC, in μGy h−1 per Bq kg−1) derived from template
ERICA Tool simulations for marine biota, using default parameters from
the latest version of the Tool and other sources (IAEA, 2014).

For the goal of modelling radionuclide interaction with sediments,
D-DAT was expanded to include a three-layer sediment sub-model de-
rived from the marinemodel POSEIDON (Lepicard et al., 2004; Lepicard
et al., 1998) inwhich the processes of particle scavenging,molecular dif-
fusion, porewatermixing and bioturbation are considered, with param-
eters from Simmonds et al. (2004). Some of these parameters were
recalibrated for the coastal area closest to the FDNPP (Vives i Batlle,
2016). The new version of D-DAT also implements a dual TB½ approach,
as many organisms depurate radionuclides from their bodies via a fast,
short-term process followed by a longer-term process (Vives i Batlle
et al., 2005;Wilson et al., 2005). This is essential if themodel is to repro-
duce the biological transfer over both short and long timescales. D-DAT
was further adapted to back-calculate the amount of radionuclide
discharged in the initial accident, based on deducing the radionuclide
flux into the seawater compartment by a mass balance method and in-
tegrating it over time.

An additional Multi-Analysis RadiologIcal aSSessment cAlculator
(MARISSA) tool was developed to calculate dose rates to marine biota
sampled during the field study, obviating the need for repeated runs
using the ERICA Tool. This tool can categorise some 200+ different spe-
cies of marine biota within nine ERICA reference organism categories
(benthic & pelagic fish, Benthic mollusc, crustacean, macroalgae, phyto-
plankton & zooplankton, polychaete worm and vascular plant), plus six
newly defined reference organisms (small crustacean, octopus, squid,
sea urchin, ascidian and holothurian). Internal and external dose rates
for 129I, 131I, 134Cs, 137Cs and 236U can be calculated using dose per unit
concentration values extracted from template runs with the ERICA
Tool. An averaging algorithmpairs biota concentration at a particular lo-
cation with water and sediment concentrations from nearby times and
locations to match external and internal dose rates.

For the goal of modelling trophic transfer and possible
biomagnification, we improved modelling tools for simulation of
transfer to biota were improved, such as a previous dynamic ap-
proach (Iosjpe et al., 2016a; Psaltaki et al., 2013) based on the
Thomann (1981) model. This uses a set of first-order differential
equations to represent transfer of radionuclides within a foodchain
containing phytoplankton, zooplankton, small fish (preying on the
former) and large fish (preying on zooplankton and small fish)
(Iosjpe et al., 2016b). Zooplankton and fish can also take up radionu-
clides directly from seawater. The model assumes that excretion/
elimination rates are independent of the uptake route, assimilation
efficiency is independent of food type, and that predators do not as-
similate the activity concentration in gut content of their prey and
zooplankton are a homogeneous group. The model is also linked to
exposures to humans consuming the biota.

A further model of radiocaesium transfer to marine biota was also
developed to take into account large scale organism displacements in
the FDNPP area (Belharet et al., 2016). This is a trophic level ecosystem
model coupled with ocean circulation. The different radioecological pa-
rameters of the model were estimated by calibration using published
data, and a sensitivity analysis of parameter uncertainties showing a
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high sensitivity to the 137Cs concentration in seawater, the rates of accu-
mulation from water and the radionuclide assimilation efficiency.

3.2. Field investigations

Themain results of thefield investigations have been published else-
where (Aoyama et al., 2016; Buesseler et al., 2017; Casacuberta et al.,
2017; Castrillejo et al., 2016; Vives Batlle, 2016), as well as in various
conference proceedings (Buesseler, 2015a; Buesseler, 2015b;
Buesseler, 2015c; Masqué, 2015). The main aspects are summarised
below.

The principal focus of the research was on 137Cs, 134Cs and 90Sr, al-
though longer-lived radionuclides such as 129I, 236U and Pu-isotopes
were also investigated. The 2014 and 2015 Shinsei Maru cruises result-
ed in a suite of seawater samples, sediment cores and biota samples col-
lected at specific sampling stations (see Fig. 2). These stations covered
the most heavily affected area off the coast of Fukushima and over-
lapped with previous expeditions, allowing a time-series of the chang-
ing contamination levels. In addition to the artificial radionuclides,
natural radium isotopes were analysed to quantify the fluxes of chemi-
cal elements associated with the offshore transport. Groundwater sam-
pling along the shoreline was conducted to determine the rate of
submarine groundwater discharge (SGD) to constrain the radiocaesium
flux to the ocean.

Surface ocean concentrations of 137Cs, 90Sr and 129I measured during
the field investigationwere found to be higher near the FDNPP and they
were above the global fallout levels, suggesting that there are still ongo-
ing releases from the Nuclear Power Plant site. Particularly interesting
was the evolution of atomic and/or activity ratios of 137Cs/90Sr,
129I/137Cs, 129I/90Sr with time, which helped to corroborate the ongoing
releases of radionuclides to the coast off Japan (Casacuberta et al., 2017;
Castrillejo et al., 2016). Overall, the results strongly suggested that a
continuous surveillance of inputs of artificial radionuclides to the Pacific
Ocean is still required.

A key finding of the cruise work was that groundwater transported
FDNPP radionuclides have entered the ocean, both locally and further
along the coasts. Relatively constant 137Cs fluxes of up to 1011 Bq d−1
Fig. 2. Stations sampled for radionuclide an
were estimated between May 2013 and October 2014 from the FDNPP
site, suggesting ongoing steady state inputs, in addition to episodic in-
puts of Cs and other radionuclides. By 2016, the ongoing releases were
still in the order of several GBq per day (Aoyama, M., pers. Comm.). At
distances of 30–100 km from FDNPP, elevated activities of 137Cs
N 104 Bq m−3 were measured in groundwater below several beaches,
with the highest levels associated with brackish groundwater under-
neath beaches along 180 km of coastline from about 36°50′N to
38°20′N, having salinities from 5 to 25‰ (Sanial et al., 2016; Sanial
et al., 2017). These submarine groundwater beach samples were most
likely enriched due to ongoing desorption of radiocaesium from subsur-
face sands enriched from contaminated seawater that took-up this ra-
dionuclide shortly after the accident, given exchanges of ocean and
groundwater through tidal pumping and other processes in the subter-
ranean estuary. Ongoing releases of radiocaesium to the ocean via the
beach sandsmay be of similarmagnitude as current inputs from the nu-
clear power plant and the dissolved component that desorbs from river
born sediments entering the ocean primarily with heavy rains and
storm events. It is highly likely that themain source of these ongoing re-
leases is highly contaminated water within the FDNPP site. Discharges
of only a few m3 per day, whose 137Cs activity concentration is as high
as 1010 Bq m−3, would be sufficient to account for the estimated ongo-
ing releases.

In addition to radiocaesium, the field study also investigated the oc-
currence of other long-lived radionuclides, namely 90Sr, 239,240Pu, 236U
and 129I. It was estimated that the discharge rates of 129I from 2011 to
2015 varied from 30 to 500 kBq d−1, some 5–10% of the 129I released
duringMarch–April 2011 (Casacuberta et al., 2017). We also investigat-
ed the occurrence of Pu isotopes and 236U in ocean waters in 2013 and
2014, but could not detect any clear signal attributable to emissions
from FDNPP the (Casacuberta et al., 2017). It was also estimated that
FDNPP leaked 90Sr at a rate of 2.3–8.5 GBq d−1 into the North Pacific
Ocean in September 2013 (Castrillejo et al., 2016). Our results were
used to calculate that some 0.1 kg of 129I have been released during
the years following the accident up until 2015 (Casacuberta et al., 2017).

For non-human biota, the main scientific results (Vives i Batlle,
2014; Vives i Batlle, 2016) can be summarised as follows. A generally
alysis during the Shinsei Maru cruises.
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exponential decrease of activity concentrations with time is observed
for all the main categories of marine biota, as would be expected,
since contamination clears the local environment by dispersion and di-
lution. The fact that activity concentrations for marine biota decrease
much more slowly over time than would be expected given their TB½s
can also be explained through the modelling work with D-DAT (Vives
i Batlle, 2016). We suggest that this is related to hold-up processes by
bottom sediments, meaning that the ecological half-life reflects not
only the biological turnover rates but also the desorption rate of radio-
nuclides from sediments. In effect, sedimentary deposits offshore from
the FDNPP have become increasingly a source for radionuclides in the
local environment, due to their ability to retain radiocaesium.

From our own analysis of the published data (Vives i Batlle, 2016)
and new field measurements, different rates of decrease exist for differ-
ent organism groups, being slowest (consequently with a higher resi-
dence half-time) for benthic biota and fastest for pelagic biota. This is
compatible with differences in TB½s for these radionuclides and in
agreement with other studies (Sohtome et al., 2014; Wada et al.,
2016; Wada et al., 2013) as well as the aforesaid hold-up processes by
sediments. There was a high variability in the 137Cs activity concentra-
tions, which could be due to sampling, measurement or geographical
variability but may be partially explained also (particularly in the latter
years) by the presence of secondary emissions (such as groundwater
releases).

The complex time evolution of 137Cs in marine biota from 2011 to
present follows a multicomponent exponential decrease influenced by
a bi-phasic depuration mechanism and the radionuclide hold-up pro-
cesses by seabed sediments. Our latest results show that this is better
reproduced by D-DATwhen using dual TB½ release with a short compo-
nent of 4 days, a long component of 54 days and a phase transition time
of 80 d. The default CR of 0.1 m3 kg−1 was optimised to 0.061 m3 kg−1

using pelagic fish (mackerel) concentrations from the RV Shinsei Maru
KS-14-20 Research cruise (17–26 October 2014) and dividing them by
a mean water concentration of 17.1 ± 0.9 Bq m−3. In this way, the D-
DAT prediction for benthic fish at the time of the cruise (1320 days
after the accident) is 30 Bq kg−1, close to the mean of 43 Bq kg−1 mea-
sured during the cruise.

We performed a sensitivity analysis of the D-DAT sediment
submodel which identified the sediment reworking rate (RW) as the
most sensitive parameter for the turnover of radionuclides by the
upper sediment layer. For a Station “T-1” contiguous to the FDNPP
port in shallowwaters (37.43°N, 141.03°W, 5mdepth)where sediment
data have been continuously monitored (http://radioactivity.nsr.go.jp/
en/), we calibrated RW at 10−2 m d−1 leading to a good match with
the observed sediment concentrations between 2011 and 2016 (Vives
i Batlle, 2017). This high value is likely due to the shallow depth of the
station and the proximity to the port area, leading to higher sediment
reworking.

The influx of radioactivity to sea necessary to sustain the activity
concentrations observed in the FDNPP vicinity was predicted by D-
DAT. This requires knowing the half-time of water from the coastal re-
gion into the open ocean,whichwas deduced from the 137Csmonitoring
data in the first 50 days post-accident. The data was fitted to a double
exponential curve and a flushing time of 2.2 ± 0.3 days was obtained
by a standard method (Choi and Lee, 2004; Periáñez, 2012). With this
information, the model gives integrated releases of 103, 30 and 3 PBq
for 131I, 137Cs and 90Sr, in line with the reported UNSCEAR (2014)
ranges.

Data from the KS-14-20 2014 cruise show activity concentrations in
fish ranging from 0.8 to 500 Bq kg−1. These concentrations rank as
ctenophore N benthic fish (rockfish N greenling and flounder N pelagic
fish (mackerel) N plankton. Except for benthic fish, dose rates to marine
biota are predominantly dominated by internal exposure, then external
exposure to sediment and then external exposure to water. However,
the total dose rates to benthic fish are dominated by external exposure
to sediment, showing that sediments are now an important source of
radiation exposure to the benthic biota. From these data, it seems that,
as of 2016, total 137Cs dose rates to pelagic fish are generally down to
about 2 × 10−3 μGy h−1 and the highest total doses for benthic fish
(rockfish) are of the order of 0.15 μGy h−1. These doses are below the
ERICA no-effects dose screening level of 10 μGy h−1 (Andersson et al.,
2009; Beresford et al., 2007; Brown et al., 2008), confirming that the
fish populations near the FDNPP are not at risk.

The above results help to explainmathematicallywhy biota and sed-
iment activity levels remain somewhat elevated, aswell as the long eco-
logical half-lives for biota observed in the field. The dual component
biokinetic model setup improves predictions of biota concentrations
over the single component model. The recalibration of the sediment
model likewise improves the simulation of long-term activity trends
in sediments. However, the scattering in biota sampling locations does
not permit to corroborate the short-term variations predicted by the
model.
4. Discussion on the impact of our results and the future of
radioecology

4.1. How have the challenges of marine radioecology been addressed?

The FDNPP accident highlights the importance of potential acciden-
tal inputs to the marine environment, their radioecological conse-
quences and the need to “predict human and wildlife exposure more
robustly by quantifying key processes that influence radionuclide trans-
fers, and incorporate the knowledge into newdynamicmodels” (Hinton
et al., 2012), as identified by Challenge 1 in the SRA.Wehave progressed
in this direction through marine biota transfer modelling work and col-
lection of new field data from the vicinity of the FDNPP. Important ma-
rine processes, such as the interaction of seaborne radionuclides with
suspended particles and sediments, the role of submarine discharges
or the biokinetic processes of uptake and turnover, have been better
quantified and mathematically described. Models have incorporated
physical, chemical and biological interactions. In some cases, large spa-
tial scales incorporating ocean circulation and land-sea interactions
have been used. Whether or not this work has substantially decreased
uncertainties is debatable, though it certainly has contributed signifi-
cantly to quantify them.

In some respects, Challenge 2 of the SRA on the determination of
ecological consequences remains the “weakest link” for marine radio-
ecology. There is a need to develop and improve models (Wilson et al.,
2010) and experimental approaches to determine the impact of radio-
nuclides at the level of marine populations and ecosystems under the
realistic conditions that these organisms are exposed.

Regarding the SRA Challenge 3 “to improve human and environ-
mental protection by integrating radioecology” (Hinton et al., 2012),
we have improved knowledge and tools for risk assessment, but only
the first steps in developing radiation protection and decision support
systems. The model STERNE has been developed to be included in a de-
cision support system and the model D-DAT is set-up for dose assess-
ment and has been tested in the context of the UNSCEAR Fukushima
accident assessment (Vives i Batlle et al., 2014).

Ultimately, through ourwork, we have demonstrated that biokinetic
models can better represent radionuclide transfer to biota in non-
equilibrium situations, bringing more realism to predictions, especially
when combining processes occurring in such an open and dynamic en-
vironment as the ocean. For example, such models can quantify how
much and for how long activity released is retained (by biota, sediments
or local waters) or is removed to the far field. Only by combining bio-
geochemical processes in a model is it possible to find out how quickly
the radionuclides are cycled and cleared within the marine environ-
ment. This research is now ready to be integrated into themore general
debate about what information is needed in case of accidental marine
contamination, developing an assessment approach linked to the

http://radioactivity.nsr.go.jp/en
http://radioactivity.nsr.go.jp/en
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wider scientific aspects (including interactions between radiological
and non-radiological pollution).

4.2. What scientific questions have been answered and what questions
remain?

The main achievement during this project has been to directly ad-
dress temporal dynamics in the assessment process. There has also
been an attempt to involvemore biological factors in themodelling pro-
cess, by including (for example) TB½s, bioturbation, fish migration, tro-
phic transfer and uptake/elimination. A consensus has gradually
formed around the modelling approach for non-equilibrium situations.
However, trophic transfer, particularly in the benthic foodweb, remains
a challenge. Much work remains to be done regarding biokinetic trans-
fer of radionuclides in marine biota, such as adopting a more refined
parameterisation of transfer models using locally derived TB½ data and
the derivation of generic parameters for use in other environments.

In particular, the complex time evolution of 137Cs from 2011 to pres-
ent in marine biota from Japan requires further examination. Radioac-
tivity levels in fish and other species have remained higher than
initially anticipated, and are decreasing more slowly than concentra-
tions in seawater, more akin to the gradual decline of radionuclides in
sediments. Local radioactive hotspots for biota very close to the FDNPP
could potentially persist. The necessary research to understand what
this means has not been completed and should not stop with the con-
clusion of the present project, even if radioactivity levels in marine
biota are below current knowledge-based thresholds formeasurable ef-
fects on populations.

The questions that remain are: (a)what is the eventual fate of the ra-
dioactive contamination leaving the FDNPP zone including releases
from delayed sources (b) what are the inputs by rivers whose catch-
ment basins are still contaminated, (c) what are the long-term effects
on marine biota species and ecosystems, taking into account the spatial
heterogeneity of the contamination and the presence of some hotspots
and (d) what is the likely time before the radionuclides released to the
marine environment reach a steady state.

From our field research, it is clear that specific studies on the sedi-
ments should be addressed, particularly regarding the processes of
remobilisation to the water column. Noteworthy here are the field in-
vestigations on 129I for circulation studies, or using 137Cs and the trans-
uranic elements Pu and Am for sedimentation and dating studies, to
mention the most obvious examples.

Ultimately, the contamination of the marine environment near the
FDNPP is significant, even if risk estimates (in terms of dose) are low.
We are convinced that the FDNPP accident remains a challenge for Ma-
rine Radioecology, requiring an ongoing study of the marine environ-
ment for years to come, in the same way that the Irish Sea remains a
marine radioecology challenge to this day.

4.3. International dimension of the research performed

A particular emphasis in the present project was the collaboration
with Japanese scientists, especially during the field research near the
FDNPP aboard R/V Shinsei Maru and subsequent analytical determina-
tions, as well as observations of radiocaesium in seawater from coastal
sites around the FDNPP and the provision of data from the Japanese au-
thorities for use in modelling.

At the broader international level, marine radioecology connects to
the expertise of IAEA in the scope ofmarine studies and associated tech-
nical programmes aiming at developing marine models for radiation
safety such as with the ongoing programmeMODARIA II's two working
groups dedicated to model exposure and effects to biota and radionu-
clide transport in the marine environment, respectively (http://www-
ns.iaea.org/projects/modaria/modaria2.asp?s=8&l=129). Work pre-
sented here, particularly the dynamic transfer modelling knowledge
and expertise developed, was actually utilised in a wider international
context provided by the MODARIA I model intercomparisons (Vives i
Batlle et al., 2016).

Marine radioecology has at its core an international dimension and
this will influence science and risk assessment in the future. In this con-
text, it is important to look at the results of activities of radioecologists
outside the present network of collaborators (Baumann et al., 2015;
Fukuda et al., 2017; Tateda et al., 2015; Tateda et al., 2017; Tateda
et al., 2013; Tateda et al., 2016; Wang et al., 2016) in order to arrive at
a true synthesis of marine radioecology research.

There have been radioactive releases to Europeanmarinewaters be-
fore, both accidental (Chernobyl, Palomares, Thule) and operational
(Sellafield, La Hague, Marcoule, etc.), but it is not clear how much of
that knowledge/competence was applied to the FDNPP accident. There
is an impression that some expertise from those situations (admittedly
very different from the FDNPP accident) has not really been passed on to
the current generation of radioecologists and marine radiochemists. In-
deed, there seems to be less research activity in marine radiochemistry
and radioecology than in the 1980′s. A number of research institutes
and monitoring networks have been shut down, some networks for ra-
dionuclide sampling and radio-analytical laboratories are no longer
available and fewer programmes are left in place for researchingmarine
radioactivity and radioecology and to ensure the training of the next
generation.

However, the increasing international level of attention on protec-
tion of the environment has permeated to marine radioecology, as ex-
emplified by the first internationally-coordinated effort to assess the
consequences of the FDNPP accident to the marine environment
(UNSCEAR, 2014). This effort showed that, even if the immediate stakes
in term of accidental exposure were probably not the environmental
but the human ones, the situation characterisation makes scientific
knowledge of the marine processes involved a necessity.

4.4. Are we well prepared in case of an accidental release in European ma-
rine waters?

After the present study, we are now better prepared than before the
FDNPP accident in terms of having models that can be applied to dy-
namic situations. We have certainly contributed to identifying and ex-
pressing mathematically (implementing into radioecological models)
what processes are most relevant to explain the marine distribution of
radionuclides and their uptake and turnover by organisms.

What matters now is how effectively such models can be applied to
another environment. European oceanographers, meteorologists and
biologists work constantly to have models for these seas, but the trans-
ferability of existing models has yet to be demonstrated. Many of the
oceanographic processes are the same for some European waters, at
least for open oceans like the North Sea/Atlantic and the Arctic Ocean,
but there are differences for seaswithmore restricted water movement
such as the Baltic or theMediterranean Seas or for a semi-enclosed shelf
sea like the Irish Sea. We refer here not only to circulation patterns but
also, for example, other differences such as salinity, suspended or sink-
ing particulates and colloidal matter concentration or sediment biogeo-
chemistry which can have an effect on the speciation and mobility of
radionuclides (Mitchell et al., 2001).

One lesson learned from the FDNPP accident is how important is it to
have properly georeferenced data, including data of different environ-
mental compartments (e.g. biota/water/sediment) from the same loca-
tion and time, along with key characteristics of the waters being
sampled (temperature, salinity, sample depth, seafloor depth, etc.).
This was often lacking and made for difficulties in trying to implement
models that calculate transfer between different compartments (e.g.
seawater and biota), requiring for input data and for validation concur-
rent reference points in these compartments.

In terms of actually dealing with an accidental release such as that
from the FDNPP, it is necessary to prepare guidance and operational
tools for different marine environments. In the first instance, it is

http://www-ns.iaea.org/projects/modaria/modaria2.asp?s=8&amp;l=129
http://www-ns.iaea.org/projects/modaria/modaria2.asp?s=8&amp;l=129
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necessary to optimise tools for dispersion modelling (Min et al., 2013)
and perform intercomparisons between different models. For the
FDNPP accident, this has successfully been done in the context of the
IAEA MODARIA I and II inter-comparisons of radionuclide transfer
models for seawater and sediments (Periáñez et al., 2016; Periáñez
et al., 2015; Periañez et al., 2015).

The next step is to integrate these models in decision support sys-
tems, as has been done in the JRODOS platform (Heling et al., 1997;
Lepicard et al., 2004; Raskob et al., 2011). It is necessary to think about
a good indicator for environmental impact that should be used for rec-
ommendations. For example, in assessing the radiation risks to non-
human biota, it is necessary to have benchmarks for acute exposures
as well as for low-level routine exposures, a point considered in the
UNSCEAR study (Vives i Batlle et al., 2014).

Lastly, an accidental release from a nuclear installation (or from
other industrial installations linked to river or marine waters) is not
only a scientific issue, but also a concern for society. Radioecological re-
search could contribute to an inter-disciplinary approach to develop
tools addressing scenarios of general societal concern.

4.5. Advice on research prioritisation

Prioritisation of marine radioecology research should be strongly
grounded on basic science criteria, selecting projects with potential to
lead to a knowledge breakthrough. Societal relevance is a complemen-
tary indicator to help to identify research topics, but like any scientific
discipline, radioecology needs to be independent. By this we mean
that research prioritisation should never be based on public opinion or
political decisions, as this has proven in the past to harm the scientific
process (Liu et al., 2009).

Basic science in the context of this advice means developing models
and measurements that raise the level of the science by bringing forth
newmechanistic understandings at the level of processes (e.g. foodweb
modelling, eventual fate in marine environment, etc.). The scope of ma-
rine radioecology should be broadened to include thewholemarine en-
vironment and its interacting parts, inducing a conceptual change in the
way we interpret the marine environment by linking to the big themes
of other sciences. We must also strive to bring a new understanding of
the effects of radionuclides on humans and the environment both by
the radionuclides themselves and by their interaction with other envi-
ronmental stressors.

The potential to improve risk assessment by developing practical
tools for decision-makers is a natural consequence of working through
the above priorities, rather than being an a priori research objective.
For example, modelling the migration of FDNPP radionuclides to far-
away continents is not crucial from a risk assessment perspective due
to the low levels involved, but it will improve our understanding on
global circulation usingmarine tracers and thus lead to better predictive
models.

Scientists can benefit from listening to societal concerns on issues
such as releases from nuclear installations, becoming involved in two-
way communication with the public. This should not be limited to
when there is an accident, because an uninformed public may raise un-
necessary concerns and this fosters the distrust of agencies providing in-
formation. The public stands to benefit greatly from the dissemination
marine radioecology in a balanced and impartial way.

4.6. Developing a strategy for marine radioecology

Marine radioecology connects to larger scientific issues such as the
use of radionuclides as tracers for marine processes involving the dis-
persion of contaminants that in the broader sense can be both radioac-
tive and non-radioactive. Consequently, there is a need to integrate the
approaches of marine radioecology not only with those of oceanogra-
phy and radiochemistry but also ecology, ecotoxicology and climate sci-
ence, thereby bringing more ecological thinking into marine
radioecology. This is a logical consequence of the way radionuclides
are investigated as tracers formarine biogeochemical processes. Yet, de-
spite decades of research, the role of biological and ecological processes
(e.g. speciation, radionuclide incorporation in biomass, the biological
processes promotingdesorption of radionuclides from sediments) in ra-
dionuclide dispersion is not sufficiently understood. This is true in par-
ticular for radioelements other than Cs and Sr. The mechanisms by
which uptake of one element/radionuclide enhances or decreases up-
take of another are also not fully understood from a basic science per-
spective. There is a need for radioecologists to have common projects
with thewider research community in order to gain a better level of un-
derstanding on these issues.

A future strategy for marine radioecology should therefore include
gaining increased process understanding of biogeochemical interac-
tions and their influence on radionuclide dispersion in marine environ-
ments. This should include physico-chemical processes at the land/
marine interfaces (estuaries, submarine groundwater discharges), con-
sidering the mid- and long-term behaviour of radionuclides in sedi-
ments and the dynamic modelling of interactions with particulate
matter, both suspended particles and colloidal matter, particularly im-
portant for understanding the behavior of transuranic radionuclides in
the water column (Vives i Batlle et al., 2008).

Although the FDNPP accident will continue to be a significant topic
for marine radioecology in the future, this does not mean neglecting
other problems. At the European level, there is a need to consider
three research topics: the radioactive releases from sunken nuclear sub-
marines to Northern European seas, the NORM radionuclides released
from offshore oil platforms and the continuing releases of European nu-
clear power plants and reprocessing industries under either their active
or decommissioning phases (see section on Future directions in marine
radioecology below). Moreover, there could be potential accidental dis-
charges from nuclear reactors or modern operative nuclear submarines
in Europeanwaters, acting as an additional incentive to improve disper-
sion and biological transfer models. Assessing such events would re-
quire better kinetic bioaccumulation parameters for a wide set of
radionuclides (Iosjpe et al., 2016b; Iosjpe et al., 2011), validated hydro-
dynamic models with good resolution available over all European seas
and knowledge of the possible source terms.

Another element of a strategy for improving marine radioecology is
that the effects of radiation on marine organisms and hence foodchains
need to be studied. Although initial work in this direction has been per-
formed (Vives i Batlle, 2012; Vives i Batlle et al., 2009; Wilson et al.,
2010), practical models and vital data for use in making realistic predic-
tions are limited.
4.7. Need for further radioecology funding

Marine radioecology is not only of purely scientific but also of social
relevance. It seems legitimate to propose increased resources (not only
funding but also infrastructure, education and training) for marine ra-
dioecology, particularly at the European level where funding is sporadic
yet there is an urgent need to concentrate efforts andmaintain research
capacity.

Funding for marine radioecology peaked after the period of maxi-
mum actinide discharges and subsequent technetium discharges from
Sellafield, decreasing gradually in the last decades. The focus changed
to the terrestrial/freshwater environments after Chernobyl. By that
time, few laboratories were prepared to work in the ocean, and the
state ofmodellingwas less advanced than it should have been. Although
there has been some EC funding within the COMET project, the present
series of EC CONCERT calls have so far overlooked marine radioecology.
It is now imperative to consolidate the pool of marine radioecologists
and fund new projects. We cannot afford a weak position to face the
challenges of the future, including those posed by future accidental
situations.
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The first step would be to pursue the strategy proposed herein,
whilst envisaging possible scenarios with which to interest individual
countries having installations that pose risks towards marine ecosys-
tems and their neighbouring countries. Since this is an international
issue, it is legitimate to seek international funding – for example, in
Europe, support at the EURATOM level. Individual research institutions
have a very limited capacity to sponsor research inmarine radioecology,
so it is wholly legitimate to instate European funding, thereby ensuring
that a cross-border harmonised approach is adopted.

Recently, a first proposal for a 5-year roadmap of the radioecology
SRA was developed within the COMET project in collaboration with
the European Radioecology Alliance, which was established in 2009 to
strengthen coordination and integration of research in radioecology
(http://www.er-alliance.org/media-centre/publications/radioecology-
roadmap/). This roadmap is a basis of an implementation plan for the
priority research activities that have been identified in the SRA, with
emphasis on integrating research methods and approaches in marine
radioecology to harmonise readiness for accidental marine releases at
the European level. Thus, the roadmap acts as possible vehicle for imple-
mentation of a marine radioecology strategy, though our view is this
strategy should not be limited to accidents becausemarine radioecology
concerns itself with issuesmuchbroader than emergency preparedness.

5. Future directions in marine radioecology

The future directions of marine radioecology are open-ended. Some
of these directions may depend on unforeseen nuclear events, but in
this paper we are making a much broader case for marine radioecology
as a fundamental discipline, working alongside radiochemistry and the
ocean sciences to provide quantitative understanding about the pro-
cesses that happen when radionuclides enter the marine environment.

Despite an abundance of field research, marine radioecology is sin-
gularly lacking in underlying theories and principles that are experi-
mentally testable. Some of the work has an inherent weakness in that
it tries to combine data fromvarious sources to derive results, often pro-
viding qualitative explanations without a clear underlying theoretical
basis. The SRA has already acknowledged the need to rectify this situa-
tion, studying the behaviour of radioactive contaminants in the seas and
their consequences for man and environment from a ‘first-principles’,
classical science basis.

There is also a need to reinforce the experimental base by carrying
out laboratory and field studies, such as on radionuclide transfer in ma-
rine biota, in order to better parameterise, calibrate and validate disper-
sion and dynamic transfer models. The usability of models as
assessment tools is a consequence of research steps addressing (and an-
swering) fundamental science questions.

One example of much needed research is the inclusion of speciation
in themodels to represent the dynamic repartitioning between particu-
lates, colloidal and dissolved phases. Such process studieswere initiated
in the late 1980′s, but they are rarely used in assessmentmodels (Vives i
Batlle et al., 2008). Much scope is left for such studies in complex and
highly dynamic brackish environments such as fjords and estuaries, es-
pecially near inputs.

Besides Fukushima, marine radioecology should reopen research on
other seas. An important topic is discharges of produced water from oil
and gas installations. Discharges of produced water from the petroleum
industry are a multi-contaminant situation involving metals, radionu-
clides and organic compounds (Hosseini et al., 2012). As part of this, it
is important to address the bioaccumulation and combined toxicity of
the different components in produced water, both in the water column
and in sediments, for various marine species. This calls for expertise in
marine dispersion and bioaccumulationmodelling that goes beyond ra-
dioecology and intersects with the field of ecotoxicology, requiring a
multidisciplinary approach. In Europe, the Norwegian shelf discharging
NORM radionuclides in North-East Atlantic waters is a logical place to
begin this research.
Beyond Europe, Marine Radioecology needs also to focus on study-
ing other environments such as (sub-) tropical environments, because
tropical countries and small islands have ecosystems that are particular-
ly sensitive to anthropogenic changes as they are among themost active
in terms of urbanisation and industrialisation. Tracking the behaviour of
heavy metals through their radiotracers offers a way to study threats to
such environmentally fragile ecosystems (Aarkrog, 1994; IAEA, 2004).
New nuclear power plants will be operated in other countries (Arabic
countries, India, China and Southeast Asia) and some of these countries
are also asking Europe for advice in marine dispersion and knowledge
on the fate of radionuclides in marine waters.

More research is also needed on the role of sediments as sinks and
sources for radionuclides. The long-term evolution of the radionuclide
inventory in the oceans including the fine sedimentary deposits is also
of interest. Muchwork remains to be done by providingmodels that in-
clude biogeochemical processes affecting the transfer and
remobilisation of radionuclides in the seafloor. Such processes include
radionuclide scavenging from the water column (sinking biogenic par-
ticles, interactions at the benthic nepheloid layers), mixing deeper
into the sediment column (bioturbation) or the role of sediment as a
new source term (diffusion, non-redox drivenmicrobial processes, sed-
iment resuspension during storms), with links to how this would affect
the uptake by benthic and pelagic biota.

An important aspect for modelling is dynamic food webs and inves-
tigating the possibility of bioaccumulation of radionuclides as they as-
cend into the foodchain in various specific environments. Linked to
the above is the need to calculate doses to populations of marine biota
in response to chronic radiation-induced changes. Population models
have been used (mainly under IAEAMODARIA I and II) to study how ra-
diation effects could alter the natural balance of the ecosystem in the
presence of ecological factors such as resource limitation, migration,
predation and species competion (Kryshev et al., 2008; Vives i Batlle
et al., 2009; Wilson et al., 2010; Woodhead, 2003) and the way is
open to future investigations.We call also for studies of interspecies dif-
ferences in uptake/turnover of radionuclides by biota, as well as vari-
ability within species with age, size and sex and the transgenerational
effects of historical doses of radiation. This will lead to a more refined
version of the biological uptake and population dose effects models for
marine biota in order to better justify the radiation dose benchmarks
used.

In order to parameterise models, it is important to address gaps in
the biokinetic data used by transfer models (such as multicomponent
TB½s). One possible approach is to use extrapolation approaches such
as allometric analysis, which allows to effect an interpolative scaling of
the biokinetic parameters linked to metabolism by means of a power
function of the mass (Vives i Batlle et al., 2007). A biokinetic database
for marine biota developed as part of the IAEA MODARIA I exposures
and effects in biota group (Beresford et al., 2015a; Beresford et al.,
2015b) is being analysed in search of such allometric mathematical re-
lationships. Time series of measurements from existing monitoring
programmes offer the opportunity to determine new parameter values
(e.g. CF and TB½s) for different radionuclides.

It is vital that we continue to support marine radioecology for these
findings to come to fruition. Only in this waywe can enhance the status
of our discipline as a fully-fledged fundamental scientific research disci-
pline, dedicated to the betterment of the environment and the genera-
tions of humans and wildlife that will inhabit it (and live with any
consequences) into the far future.

6. Conclusions

By the complexity of their physical and chemical properties, radio-
nuclides have entered every component of the FDNPP marine ecosys-
tem: soluble phase, suspended particulates, seabed sediments and the
life forms inhabiting therein. The circulation and fate of these radionu-
clides is inextricably linked to dynamic processes occurring in a
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complex environment. There is a need to understand water circulation
at the local and global level, and marine biogeochemical processes gen-
erally, by means of new field data on the behaviour of radiotracers.
There is also a need to use dynamic modelling to reach an adequate un-
derstanding of the consecquences ofmarine radioactivity for life and the
environment, underpinned by such data. Our primary contribution in
this study is the combination of both approaches to understand the
radioecological impact of the FDNPP accident.

The present study has attended to specific aspects of the Fukushima
situation that had not beenwell investigated. This included, for instance,
the implementation of themodelling of uptake of radionuclides by biota
and the assessment of the radiological impact, as well as the evaluation
of the relevance of groundwater discharges providing a continuous
input of radionuclides. Moreover, we assessed the presence of radionu-
clides not previously investigated, such as 236U and Pu isotopes. The
main achievements of the project are therefore the quantification of
marine processes such as the interaction of waterborne radionuclides
with suspended particles and sediments, the biokinetic uptake and
turnover of radionuclides and radiation doses arising thereof. It is now
demonstrated that biokinetic models can better represent radionuclide
transfer to biota in non-equilibrium situations. As a result, we are read-
ier now than wewere before Fukushima in terms of havingmodels that
can be applied to dynamic situations.

The importance of adopting a dynamic representation of radio-
nuclide transfer between seawater, sediment and the biological
compartments has benefited from our effort to involve more biolog-
ical factors in themodelling process, by including (for example) dual
TB½s to represent multicomponent depuration, bioturbation, fish
migration, trophic transfer and uptake/elimination. The inclusion
of sediment processes in the dynamic models has resulted in im-
proved mid- and long-term modelling predictions, especially for
the benthic ecosystem. The transfer models developed and tested
in the present project contain a better process quantification and in-
creased understanding of the uptake of radionuclides to wildlife,
with the consequent increased capacity to address temporal dynam-
ics in radiological assessment.

The research cruises undertaken in the FDNPP area and resulting
data interpretation have allowed us to increase understanding on the
fate and transport of 90Sr, 129I, radiocaesium, plutonium and 236U from
the FDNPP in the ocean, the inputs from submarine groundwater dis-
charges and the uptake and turnover of radionuclides by marine biota.
Ocean circulation and land-sea interactions have been considered in
interpreting these results, showing that the radionuclides are far from
being permanently immobilised, experiencing instead a dynamic ex-
change between sediments, the water column and the biomass in an
ongoing biogeochemical cycle. Releases are still ongoing but activity
concentrations in fish are below the allowed human consumption levels
except for the most affected species (e.g. rockfish) from high exposure
areas (e.g. the FDNPP harbour).

The present research has contributed to strengthen capacity,
competence and skills in marine radioecology. We make a loud call
for support to continue marine research in line with the priorities
identified in the SRA and the advancement of the proposed strategy
for the future of marine radioecology, signalling the direction for fu-
ture investigations.

Acknowledgements

The research leading to this paper has received funding from the
European Union Seventh Framework Programme (FP7/2007–2013) un-
der grant agreementNo. 604974 (Projectswithin COMET:Marine Initial
Research Activity and The impact of recent releases from the Fukushima
nucleaR Accident on the Marine Environment - FRAME).

Sampling off Japan has been supported by the Gordon and Betty
Moore Foundation, the Deerbrook Charitable Trust and contributions
to the WHOI Centre for Marine and Environmental Radioactivity.
We acknowledge the JSPS KAKENHI Grant-in-Aid for Scientific Re-
search on Innovative Areas Grant No. 24110005 for supporting in part
the activities during the research cruises to the FDNPP area.

We further thank the Institute of Environmental Radioactivity,
Fukushima University, for time series of observations of radiocaesium
in seawater around the FDNPP and in the North Pacific Ocean, as well
as for providing Japanese data (activity concentrations in seawater
and biota) for modelling studies.

We thank as well Tokai University, who planned and conducted as
the FDNPP area research cruise aboard R/V Shinsei Maru (a vessel of
the Japan Agency for Marine-Earth Science and Technology), as well
as carrying out plankton and fish sampling and measurements at their
laboratory facilities.

References

Aarkrog, A., 1994. Past and recent trends in radioecology. Environ. Int. 20, 633–643.
Ambe, D., Kaeriyama, H., Shigenobu, Y., Fujimoto, K., Ono, T., Sawada, H., et al., 2014.

Five-minute resolved spatial distribution of radiocesium in sea sediment derived
from the Fukushima Dai-Ichi nuclear power plant. J. Environ. Radioact. 138,
264–275.

Andersson, P., Garnier-Laplace, J., Beresford, N., Copplestone, D., Howard, B., Howe, P., et
al., 2009. Protection of the environment from ionising radiation in a regulatory con-
text (PROTECT): proposed numerical benchmark values. J. Environ. Radioact. 100,
1100–1108.

Aoyama, M., Kajino, M., Tanaka, T.Y., Sekiyama, T.T., Tsumune, D., Tsubono, T., et al.,
2015. 134Cs and 137Cs in the North Pacific Ocean derived from the March 2011
TEPCO Fukushima Dai-ichi Nuclear Power Plant accident, Japan. Part two: estima-
tion of 134Cs and 137Cs inventories in the North Pacific Ocean. J. Oceanogr. 72,
67–76.

Aoyama, M., Hamajima, Y., Hult, M., Uematsu, M., Oka, E., Tsumune, D., et al., 2016. 134Cs
and 137Cs in the North Pacific Ocean derived from the March 2011 TEPCO Fukushima
Dai-ichi Nuclear Power Plant accident, Japan. Part one: surface pathway and vertical
distributions. J. Oceanogr. 72, 53–65.

Bailly du Bois, P., Laguionie, P., Boust, D., Korsakissok, I., Didier, D., Fiévet, B., 2012. Estima-
tion of marine source-term following Fukushima Dai-ichi accident. J. Environ.
Radioact. 114, 2–9.

Baumann, Z., Fisher, N.S., Gobler, C.J., Buesseler, K.O., George, J.A., Breier, C.F., Nishikawa, J.,
2015. Fukushima 137Cs at the base of planktonic food webs off Japan. Deep-Sea Res. II
Top. Stud. Oceanogr. 106, 9–16.

Behrens, E., Schwarzkopf, F.U., Lübbecke, J.F., Böning, C.W., 2012. Model simulations on
the long-term dispersal of 137Cs released into the Pacific Ocean off Fukushima. Envi-
ron. Res. Lett. 7, 34004.

Belharet, M., Estournel, C., Charmasson, S., 2016. Ecosystem model based-approach for
the modelling of 137Cs transfer to marine plankton populations: application to the
Western North Pacific populations after the Fukushima nuclear power plant accident.
Biogeosciences 13, 499–516.

Beresford, N., Vives Batlle, J., 2012. One year on - some thoughts about the ecological fall-
out from Fukushima. The Scientist 31, 29.

Beresford, N.A., Brown, J., Copplestone, D., Garnier-Laplace, J., Howard, B., Larsson, C.-M.,
et al., 2007. D-ERICA: An Integrated Approach to the Assessment and Management
of Environmental Risks From Ionising Radiation. A deliverable of the ERICA Project
FI6R-CT-2004-508847, 88 pp. Available from: https://wiki.ceh.ac.uk/download/at-
tachments/115017395/D-Erica.pdf?version=1 [Accessed 11 July 2016].

Beresford, N.A., Beaugelin-Seiller, K., Burgos, J., C, M., Fesenko, S., Kryshev, A., et al., 2015a.
Radionuclide biological half-life values for terrestrial and aquatic wildlife. J. Environ.
Radioact. 150, 270–276.

Beresford, N.A., Beaugelin-Seiller, K., Wells, C., V-L, S., Vives i Batlle, J., Wood, M.D., Tagami,
K., et al., 2015b. A Database of Radionuclide Biological Half-life Values for Wildlife.
NERC-Environmental Information Data Centre https://doi.org/10.5285/b95c2ea7-
47d2-4816-b942-68779c59bc4d.

Black, E., Buesseler, K.O., 2014. Spatial variability and the fate of cesium in coastal sedi-
ments near Fukushima, Japan. Biogeosciences 7235–7271.

Brown, J.E., Alfonso, B., Avila, R., Beresford, N.A., Copplestone, D., Pröhl, G., et al., 2008. The
ERICA tool. J. Environ. Radioact. 99, 1371–1383.

Buesseler, K., 2012. Fishing for answers off Fukushima. Science 338, 480–482.
Buesseler, K., 2015a. Fukushima – a view from the ocean. MARC X- Methods and Applica-

tions of Radioanalytical Chemistry Kona, Hawaii. April 13, 2015 (invited talk).
Buesseler, K., 2015b. Fukushima and ocean radioactivity. Long Beach Aquarium of the Pa-

cific March 11, 2015 (invited talk and press conference).
Buesseler, K.O., 2015c. Fukushima and its ocean impacts. Scripps Institution of Oceanog-

raphy March 9, 2015 (invited talk).
Buesseler, K., Aoyama, M., 2012. Fukushima derived radionuclides in the ocean. Proc.

Fukushima Ocean Impacts Symposium. Exploring the Impacts of the Fukushima
Dai-ichi Nuclear Power Plants on the Ocean. University of Tokyo November 12–13,
2012. Available from:. http://www.whoi.edu/fileserver.do?id=138584&pt=2&p=
141569 [Accessed 15 July 2016].

Buesseler, K., Aoyama, M., Fukasawa, M., 2011. Impacts of the Fukushima Nuclear Power
Plants on Marine Radioactivity. Environ. Sci. Technol. 45, 9931–9935.

Buesseler, K.O., Jayne, S.R., Fisher, N.S., Rypina, I.I., Baumann, H., Baumann, Z., et al., 2012.
Fukushima-derived radionuclides in the ocean and biota off Japan. Proceedings of the
National Academy of Sciences of the USA 109, 5984–5988.

http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0005
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0010
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0010
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0010
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0015
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0015
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0015
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0020
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0020
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0020
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0020
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0020
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0020
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0020
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0020
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0025
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0025
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0025
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0025
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0025
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0025
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0030
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0030
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0030
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0035
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0035
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0035
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0040
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0040
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0040
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0040
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0045
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0045
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0045
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0045
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0045
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0050
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0050
https://wiki.ceh.ac.uk/download/attachments/115017395/D-Erica.pdf?version=1
https://wiki.ceh.ac.uk/download/attachments/115017395/D-Erica.pdf?version=1
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0060
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0060
https://doi.org/10.5285/b95c2ea7-47d2-4816-b942-68779c59bc4d
https://doi.org/10.5285/b95c2ea7-47d2-4816-b942-68779c59bc4d
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0070
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0070
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0075
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0075
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0080
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0085
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0085
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0090
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0090
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0095
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0095
http://www.whoi.edu/fileserver.do?id=138584&amp;pt=2&amp;p=141569
http://www.whoi.edu/fileserver.do?id=138584&amp;pt=2&amp;p=141569
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0105
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0105
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0110
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0110


91J. Vives i Batlle et al. / Science of the Total Environment 618 (2018) 80–92
Buesseler, K.O., German, C.R., Honda, M.C., Otosaka, S., Black, E.E., Kawakami, H., et al.,
2015. Tracking the fate of particle associated Fukushima Daiichi cesium in the
ocean off Japan. Environ. Sci. Technol. 49, 9807–9816.

Buesseler, K., Dai, M., Aoyama, M., Benitez-Nelson, C., Charmasson, S., Higley, K., et al.,
2017. Fukushima Daiichi–derived radionuclides in the ocean: transport, fate, and im-
pacts. Annu. Rev. Mar. Sci. 9, 173–203.

Casacuberta, N., Masqué, P., Garcia-Orellana, J., Garcia-Tenorio, R., Buesseler, K.O., 2013.
90Sr and 89Sr in seawater off Japan as a consequence of the Fukushima Dai-ichi nucle-
ar accident. Biogeosciences 10, 3649–3659.

Casacuberta, N., Christl, M., Buesseler, K.O., Lau, Y., Vockenhuber, C., Castrillejo, M., Synal,
H., Masqué, P., 2017. Potential Releases of 129I, 236U, and Pu Isotopes from the
Fukushima Dai-ichi Nuclear Power Plants to the Ocean from 2013 to 2015. Environ.
Sci. Technol. 51 (17), 9826–9835.

Castrillejo, M., Casacuberta, N., Breier, C.F., Pike, S.M., Masqué, P., Buesseler, K.O., 2016. Re-
assessment of 90Sr, 137Cs, and 134Cs in the coast off Japan derived from the Fukushima
Dai-ichi nuclear accident. Environ. Sci. Technol. 50, 173–180.

Charette, M.A., Breier, C.F., Henderson, P.B., Pike, S.M., Rypina, I.I., Jayne, S.R., et al., 2013.
Radium-based estimates of cesium isotope transport and total direct ocean dis-
charges from the Fukushima Nuclear Power Plant accident. Biogeosciences 10,
2159–2167.

Choi, K.W., Lee, J.H.W., 2004. Numerical determination of flushing times for stratified
water bodies. J. Mar. Syst. 50, 263–281.

Duffa, C., Bailly Du Bois, P., Caillaud, M., Charmasson, S., Couvez, C., Didier, D., et al., 2015a.
Development of emergency response tools for accidental radiological contamination
of French coastal areas. J. Environ. Radioact. 151, 487–494.

Duffa, C., Vives i Batlle, J., Belharet, M., Bradshaw, C., Brown, J., Iosjpe, M., 2015b. Modelling
Radionuclide Transfers in Fukushima Marine Ecosystems - COMET Marine Group
(Initial Research Activity). Oral presentation. ICOBTE congress, Fukuoka-Japan 12–
16 July 2015.

Estournel, C., Bosc, E., Bocquet, M., Ulses, C., Marsaleix, P., Winiarek, V., et al., 2012. Assess-
ment of the amount of cesium-137 released into the Pacific Ocean after the
Fukushima accident and analysis of its dispersion in Japanese coastal waters.
J. Geophys. Res. 117, C11014.

Fievet, B., Plet, D., 2003. Estimating biological half-lifes of radionuclides inmarine compart-
ments fromenvironmental time-seriesmeasurements. J. Environ. Radioact. 65, 91–107.

Fukuda, M., Aono, T., Yamazaki, S., Nishikawa, J., Otosaka, S., Ishimaru, T., et al., 2017. Dis-
solved radiocaesium in seawater off the coast of Fukushima during 2013–2015.
J. Radioanal. Nucl. Chem. Artic. 311, 1479–1484.

Garnier-Laplace, J., Beaugelin-Seiller, K., Hinton, T.G., 2011. Fukushima wildlife dose re-
construction signals ecological consequences. Environ. Sci. Technol. 45, 5077–5078.

Guilderson, T.P., Tumey, S.J., Brown, T.A., Buesseler, K.O., 2014. The 129-iodine content of
subtropical Pacific waters: impact of Fukushima and other anthropogenic 129-iodine
sources. Biogeosciences. Biogeosciences 11, 4839–4852.

Heling, R., Zheleznyak, M., Raskob, W., Tkalich, P., 1997. Overview of modelling of hydro-
logical pathways in RODOS. Radiat. Prot. Dosim. 73, 67–70.

Heling, R., Koziy, L., Bulgakov, V., 2002. On the dynamical uptake model developed for the
uptake of radionuclides in marine organisms for the POSEIDON-R model system. Ra-
dioprotection 37, 833–838.

Hinton, T.G., Garnier-Laplace, J., Vandenhove, H., Dowdall, M., Adam-Guillermin, C.,
Alonzo, F., et al., 2012. An invitation to contribute to a strategic research agenda in ra-
dioecology. Journal of Environmental Radioactivity (e-publication ahead of print)
115c, 73–82.

Honda, M.C., Kawakami, H., 2014. Sinking velocity of particulate radiocesium in the north-
western North Pacific. Geophys. Res. Lett. 41, 3959–3965.

Honda, M.C., Aono, T., Aoyama, M., Hamajima, Y., Kawakami, H., Kitamura, M., et al., 2012.
Dispersion of artificial caesium-134 and -137 in the western North Pacific one month
after the Fukushima accident. Geochem. J. 46, e1–e9.

Honda, M.C., Kawakami, H., Watanabe, S., Saino, T., 2013. Concentration and vertical flux
of Fukushima-derived radiocesium in sinking particles from two sites in the North-
western Pacific Ocean. Biogeosciences 10, 3525–3534.

Hosseini, A., Brown, J.E., Gwynn, J.P., Dowdall, M., 2012. Review of research on impacts to
biota of discharges of naturally occurring radionuclides in produced water to the ma-
rine environment. Sci. Total Environ. 438, 325–333.

IAEA, 2004. Discovering bio-indicator species for heavy metals in the lagoon of New Cal-
edonia. Marine Environment News, Newsletter of the IAEA Marine Environmental
Laboratory, Monaco. 2 No. 1, March 2004.

IAEA, 2011. IAEA International fact finding expert mission of the Fukushima Dai-ichi NPP
accident following the Great East Japan earthquake and tsunami. Tokyo, Fukushima
Dai-ichi NPP, Fukushima Dai-ni NPP and Tokai Dai-ni NPP, Japan, 24 May–2 June
2011. International Atomic Energy Agency, Vienna.

IAEA, 2014. Handbook of Parameter Values for the Prediction of Radionuclide Transfer toWild-
life. International Atomic Energy Agency Technical Report Series 479 Vienna, 211 pp.

IAEA, 2015. The Fukushima Daiichi Accident. STI/PUB/1710. International Atomic Energy
Agency, Vienna 1254 pp.

Inomata, Y., Aoyama, M., Tsubono, T., Tsumune, D., Hirose, K., 2016. Spatial and temporal
distributions of 134Cs and 137Cs derived from the TEPCO Fukushima Daiichi nuclear
power plant accident in the North Pacific Ocean by using optimal interpolation anal-
ysis. Environ. Sci.: Processes Impacts 18, 126–136.

Iosjpe, M., Reistad, O., Liland, A., 2011. Radioecological Consequences After a Hypothetical
AccidentWith Release Into theMarine Environment Involving a Russian Nuclear Sub-
marine in the Barents Sea. StrålevernRapport 2011:3. Statens strålevern, Østerås,
Norway 30 pp.

Iosjpe, M., Isaksson, M., Joensen, H.P., Jonsson, G., Logemann, K., Roos, P., et al., 2016a. Ef-
fects of Dynamic Behaviour of Nordic Marine Environment to Radioecological Assess-
ments, 2016. ISBN: ISBN 978-87-7893-442-0. http://www.nks.org/en/nks_reports/
view_document.htm?id=111010213400466.
Iosjpe, M., Isaksson, M., Thomas, R., Halldórsson, Ó., Roos, P., Logemann, K., et al., 2016b.
Implementation of a food chain sub-module into a model for radioecological assess-
ments in the coastal waters around Iceland: effects of kinetic modelling of bioaccu-
mulation processes. Book of Abstracts and Program, the Second Conference on
Radioecological Concentration Processesp. 161 November 6–9, 2016.

IRSN, 2012. Fukushima, one year later - initial analyses of the accident and its conse-
quences. French Institute for Radiological Protection and Nuclear Safety Report
IRSN/DG/2012-003 12 March 2012, 188 pp.

Iwata, K., Tagami, K., Uchida, S., 2013. Ecological half-lives of radiocesium in 16 species in
marine biota after the TEPCO's Fukushima Daiichi nuclear power plant accident. En-
viron. Sci. Technol. 47, 7696–7703.

Johansen, M.P., Ruedig, E., Tagami, K., Uchida, S., Higley, K., Beresford, N.A., 2015. Radio-
logical dose rates to marine fish from the Fukushima Daiichi accident: the first
three years across the North Pacific. Environ. Sci. Technol. 49, 1277–1285.

Kanda, J., 2013. Continuing 137Cs release to the sea from the Fukushima Dai-Ichi nuclear
power plant through 2012. Biogeosciences 10, 6107–6113.

Kawamura, H., Kobayashi, T., Furuno, A., In, T., Ishikawa, Y., Nakayama, T., et al., 2011. Pre-
liminary numerical experiments on oceanic dispersion of 131I and 137Cs discharged
into the ocean because of the Fukushima Daiichi nuclear power plant disaster.
J. Nucl. Sci. Technol. 48, 1349–1356.

Keum, D.-K., Jun, I., Kim, B.-H., Lim, K.-M., Choi, Y.-H., 2015. A dynamic model to estimate
the activity concentration and whole body dose rate of marine biota as consequences
of a nuclear accident. J. Environ. Radioact. 140, 84–94.

Kim, Y., Cho, S., Kang, H.-D., Kim, W., Lee, H.-R., Doh, S.-H., et al., 2016. Radiocesium reac-
tion with illite and organic matter in marine sediment. Mar. Pollut. Bull. 52, 659–665.

Kobayashi, T., Nagai, H., Chino, M., Kawamura, H., 2013. Source term estimation of atmo-
spheric release due to the Fukushima Dai-Ichi nuclear power plant accident by atmo-
spheric and oceanic dispersion simulations. J. Nucl. Sci. Technol. 50, 255–264.

Kryshev, A.I., Sazykina, T.G., Sanina, K.D., 2008. Modelling of effects due to chronic expo-
sure of a fish population to ionizing radiation. Radiat. Environ. Biophys. 47, 121–129.

Kryshev, I.I., Kryshev, A.I., Sazykina, T.G., 2012. Dynamics of radiation exposure to marine
biota in the area of the Fukushima NPP inMarch–May 2011. J. Environ. Radioact. 114,
157–161.

Kusakabe, M., Oikawa, S., Takata, H., Misonoo, J., 2013. Spatiotemporal distributions of
Fukushima-derived radionuclides in nearby marine surface sediments. Biogeosci-
ences 10, 5019–5030.

Lepicard, S., Raffestin, D., Rancillac, F., 1998. POSEIDON: a dispersion computer code for
assessing radiological impacts in a European sea water environment. Radiat. Prot.
Dosim. 75, 79–83.

Lepicard, S., Heling, R., Maderich, V., 2004. POSEIDON/RODOS models for radiological as-
sessment of marine environment after accidental releases: application to coastal
areas of the Baltic, Black and North Seas. J. Environ. Radioact. 72, 153–161.

Liu, Y., Li, B., Wang, O., 2009. Science and politics. European Molecular Biology Organiza-
tion Reports 10, 938–939.

Maderich, V., Bezhenar, R., Heling, R., de With, G., Jung, K.T., Myoung, J.G., et al., 2014. Re-
gional long-term model of radioactivity dispersion and fate in the Northwestern Pa-
cific and adjacent seas: application to the Fukushima Dai-ichi accident. J. Environ.
Radioact. 131, 4–18.

Masqué, P., 2015. Radionuclides in the Oceans: Tracers of Processes and Impacts. Univer-
sity of Tasmania, Hobart (Australia) 25 August 2015 (invited talk).

MEXT, 2011. Readings of Environmental Radioactivity Level (English Version). Ministry of
Education, Culture, Sports, Science and Technology of Japan Available from:. http://
www.mext.go.jp/english/incident/1303962.htm [Accessed 11 May 2016].

MEXT, 2013. Result of Waters Monitoring by the Ministry of Education, Culture, Sports,
Science and Technology. Ministry of Education, Culture, Sports, Science and Technol-
ogy Available from. http://radioactivity.nsr.go.jp/ja/list/238/list-1.html [Accessed 11
May 2016].

Min, B.I., Periáñez, R., Kim, I.G., Suh, K.S., 2013. Marine dispersion assessment of 137Cs re-
leased from the Fukushima nuclear accident. Mar. Pollut. Bull. 72, 22–33.

Mitchell, P.I., Downes, A.B., León-Vintró, L., McMahon, C.A., 2001. Studies of the speciation,
colloidal association and remobilisation of plutonium in the marine environment. In:
Kudo, A. (Ed.), Plutonium in the Environment. Elsevier Science, pp. 79–104.

Miyazawa, Y., Masumoto, Y., Varlamov, S.M., Miyama, T., Takigawa, M., Honda, M., et al.,
2013. Inverse estimation of source parameters of oceanic radioactivity dispersion
models associated with the Fukushima accident. Biogeosciences 10, 2349–2363.

Nagaoka, M., Yokoyama, H., Fujita, H., Nakano, M., Watanabe, H., Sumiya, S., 2015. Spatial
distribution of radionuclides in seabed sediments off Ibaraki coast after the
Fukushima Daiichi nuclear power plant accident. J. Radioanal. Nucl. Chem. Artic.
303, 1305–1308.

Ono, T., Ambe, D., Kaeriyama, H., Shigenobu, Y., Fujimoto, K., Kiyoshi, S., et al., 2015. Con-
centration of 134Cs + 137Cs bonded to the organic fraction of sediments offshore
Fukushima, Japan. Geochem. J. 49, 219–227.

Otosaka, S., Kato, Y., 2014. Radiocesium derived from the Fukushima Daiichi nuclear
power plant accident in seabed sediments: initial deposition and inventories. Envi-
ron. Sci.: Processes Impacts 16, 978–980.

Otosaka, S., Kobayashi, T., 2013. Sedimentation and remobilization of radiocesium in the
coastal area of Ibaraki, 70 km south of the Fukushima Dai-Ichi nuclear power plant.
Environ. Monit. Assess. 185, 5419–5433.

Periáñez, R., 2012. Modelling the environmental behaviour of pollutants in Algeciras Bay
(south Spain). Mar. Pollut. Bull. 54, 221–232.

Periáñez, R., Bezhenar, R., Byung-Il, M., Duffa, C., Jung, K., Kobayashi, T., et al., 2015. A new
comparison of marine dispersion model performances for Fukushima releases in the
frame of IAEA MODARIA program. J. Environ. Radioact. 150, 247–269.

Periañez, R., Bezhenar, R., Iosjpe, M., Maderich, V., Nies, H., Osvath, I., et al., 2015. A com-
parison of marine radionuclide dispersion models for the Baltic Sea in the frame of
IAEA MODARIA program. J. Environ. Radioact. 139, 66–77.

http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0115
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0115
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0120
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0120
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0125
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0125
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0125
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0125
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0130
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0130
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0130
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0135
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0135
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0135
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0135
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0135
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0135
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0140
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0140
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0140
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0145
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0145
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0150
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0150
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0155
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0155
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0155
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0155
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0160
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0160
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0160
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0160
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0165
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0165
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0170
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0170
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0170
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0175
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0175
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0180
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0180
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0180
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0185
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0185
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0190
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0190
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0190
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0195
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0195
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0195
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0200
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0200
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0205
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0205
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0210
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0210
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0210
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0215
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0215
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0215
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0220
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0220
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0220
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0225
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0225
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0225
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0225
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0230
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0230
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0235
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0235
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0240
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0240
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0240
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0240
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0240
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0240
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0245
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0245
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0245
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0245
http://www.nks.org/en/nks_reports/view_document.htm?id=111010213400466
http://www.nks.org/en/nks_reports/view_document.htm?id=111010213400466
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0255
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0255
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0255
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0255
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0260
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0260
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0260
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0265
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0265
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0265
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0270
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0270
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0270
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0275
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0275
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0275
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0280
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0280
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0280
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0280
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0280
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0280
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0285
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0285
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0285
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0290
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0290
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0295
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0295
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0295
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0300
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0300
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0305
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0305
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0305
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0310
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0310
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0310
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0315
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0315
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0315
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0320
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0320
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0320
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0325
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0325
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0330
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0330
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0330
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0330
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0335
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0335
http://www.mext.go.jp/english/incident/1303962.htm
http://www.mext.go.jp/english/incident/1303962.htm
http://radioactivity.nsr.go.jp/ja/list/238/list-1.html
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0350
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0350
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0350
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0355
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0355
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0355
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0360
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0360
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0365
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0365
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0365
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0365
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0370
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0370
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0370
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0370
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0370
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0375
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0375
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0375
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0380
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0380
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0380
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0385
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0385
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0390
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0390
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0390
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0395
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0395
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0395


92 J. Vives i Batlle et al. / Science of the Total Environment 618 (2018) 80–92
Periáñez, R., Bezhenar, R., Brovchenko, I., Duffa, C., Iosjpe,M., Jung, K.T., et al., 2016.Modelling of
marine radionuclide dispersion in IAEA☆MODARIA program: lessons learnt from the Bal-
tic Sea and Fukushima scenarios. Sci. Total Environ. 569–570, 594–602.

PMJHC, 2011. Report of Japanese Government to the IAEA Ministerial Conference on Nu-
clear Safety. The accident at TEPCO's Fukushima Nuclear Power Stations. Prime Min-
ister of Japan and His Cabinet. Nuclear Emergency Response Headquarters,
Government of Japan June 2011, 387 pp.

Povinec, P.P., Hirose, K., Aoyama, M., 2012. Radiostrontium in the Western North Pacific:
characteristics, behavior and the Fukushima impact. Environ. Sci. Technol. 46,
10356–10363.

Povinec, P.P., Hiroshe, K., Aoyama, M., 2013. Fukushima Accident: Radioactivity Impact on
the Environment. Elsevier 400 pp.

Psaltaki, M., Brown, J.E., Howard, TRS Cs]–>B.J.T.R.S. Cs, 2013. CRwo-water values for the
marine environment: analysis, applications and comparisons. J. Environ. Radioact.
126, 367–375.

Raskob, W., Trybushnyi, D., Ievdin, I., Zheleznyak, M., 2011. JRODOS: platform for im-
proved long term countermeasures modelling and management. Radioprotection
46 (Radioprotection).

Rossi, V., Van Sebille, E., Sen Gupta, A., Garçon, V., England, M.H., 2014. Corrigendum to
“Multi-decadal projections of surface and interior pathways of the Fukushima
cesium-137 radioactive plume” [Deep-Sea Research I 80 (2013) 37–46]. Deep Sea Re-
search I: Oceanographic Research Papers 93, 162–164.

Rypina, I., Jayne, S.R., Yoshida, S., Macdonald, A.M., Douglass, E.M., Buesseler, K., 2013.
Short-term dispersal of Fukushima-derived radionuclides off Japan: modeling efforts
and model-data intercomparison. Biogeosciences 10, 4973–4990.

Rypina, I.I., Jayne, S.R., Yoshida, S., MacDonald, A.M., Buesseler, K., 2014. Drifter-based es-
timate of the 5 year dispersal of Fukushima-derived radionuclides. J. Geophys. Res.
119, 8177–8193.

Sanial, V., Buesseler, K., Charette, M., Castrillejo, M., Henderson, P., Juan Diaz, X., et al.,
2016. What are the main sources of Fukushima-derived radionuclides to the ocean
off Japan five years later? Proc. GOLDSCHMIDT Conference, 26 June–1 July 2016, Yo-
kohama, Japan (Research Abstract 2726)

Sanial, V., Buesseler, K.O., Charette, M.A., Nagao, S., 2017. Unexpected source of
Fukushima derived radiocesium to the coastal ocean of Japan. Proceedings of the Na-
tional Academy of Sciences of the USA 114, 11092–11096.

Simmonds, J.R., Bexon, A.P., Lepicard, S., Jones, A.L., Harvey, M.P., Sihra, K., et al., 2004. Up-
date of the MARINA Project on the Radiological Exposure of the European Communi-
ty from Radioactivity in North European Marine Waters. Annex D: Radiological
Impact on EU Member States of Radioactivity in North European Waters. European
Commission Report. 190 pp. .

Sohtome, T., Wada, T., Mizuno, T., Nemoto, Y., Igarashi, S., Nishimune, A., et al., 2014. Ra-
diological impact of TEPCO's Fukushima Dai-Ichi nuclear power plant accident on in-
vertebrates in the coastal benthic food web. J. Environ. Radioact. 138, 106–115.

Steinhauser, G., Brandl, A., Johnson, T.E., 2014. Comparison of the Chernobyl and
Fukushima nuclear accidents: a review of the environmental impacts. Sci. Total Envi-
ron. 470, 800–817.

Stohl, A., Seibert, P., Wotawa, G., Arnold, D., Burkhart, J.F., Eckhardt, S., et al., 2011. Xenon-
133 and caesium-137 releases into the atmosphere from the Fukushima Daiichi nu-
clear power plant: determination of the source term, atmospheric dispersion, and de-
position. Atmospheric Chemistry and Physics Discussions 11, 28319–28394.

Strand, P., Aono, T., Brown, J., Garnier-Laplace, J., Hosseini, A., Sazykina, T., et al., 2014. First
international assessment of Fukushima-derived radiation doses and effects on wild-
life in Japan. Environmental Science & Technology Viewpoint 2014, 198–−203.

Tagami, K., Uchida, S., 2013. Marine and freshwater concentration ratios (CRwo-water):
review of Japanese data. J. Environ. Radioact. 126, 420–426.

Tanaka, K., Shimada, A., Hoshi, A., Yasuda, M., Ozawa, M., Kameo, Y., 2014. Radiochemical
analysis of rubble and trees collected from Fukushima Daiichi nuclear power station.
J. Nucl. Sci. Technol. 51, 1032–1043.

Tateda, Y., Tsumune, D., Tsubono, T., 2013. Simulation of radioactive cesium transfer in the
southern Fukushima coastal biota using a dynamic food chain transfer model.
J. Environ. Radioact. 124, 1–12.

Tateda, Y., Tsumne, D., Tsubono, T., Aono, T., Kanda, J., Ishimaru, T., 2015. Radiocesium
biokinetics I olive flounder inhabiting the Fukushima accident-affected Pacific coastal
waters of eastern Japan. J. Environ. Radioact. 147, 130–141.

Tateda, Y., Tsumune, D., Tsubono, T., Misumi, K., Yamada, M., Kanda, J., et al., 2016. Status
of 137Cs contamination in marine biota along the pacific coast of eastern Japan from a
dynamic biological model two years simulation following the Fukushima accident.
J. Environ. Radioact. 151, 495–501.

Tateda, Y., Tsumune, D., Misumi, K., Aono, T., Kanda, J., 2017. Biokinetics of radiocesium
depuration in marine fish inhabiting the vicinity of the Fukushima Dai-ichi Nuclear
Power Plant. J. Environ. Radioact. 166, 67–73.

TEPCO. Tokyo Electric Power Company, 2011. Detection of Radioactive Materials From
Seawater Near Fukushima Dai-ichi Nuclear Power Station, With Attachments. Press
Releases N 1-47, 21.03-09.05.2011. Available from: www.tepco.co.jp/en/press/corp-
com/release/ [Accessed 15 July 2016].

Thomann, R.V., 1981. Equilibrium model of fate of microcontaminants in diverse aquatic
food chains. Can. J. Fish. Aquat. Sci. 38, 280–296.

Thornton, B., Ohnishi, S., Ura, T., Odano, N., Sasaki, S., Fujita, T., et al., 2013. Distribution of
local 137Cs anomalies on the seafloor near the Fukushima Dai-Ichi nuclear power
plant. Mar. Pollut. Bull. 74, 344–350.

Tsubono, T., Misumi, K., Tsumune, D., Bryan, F.O., Hirose, K., Aoyama, M., 2016. Evaluation
of radioactive cesium impact from atmospheric deposition and direct release fluxes
into the North Pacific from the Fukushima Daiichi nuclear power plant. Deep-Sea
Res. 115, 10–21.

Tsumune, D., Tsubono, T., Aoyama, M., Hirose, K., 2012. Distribution of oceanic 137Cs from
the Fukushima Dai-ichi Nuclear Power Plant simulated numerically by a regional
ocean model. J. Environ. Radioact. 111, 100–108.

Tsumune, D., Tsubono, T., Aoyama, M., Uematsu, M., Misumi, K., Maeda, Y., et al., 2013.
One-year, regional-scale simulation of 137Cs radioactivity in the ocean following the
Fukushima Daiichi nuclear power plant accident. Biogeosciences 10, 5601–5617.

UNSCEAR, 2014. Sources, Effects and Risk of Ionizing Radiation. Volume I: Report to the
General Assembly, Scientific Annex A: Levels and Effects of Radiation Exposure to
the Nuclear Accident After the 2011 Great East-Japan Earthquake and Tsunami. Unit-
ed Nations Scientific Committee on the Effects of Atomic Radiation, Report to the
68th Session of the United Nations General Assembly A/68/46, Vienna 2 April 2014,
311 pp.

Vandenhove, H., Garnier-Laplace, J., Real, A., Muikku, M., Lecomte-Pradines, C., Søvik, Å., et
al., 2016. The European radioecology alliance: encouraging the coordination and inte-
gration of research activities in radioecology. Proc. IRPA 2016, May 9th–13th 2016,
Cape Town (Platform Presentation and Paper).

Vives Batlle, J., 2016. Impact of the Fukushima accident on marine biota, five years later.
Integr. Environ. Assess. Manag. 12, 654–658.

Vives Batlle, J., Wilson, R.C., Watts, S.J., Jones, S.R., McDonald, P., Vives-Lynch, S., 2008. Dy-
namic model for the assessment of radiological exposure to marine biota. J. Environ.
Radioact. 99, 1711–1730.

Vives i Batlle, J., 2011. Impact of nuclear accidents onmarine biota. Integr. Environ. Assess.
Manag. 7, 365–367.

Vives i Batlle, J., 2012. Dual age class population model to assess radiation dose effects to
non-human biota populations. Radiat. Environ. Biophys. 51, 225–243.

Vives i Batlle, J., 2014. Dynamic modelling of radionuclide uptake by Fukushima coastal
biota: application to Fukushima assessment. Extended abstract O-086. Proc. Interna-
tional Conference on Radioecology & Environmental Radioactivity, 7–12 September
2014, Barcelona, Catalonia.

Vives i Batlle, J., 2015. Exposures and effects in the marine environment after the
Fukushima accident. Ann. ICRP 44, 331–346.

Vives i Batlle, J., 2016. Dynamic modelling of radionuclide uptake by marine biota: appli-
cation to the Fukushima nuclear power plant accident. J. Environ. Radioact. 151,
502–511.

Vives i Batlle, J., 2017. Modelling the long-term impact of the Fukushima accident on ma-
rine biota. Proc. 4th International Conference on Radioecology and Environmental
Radioactivity (ICRER), Berlin, Germany, 3–8 September 2017.

Vives i Batlle, J., Vandenhove, H., 2014. Dynamic modelling of the radiological impact of
the Fukushima accident on marine biota. Annalen van de Belgische Vereniging voor
Stralingsbescherming 38 (3), 299–312.

Vives i Batlle, J., Wilson, R.C., McDonald, P., Parker, T.G., 2005. Uptake and depuration of
131I by the edible winkle Littorina littorea: uptake from seawater. J. Environ. Radioact.
78, 51–67.

Vives i Batlle, J., Wilson, R.C., McDonald, P., 2007. Allometric methodology for the calcula-
tion of biokinetic parameters for marine biota. Sci. Total Environ. 388, 256–269.

Vives i Batlle, J., Bryan, S., McDonald, P., 2008. A process-based model for the partitioning
of soluble, particulate and sediment fractions of plutonium and radiocaesium in the
Eastern Irish Sea near Sellafield. J. Environ. Radioact. 99, 1464–1473.

Vives i Batlle, J., Wilson, R.C., Watts, S.J., McDonald, P., Jones, S.R., Vives-Lynch, S.M., et al.,
2009. Approach to the assessment of risk from chronic radiation to populations of
European lobster, Homarus gammarus (L.). Radiat. Environ. Biophys. 49, 67–85.

Vives i Batlle, J., Aono, T., Brown, J.E., Hosseini, A., Garnier-Laplace, J., Sazykina, T., et al.,
2014. The impact of the Fukushima nuclear accident on marine biota: retrospective
assessment of the first year and perspectives. Sci. Total Environ. 487, 143–153.

Vives i Batlle, J., Beresford, N.A., Beaugelin-Seiller, K., Bezhenar, R., Brown, J., Cheng, J.J., et
al., 2016. Inter-comparison of dynamic models for radionuclide transfer to marine
biota in a Fukushima accident scenario. J. Environ. Radioact. 153, 31–50.

Wada, T., Nemoto, Y., Shimamura, S., Tsuneo, Fujitab, Takuji, Mizunob, Sohtome, T., et al.,
2013. Effects of the nuclear disaster on marine products in Fukushima. J. Environ.
Radioact. 124.

Wada, T., Fujita, T., Nemoto, Y., Shimamura, S., Mizuno, T., Sohtome, T., et al., 2016. Effects
of the nuclear disaster on marine products in Fukushima: an update after five years.
J. Environ. Radioact. 164, 312–324.

Wang, C., Baumann, Z., Madigan, D.J., Fisher, N.S., 2016. Contaminated marine sediments
as a source of cesium radioisotopes for benthic fauna near Fukushima. Environ. Sci.
Technol. 50, 10448–10455.

Wilson, R.C., Vives i Batlle, J., McDonald, P., Parker, T.G., 2005. Uptake and depuration of
131I by the edible periwinkle Littorina littorea: uptake from labelled seaweed
(Chondrus crispus). J. Environ. Radioact. 80, 259–271.

Wilson, R.C., Vives i Batlle, J., Watts, S.J., McDonald, P., Jones, S.R., Vives-Lynch, S.M., et al.,
2010. Approach to the assessment of risk from chronic radiation to populations of
phytoplankton and zooplankton. Radiat. Environ. Biophys. 49, 87–95.

Woodhead, D.S., 2003. A possible approach for the assessment of radiation effects on pop-
ulations of wild organisms in radionuclide-contaminated environments? J. Environ.
Radioact. 66, 181–213.

Zheng, J., Tagami, K., Uchida, S., 2013. Release of plutonium isotopes from the Fukushima
Daiichi Nuclear Power Plant accident: what is known and what needs to be known.
Environ. Sci. Technol. 47, 9584–9595.

http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0400
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0400
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0400
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0405
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0405
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0405
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0405
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0410
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0410
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0410
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0415
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0415
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0420
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0420
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0420
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0420
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0425
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0425
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0425
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0430
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0430
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0430
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0430
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0435
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0435
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0440
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0440
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0440
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0445
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0445
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0445
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0450
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0450
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0450
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0455
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0455
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0455
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0455
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0455
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0460
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0460
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0460
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0465
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0465
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0465
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0470
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0470
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0470
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0470
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0475
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0475
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0475
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0475
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0475
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0480
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0480
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0485
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0485
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0485
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0490
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0490
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0490
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0495
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0495
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0495
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0500
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0500
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0500
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0500
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0500
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0505
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0505
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0505
http://www.tepco.co.jp/en/press/corp-com/release/
http://www.tepco.co.jp/en/press/corp-com/release/
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0515
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0515
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0520
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0520
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0520
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0520
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0525
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0525
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0525
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0525
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0530
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0530
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0530
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0530
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0535
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0535
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0535
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0540
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0540
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0540
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0540
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0540
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0540
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0545
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0545
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0545
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0550
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0550
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0555
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0555
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0555
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0560
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0560
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0565
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0565
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0570
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0570
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0570
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0570
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0575
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0575
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0580
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0580
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0580
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0585
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0585
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0585
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0590
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0590
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0590
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0595
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0595
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0595
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0595
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0600
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0600
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0605
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0605
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0605
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0610
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0610
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0615
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0615
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0620
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0620
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0625
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0625
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0630
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0630
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0630
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0635
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0635
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0635
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0640
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0640
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0640
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0640
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0645
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0645
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0650
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0650
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0650
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0655
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0655
http://refhub.elsevier.com/S0048-9697(17)33074-7/rf0655

	Marine radioecology after the Fukushima Dai-�ichi nuclear accident: Are we better positioned to understand the impact of ra...
	1. Introduction
	1.1. State of knowledge on the impact of the FDNPP accident on the marine environment

	2. Methodology
	3. Results
	3.1. Biological transfer modelling
	3.2. Field investigations

	4. Discussion on the impact of our results and the future of radioecology
	4.1. How have the challenges of marine radioecology been addressed?
	4.2. What scientific questions have been answered and what questions remain?
	4.3. International dimension of the research performed
	4.4. Are we well prepared in case of an accidental release in European marine waters?
	4.5. Advice on research prioritisation
	4.6. Developing a strategy for marine radioecology
	4.7. Need for further radioecology funding

	5. Future directions in marine radioecology
	6. Conclusions
	section17
	Acknowledgements
	References


