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Introduction	9 

 10 

A common means of quantifying the transfer of radionuclides to human foodstuffs and wildlife in 11 

ecosystems is through the application of concentration ratios (also referred to as concentration factors 12 

or bioaccumulation factors). When considering wildlife assessment the concentration ratio (CRwo-media) 13 

relates the activity concentrations in an organism’s habitat (water in the case of aquatic animals), to the 14 

activity concentration in the organism using the simple formula: 15 

 16 
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Where:  18 

 ijCR , = Concentration ratio for organism j and radionuclide i (dimensionless or l kg-1);    19 

ijC ,    = Activity concentration of radionuclide i in the whole organism j (Bq kg-1, fresh mass);  20 

 
aq
iC    

 = Activity concentration of radionuclide i in aqueous phase (Bq l-1 or Bq kg-1) - normally 21 

filtered water; 22 

 23 

Despite certain limitations (Brown et al., 2004; Vives et al., 2008), the CR model constitutes a simple 24 

practicable approach that covers a far greater range of radionuclides than any other currently available 25 

method for determining transfer. Over the last decades, great effort has been expended on the 26 

establishment of CR compendia for wildlife. For the marine environment, this is best exemplified by 27 

the work of the IAEA (IAEA, 2004; IAEA, 2014) and work conducted in connection with the ERICA 28 

Tool for environmental impact assessment for radioactivity (Hosseini et al., 2008). An international 29 

effort has focused on bringing much of the previous work on environmental transfer (for terrestrial and 30 

aquatic ecosystems) together culminating in the provision of the ‘Wildlife transfer database’ 31 

(Copplestone et al., 2013). The Wildlife transfer database (WTD) has subsequently been used to help 32 

prepare the IAEA’s wildlife transfer handbook (Howard et al., 2013; IAEA, 2014), ICRP Publication-33 
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114 (ICRP, 2009) and updating the ERICA Tool (Brown et al., 2016). The WTD provides an online, 34 

searchable compilation of CRwo-media values based on empirical data predominantly from 35 

determinations made under field conditions. The database provides a highly valuable resource with 36 

which to explore trends in datasets providing the basis for statistical analyses (e.g. Beresford et al., 37 

2013; Wood et al., 2013). The WTD and the IAEA and ICRP compilations summarise data across all 38 

isotopes for a given element (i.e. for Cs the summary values will be based on a mixture of 137Cs, 134Cs 39 

and stable Cs values). The suitability of using stable Cs CR values as proxies for radiocaesium is 40 

evaluated in our analyses below.   41 

 42 

Given the large number of organism-radionuclide combinations that may require assessment, it is 43 

perhaps not surprising that for many there are no data. In these circumstances, various ‘extrapolation’ 44 

approaches have been suggested to derive suitable values (e.g. Copplestone et al., 2003; Beresford et 45 

al., 2008; Brown et al., 2013). One of the key issues that currently confronts assessors working with 46 

environmental radioactivity is whether commonly applied ‘extrapolation’ approaches are suitable and 47 

appropriate. Furthermore, the International Commission on Radiological Protection (ICRP, 2008), 48 

recommends the use of Reference Animals and Plants, RAPs, to provide the basis for conducting an 49 

assessment through the provision of default models and datasets. However, the ICRP also recognizes 50 

that for site-specific assessments, ‘representative organisms’, i.e. defined (regulatory or otherwise) 51 

objects of protection, may be of particular interest (ICRP, 2009). This raises the question as to how 52 

information for RAPs (i.e. ICRP, 2009) or broad wildlife groups (e.g. IAEA 2014) might be 53 

extrapolated to representative organisms.  Furthermore, the CR data for RAPs themselves (ICRP, 54 

2009) are often ill defined (due to a lack of specific data) with recourse often having been made to the 55 

datasets for more generalized taxonomic groupings. A more analytical means of exploring the validity 56 

of this approach by looking at relationships between CRs for various taxa would clearly be 57 

advantageous. One potentially useful approach is based upon the hypothesis that some form of 58 

underlying taxonomic and/or phylogentic relationship exists in relation to ecological transfer of 59 

radionuclides (Beresford et al., 2013). 60 

 61 
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Research exploring whether elemental or radionuclide bioaccumulation characteristics differ between 62 

plant and animal taxa, and whether the degree of difference increases with their period of evolutionary 63 

divergence, has been published though predominantly for terrestrial plants. For example, soil-to-plant 64 

transfer of elements, that have radioisotopes of radiological interest have been analysed for underlying 65 

phylogenetic influences by Willey and co-workers.  The authors have shown that relationships 66 

between elemental transfer and plant evolutionary history appear to exist for flowering and non-67 

flowering plants for Cs (Broadley et al., 1999; Willey et al., 2005, Beresford and Willey submitted), Sr 68 

(Willey and Fawcett, 2005a), Ru (Willey and Fawcett, 2006), Cl (Willey and Fawcett, 2005b), Co 69 

(Willey and Wilkins, 2008), U (Willey, 2010) and I (Siasou and Willey, 2015). Willey (2010) 70 

suggested that such phylogenetic relationships may present a potential approach to enable predictions 71 

of radionuclide transfer for taxonomic groups for which there are data gaps. Turning to the marine 72 

environment, Jeffree et al. (2010; 2013) showed that the transfer of a number of radionuclides to 73 

marine teleost and chondrichthyan fishes and the amphioxus (fish-like chordate) species 74 

Branchiostoma lanceolatumis is influenced by phylogeny. However, the work of Jeffree et al. was 75 

based upon the results of laboratory studies looking at uptake directly from the water column. Whilst 76 

this usefully removes the influences of many confounding factors, food chain transfer was excluded 77 

and it is therefore not directly applicable to environmental conditions. Most recently, Beresford et al. 78 

(2013; 2016) applied the methodology of Willey et al. to explore underlying relationships between 79 

transfer and phylogeny for freshwater fish. Although it was possible to demonstrate differences in Cs 80 

transfer to freshwater fish based upon taxonomic groupings, it was not possible to establish a 81 

definitive phylogenetic relationship for the Cs transfer to different freshwater species (because of the 82 

large number of species and lack of data for most of these).  Nonetheless, using model derived from 83 

the outputs from Residual Maximum Likelihood (REML) analysis, the authors accurately predicted 84 

137Cs activity concentrations in different species of fish from 27 Finnish and three UK lakes. In effect, 85 

the REML model derived by Beresford et al. (2013) removed the effect of site, which is a large 86 

contributor to the high degree of observed variability in the available CRwo-media datasets. A similar 87 

REML or taxonomic approach has recently been successfully applied to Pb and terrestrial wildlife 88 

(Beresford and Willey submitted). 89 
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 90 

Phylogenetic analyses using genomic data can reveal relationships between transfer and phylogeny 91 

and therefore allow detection of taxonomic patterns for pollution response (Carew et al., 2011; Keck et 92 

al., 2016), assuming there is a relationship between response and phylogeny. This approach does 93 

however require an understanding of the phylogenetic relationships between species, and simple but 94 

practical tools for measuring these relationships. Genomic data like DNA barcoding has been a huge 95 

benefit in identifying biomarkers for use in risk management, monitoring and protection of the 96 

environment (Carew et al., 2013; Larras et al., 2014;). The mitochondrial Cytochrome c Oxidase I 97 

(COI), referred to as a barcode sequence, is widely used as a core for genomic identification of taxa. 98 

Its popularity stems from its robustness across almost all animal and phytoplankton phyla, and its 99 

substantial divergence between species compared to low variation within species, making it an optimal 100 

tool for taxa delimitation (Hebert et al., 2003). The COI sequence been used to successfully identify 101 

species across a multitude of phyla (Hebert et al., 2003; Valentini et al., 2009; Freshwater et al., 2010; 102 

Bucklin et al., 2011) and in exploring phylogenetic patterns in sensitivity to contaminants (Carew et 103 

al., 2011; Guenard et al., 2011; Hammond et al., 2014).  104 

 105 

The objective of the study described here was to explore whether taxonomic classifications could be 106 

used to characterise variation in the transfer of radiocaesium to a wide range of marine organisms 107 

using Residual Maximum Likelihood (REML) mixed-model regression (Willey, 2010).  A further 108 

objective was to establish whether there were any phylogenetic patterns evident in the REML 109 

statistical model output and whether the model presents a useful predictive tool and scientifically 110 

based extrapolation approach. 111 

112 
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 113 

1. Methodology 114 

 115 

1.1 Categorisation 116 

 117 

Data on caesium CRs were extracted from the Wildlife Transfer Database (WTD) (Copplestone et al., 118 

2013) for all the marine species included in the database. The dataset was first accessed in April 2013 119 

and the extracted data essentially correspond to those data used in compilations of CRwo-media values 120 

made at around that time (i.e. as described by Brown et al. 2016); this remains the current top copy 121 

version of the WTD. Species were classified taxonomically using various online resources, primarily 122 

the World Register of Marine Species (WoRMs; 123 

http://www.marinespecies.org/aphia.php?p=taxdetails&id=106264,). Note; all CR values used were 124 

expressed on a fresh mass basis. 125 

 126 

Species were classified in relation to taxonomic family, order, class and phylum. Each data entry was 127 

also classified in terms of the location within which the sample was taken (i.e. a ‘site’ was designated). 128 

This procedure was somewhat arbitrary because it largely reflected the way in which sampling 129 

locations were reported in the original publications. Nonetheless, some effort was made to systematise 130 

this on the basis of approximately commensurable spatial units. So, for example, site codes such as the 131 

Greenland Sea, Barents Sea and Kara Sea were used. As will be explored in more detail below when 132 

the application of the REML model is described, the ‘site’ can be considered not only to encompass 133 

the notion of a geographical position but also aspects pertaining to methodologies employed within the 134 

study and/or study conditions.  135 

 136 

For each study site there is a requirement when using the REML analysis, for instance at the family 137 

level, that data are available for more than one family and that at least one of these families must occur 138 

at another site. If the analysis is run for categories other than family then this requirement changes to 139 
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be applicable to those specific taxonomic levels. The data included varies with taxa, for instance, data 140 

may only be reported at the order level or a site may have multiple families all belonging to the same 141 

order. Excluding data that did not meet the above-mentioned criteria left a total of 592 data (i.e. CR 142 

value) entries for the family level. There was no requirement to exclude data for higher levels of 143 

biological organization and a total of 600 data entries for order, class and phylum were available for 144 

analyses. Seventeen ‘sites’ were categorized for the analysis at the family level and 18 sites for the 145 

higher levels of biological classification. Supplementary data (Table S1) summarises the data available 146 

and the analyses applied. 147 

 148 

It should be noted that the analyses presented in this paper are based on data from the WTD which 149 

does not represent a taxonomic or phylogenetically balanced data set. 150 

 151 

1.2 Data regeneration 152 

 153 

As discussed elsewhere (Wood et al., 2013), there are problems associated with the derivation of 154 

representative data from datasets such as the WTD and also in conducting statistical analyses on those 155 

data. For example, mean values and numbers of samples may be presented without a standard 156 

deviation in the WTD (as this information was not present in the source publication).  Wood et al. 157 

(2013) present a way of reconstructing datasets from summarised values, thus allowing an alternative 158 

means of characterizing the underlying variability and better enabling statistical evaluation of the data 159 

Wood et al. produced a spreadsheet (available from https://wiki.ceh.ac.uk/x/PgC6Cw) to enable data 160 

regeneration and this has been used in this study. 161 

 162 

A total of 3072 values for the family level and 3080 for order, class and phylum were available for 163 

analyses subsequent to processing the data using the approach of Wood et al. (2013) (i.e. of the 592 164 

data entries available at the family level some were means of multiple samples etc.). 165 

 166 

1.3 Residual Maximum Likelihood Mixed (REML) model 167 
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 168 

In this analysis, we are attempting to determine whether taxonomic classification has any influence on 169 

Cs transfer to marine organisms, characterised by concentration ratios. Although we have a 170 

comprehensive dataset, which includes multiple species and covers a wide range of evolutionary 171 

divergence, we are faced with a problem that many samples were taken at different times at different 172 

locations within different studies. These latter factors clearly have the potential to introduce variance 173 

in the dataset thus making the fitting of correlations problematic.  174 

 175 

To get around this we apply a mixed model that includes both fixed and random effects.  176 

 177 

We assign the effects of site, (which incorporates variability introduced by time of study, scientific 178 

team performing study etc.) to random effects and the effect of taxonomic classification to fixed 179 

effects (which accounts for remaining variability). The fixed effects parameters tell how population 180 

means differ between taxonomic groups, while the random effect parameters represent the general 181 

variability within the taxonomic groups (attributable to their sampling under different conditions etc.).  182 

 183 

The model is set up by assigning fixed effects to the taxonomic classification and random effects to 184 

the site. The hypothesis we are testing is that the variance for a given taxonomic group (e.g. family, 185 

order etc.) over all sites (including study conditions) can be modelled as a random component in a 186 

model. In this way, we can reveal what we hypothesise to be differences between taxonomic groups 187 

under any specified set of environmental conditions.  188 

 189 

IBM SPSS Statistics Version 22 has been used in the analysis. This statistical program allows for 190 

nominal datasets, i.e. taxonomical classification and site name in our analyses. The ‘linear Mixed 191 

Model’ analysis option was selected in SPSS allowing a REML procedure to be applied to the dataset.  192 

 193 

The performance of the models was evaluated through comparisons of various model information 194 

criteria (Akaike's Information Criterion; Hurvich and Tsai's Criterion)) for cases where the full REML 195 
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model (i.e. using fixed and random components) was applied against those where only fixed 196 

components of the model were specified (i.e. random components were excluded). These model 197 

information criteria were used to determine if the application of the REML model with site as a 198 

random factor improved efficacy compared to models where the effect of ‘site’ was ignored. The 199 

analysis was run for both the original dataset as extracted from the WTD and also for the regenerated 200 

dataset using the spreadsheet described in Wood et al. (2013). 201 

 202 

1.4 Data used to blind test predictions 203 

 204 

Once predictions of relative mean values have been made using the REML analyses it is of importance 205 

to establish the efficacy of the procedure (as was successfully conducted for the freshwater model 206 

(Beresford et al., 2013; 2016)). An attempt at doing this has involved the comparison of the 207 

predictions made using REML means with blind datasets that include some of the taxa for which 208 

predictions have been made. Note the outputs of the REML model can be applied to either fresh mass 209 

activity concentrations or CR values as the output gives relative values for the different taxa.  Three 210 

datasets were identified for the purpose of testing model predictions against empirical data these 211 

being: 212 

 213 

(i) A dataset providing fresh mass activity concentrations of 137Cs in fish and seafood sampled 214 

from Norwegian coastal waters for the period 1991 to 2011 (Heldal et al., 2015) combined 215 

with data from a recent annual monitoring report (Skjerdal et al., 2015) for some of the 216 

same sea areas. Data were selected for an area covering the Barents Sea, the area around 217 

Svalbard and the coast of Finnmark and Troms (this roughly corresponding to the scale of 218 

the site units used in setting up the REML model). Data from the period 2007 to 2012 219 

inclusive were used, assuming that temporal activity concentration fluctuations (e.g. 220 

owing to, among other factors, the ongoing decline of inputs of radiocaesium to the 221 

marine environment from sources such as BNFL Sellafield) would be insubstantial over 222 
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this time period – an assumption which appears to be reasonably well supported by 223 

observation of these data. 224 

(ii) An unpublished dataset included in the WTD by the National Institute for Radiation Safety 225 

(NIRS) Japan reporting a range of stable elements in species of macroalgae, crustaceans 226 

and molluscs collected from Japanese estuaries that were not used to establish the REML 227 

model. An earlier version of the sampling program is described by Takata et al. (2010). 228 

Though these data were reported to be from estuaries (and hence not used in the model 229 

fitting).. However, concomitant water salinity values (c. 25-35 ‰) were specified that 230 

were similar to marine waters. 231 

(iii) A dataset covering various species sampled in the Irish Sea in 2014 (Sellafield Ltd., 2015) 232 

 233 

To circumvent any problems that may have been introduced by assumptions regarding the normality 234 

of the dataset, all data were transformed by taking their natural logarithm. There was justification for 235 

doing this based on the observation that the underlying datasets in the WTD tend to be log-normally 236 

distributed (Wood et al., 2013). A Grubbs outlier test was performed on the datasets. Running through 237 

this test led to the identification of a value on the data from NIRS that did not appear credible, this 238 

being for a Gastropod of the family Buccinidae. This single data point was removed before subsequent 239 

analyses. 240 

 241 

1.5  Relationship between predicted and empirical data 242 

Predictions based on the REML statistical model output were generated by selecting one of the 243 

taxonomic groups from the blind dataset and deriving the ratios of the REML-adjusted means for all 244 

other groups sampled in the dataset to the selected taxonomic group. The 137Cs (activity concentration 245 

or CRs) values were then predicted for all taxonomic groups by multiplying these ratios by the activity 246 

concentration (or CRs) for the selected taxonomic group as reported in the blind dataset. For example, 247 

using the Barents Sea-Norwegian data (as described in (i) above), the family Gadidae was selected 248 

because the number of associated data points was relatively high. Ratios were then generated by 249 
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dividing the REML-adjusted means for any given family in the data set by the REML-adjusted mean 250 

value for Gadidae. These ratios were then multiplied by the activity concentration value for Gadidae 251 

reported in the Barents Sea-Norwegian data to allow prediction for all families that had been sampled. 252 

Predictions for the selected taxonomic group, in this example - the family Gadiadae, were not 253 

included in any comparative analyses. SPSS was used to determine whether the degrees of correlation 254 

between predicted and empirical data were statistically significant. 255 

 256 

Twelve comparisons between model predication and empirical data have been performed, Thus, there 257 

is an increased probability that a significant correlation occurs simply by chance. The Bonferroni 258 

correction has been applied to compensate for this by selecting the desired significance level, α, 259 

selected as 0.01 for this study in line with convention, and dividing by ‘n’ the number of 260 

hypotheses/tests (i.e. a de facto α of 0.00085 was applied). 261 

 262 

1.6  Phylogenetic analyses 263 

 264 

We downloaded barcode (mtCOI) sequences for all available marine species included in the REML 265 

analysis from the National Centre for Biotechnology Information’s Genbank database 266 

(http://www.ncbi.nlm.nih.gov/genbank/; last accessed 31/06/2015). Phylogenetic trees were 267 

constructed with mitochondrial COI gene sequences from fish, mammals, birds, molluscs, macroalgae 268 

and arthropod species. We hypothesised that by mapping the REML residual means of species onto 269 

these phylogenetic trees, the existence of any patterns would be revealed.  270 

Gene sequences were aligned using ClustalW in MEGA 6.0 (Tamura et al., 2013), and then visually 271 

checked for errors. Phylogenetic trees were constructed using two methodologies frequently applied in 272 

combination in phylogenetic studies (Hall, 2011). The first method was Bayesian Inference (BI), 273 

which uses Monte Carlo Markov Chain (MCMC) methodology to run numerous simulations, 274 

searching for the best set of trees, outputting the trees with the highest probability. For Bayesian 275 

analysis, we used the program MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003). Two runs were 276 
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performed simultaneously, each with four Markov chains, which ran for one million steps 277 

(“generations”). The first 250,000 generations were discarded from analysis as ‘burnin’ (values of 278 

most parameters change a lot during initial ‘burnin’ period, before they settle near their most probable 279 

values), and every 1000th tree produced from the analyses was sampled to calculate 50% majority-rule 280 

consensus tree (the most likely tree), with posterior probabilities for nodes. The second method was 281 

Maximum Parsimony (MP) analyses, performed in MEGA 6.0 (Tamura et al., 2013), using the Tree-282 

Bisection algorithm. Maximum parsimony is based on the assumption that the most likely tree is the 283 

one that requires the least amount of changes to explain the data (sequences). This analyses operates 284 

by selecting the tree or trees that minimise the number of evolutionary steps. The evaluation of nodal 285 

support in the MP analyses method is based on 1000 non-parametric bootstrap replicates. Combined, 286 

Bayesian and MP analyses give us two values of nodal (tree branching) support; posterior probability 287 

(PP) and bootstrap (BS), allowing us to assess the reliability of the output tree. Phylogenetic analyses 288 

requires the user to specify a model of evolution that aims to account for the various aspects of ways 289 

we think nucleotide substitutions occur during gene evolution. There are numerous types of models of 290 

evolution (substitution models), and can be was identified for each dataset (species to phylum level 291 

sequences) using the Akaike Information Criterion implemented in jModelTest 2.0 (Posada, 2008). In 292 

addition to describing the rate of change from one nucleotide to another, models can include the rate of 293 

either variation among sites in sequences through a gamma distributed rate (G), or static, unchanging 294 

rate variation (I). Substitution models were as follows: General Time Reversible (GTR) + G for groups 295 

Aves and Mollusc, Hasegawa-Kishino-Yano (HKY) + I + G for Mammalia, and GTR + G + I for 296 

groups Fish, Arthopoda and macroalgae. 297 

A large portion of fish phylogenies are still uncertain (Nelson, 2016), so COI DNA data alone did not 298 

provide enough variation to create an understandable phylogenetic tree for the Actinopterygii class 299 

(ray-finned fishes) of the Chordate Phylum. However, at selected levels of taxonomy, which we had 300 

reliable and large sequence datasets for (multiple species representing multiple families and orders); 301 

sensible reference trees could be made. Phylogenetic trees are presented for examples of fish groups 302 

where the underlying data permit such an analyses.  303 
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 304 

1.7  Comparison of CR values based on stable Cs versus radiocaesium 305 

 306 

The suitability of using stable Cs CR values as proxies for radiocaesium has been explored by 307 

comparing data at the level of ‘Order’. This was the lowest level of biological organisation where there 308 

was sufficient overlap, in terms of the number of values available, to allow a meaningful statistical 309 

comparison to be made. Orders where the number of measurements available were less than three for 310 

either stable element or radionuclide derived values were excluded from this analysis. An independent 311 

samples student t-test was performed on log-transformed data using SPSS. The analyses were 312 

undertaken using the regenerated data set derived through application of the spreadsheet routine 313 

described above (Wood et al., 2013).  314 

315 
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 316 

2. Results and discussion 317 

 318 

2.1  REML-adjusted means 319 

 320 

The outputs in the form of REML-adjusted means from the analyses performed for different taxa 321 

groupings (from phylum through to family) are presented in Tables 1-3; note the outputs in the three 322 

tables all originate from the same analyses, the results have been split into broad organism types 323 

purely for ease of presentation. The values presented in the tables are all based on data that have been 324 

regenerated using the approach described by Wood et al. (2013). 325 

  326 

The check on model performance by making a comparison of the model with and without a 327 

component corresponding to random effects revealed that for all comparisons (at given taxonomic 328 

levels) the information criteria (however defined i.e. using Akaike's Information Criterion, Hurvich 329 

and Tsai's Criterion etc.) were lower for the model employing mixed and random (i.e. site/study) 330 

components. This supports the hypothesis that there would be some efficacy in applying the REML 331 

analyses to remove the influence of the variance introduced to CR for a given taxa by sampling site. 332 

When considering all taxonomic levels, the application of the REML model to families appeared to 333 

provide the most pronounced effect in terms of the difference observed in modelling with and without 334 

random effects. The information criteria also demonstrated that the model based at the taxomomic 335 

level of the family and including random effects was best. 336 

 337 

2.2 Data regeneration versus no regeneration 338 

 339 

A comparison of REML-adjusted means for unaltered datasets and datasets for which a reconstruction 340 

routine had been run showed, in most cases, small differences in output. Typically (for well over half 341 

of the comparisons made), REML-adjusted means for the same taxon differ by less than 20 %. 342 
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Therefore, for example, the REML-adjusted mean for the family Gadidae without data regeneration is 343 

84 compared to a value of 72 with data regeneration. However, there are some exceptions to this 344 

observation with differences of up to a factor of three. An example exists for the family Mytilidae 345 

which includes the blue mussel (Mytilus edulis), where a value of 20 without data regeneration 346 

compares to a value of 61 with data regeneration. This discrepancy for the latter may be explained by 347 

the observation that the base data for Mytilidae included at least one, large undifferentiated dataset (i.e. 348 

included one entry for which mean and standard deviation were reported where n=69). 349 

 350 

2.3 Testing the REML outputs - Relationship between predicted and empirical data 351 

 352 

The only significant correlation (p < 0.05) between predicted and measured activity concentrations 353 

was revealed at the taxonomic level of order when comparing REML analysis output with data from 354 

the Barents Sea Region for the period 2007-2012 (Heldal et al., 2015; Skjerdal et al., 2015) as 355 

illustrated in Fig. 1. For this single case a Spearman rank correlation coefficient of 0.80 (based on 356 

regenerated data) was derived which was significant at the 0.01 level (1-tailed test). The null 357 

hypothesis, that the correlation (between predicted and measured values) arose by chance, can 358 

therefore be rejected. However, in applying the Bonferroni correction, the correlation is not significant 359 

at the 0.01 level. Because multiple comparison between model predictions and empirical data have 360 

been performed there is an, albeit, low probability that the correlations unraveled here could have 361 

occurred by chance. 362 

 363 

The predictions (based on regenerated data) for the NIRS dataset were particularly poor for all 364 

taxonomic classifications. The Pearson correlation coefficient ‘r’ was -0.082 (Spearman rank ‘r’ = -365 

0.24) indicating that the correlation is not significant. It is of particular note in this regard that the 366 

NIRs data were for stable element measurements and that the REML model was based on very few 367 

data for the families for which prediction were being made. For example, the REML model included 368 

only four data points for the families Lessoniaceae and Veneridae with only two data points for the 369 
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family Turbinidae. The low number of underpinning data entries might plausibly undermine the 370 

predictive efficacy of the REML model. 371 

 372 

The predictions for the Irish Sea dataset were also poor. For instance, for the family level prediction, 373 

he Pearson correlation coefficient ‘r’ was 0.26 (Spearman rank ‘r’ = 0.46). Neither of these 374 

correlations were significant at the 0.01 level (1-tailed test). 375 

 376 

The degree of fit between predicted and measured values for comparisons performed using REML 377 

analysis output derived using  regenerated and original (i.e. mean) data were similar in the sense that 378 

statistically significant correlations between measured and predicted values were generally absent. For 379 

the single instance where a convincing correlation was apparent (i.e. REML analyses (order level) for 380 

Norwegian monitoring data), the correlation between the REML output (based upon the dataset which 381 

had not been regenerated) and measured values was actually more significant than for correlation 382 

involving the REML output based on regenerated values (a Spearman rank correlation coefficient of 383 

0.90 was derived for the former which was significant at the 0.01 level (1-tailed test)). 384 

 385 

2.4 Phylogenetic analyses 386 

 387 

We have chosen to present data for mammals, birds and fish as examples as they were the most robust 388 

phylogenies. The resulting phylogenetic tree topologies for these groups provide genetic distances 389 

relative to the length of the branches. For example, within the order Carnivora, the Family Phocidae 390 

(earless seals including the harbour seal and ringed seal) are more closely related to the family Ursidae 391 

(includes the Polar bear) than to the family Otaridae (eared seals as characterised here by the Northern 392 

fur seal). Although the REML-adjusted means (as shown by the number in parenthesis on Fig. 2) for 393 

the order Carnivora seem, on cursory inspection, to be quite distinctive to those derived for the order 394 

Cetariodactyla, substantial differences are also apparent within both orders. In other words, the 395 

phylogenetic analysis appears to show that large differences in Cs REML values can exist despite 396 

there being a close genetic relationship between the given taxa. Concerning mammals, the family 397 
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Ursidae (bear family) are phylogenetically distant from Monodontidae (a family which includes the 398 

Narwhal and Beluga Whale) but exhibit similar REML-adjusted means representing radiocaesium 399 

transfer. Conversely, although Balaenidae (Right Whales) are more closely related to Monodontidae 400 

than Ursidae the associated REML-adjusted means are quite different. 401 

 402 

Several explanations beyond phylogenetic relationships may unravel the cause as to why relatively 403 

closely related families exhibit quite different transfer of 137Cs. Taking the mammalian order 404 

Carnivora, for example, where substantial differences in REML adjusted means are observed (Fig. 2) 405 

for the family Phocidae compared to the families Otariidae and Ursidae. While otariids (eared seals) 406 

are known for speed and maneuverability, phocids (earless seals) are known for efficient, economical 407 

movement. This allows most phocids to forage far from land to exploit prey resources, while otariids 408 

are tied to rich upwelling zones close to breeding sites. Ursidae, like Otariids, spend longer periods on 409 

land that in the sea, unlike phocids (McLaren, 1984). These factors would undoubtedly have some 410 

influence on what these mammals are eating and where they are eating it. Larras et al. (2014) 411 

suggested that the large variation in toxin sensitivities between species not related to phylogeny, are 412 

likely due to trophic mode and indirectly, on feeding habitats. For radiocaesium, dietary exposure 413 

pathways are an important component of exposure, and phylogenetically similar organisms may have 414 

quite different diets and be associated with different trophic levels. For example, Balaenidae, such as 415 

Right whales, consume mainly copepods but also prey upon pteropods and krill, whereas, the closely 416 

related family Monodontidae have a wide-ranging carnivorous diet and feed on fish, molluscs, and 417 

crustaceans. This may dominate any ‘signal’ allowing the establishment of a phylogenetic relationship 418 

for radiocaesium transfer; Cs accumulates up foodchains (Pentreath, 1973) meaning that we could 419 

expect higher trophic level species to accumulate higher concentrations of radiocaesium than their 420 

prey (see section 3.5.2 for further discussion).  421 

 422 

The observation that closely related species can have considerably different REML adjusted means 423 

may have some implication for the ICRP’s Reference and Animal Plant approach, which is based 424 

around the family level. Users of the approach should be aware of the great variability associated with 425 
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the transfer parameters associated with any given RAP group. The limitations of the RAPs approach 426 

have been discussed before (Bérchignac and Doi, 2009, Bradshaw et al 2014). 427 

 428 

There appears to be a discord between the gene tree and the current taxonomy of the orders 429 

Perciformes and Pleuronectiformes, where the Pleuronectiformes order is situated within the 430 

Perciformes order (Fig. 3). The same pattern for these orders have been revealed in other studies on 431 

fish phylogenies (Kochzius et al., 2010; Near et al., 2012). This illustrates how an analysis based on 432 

using taxonomical names alone can be misleading where a group that is considered different based on 433 

traditional taxonomy, is actually not a resolved monophyletic group from a phylogenetic perspective.  434 

Although the majority of the phylogenetic relationships among birds illustrate correlation with REML 435 

values, the REML value for Stercorarius skua is an obvious outlier (Fig. 4). This could be due to the 436 

fact that S. skua are scavengers and could plausibly be scavenging land mammals, such as reindeer, 437 

with relatively enhanced levels of Cs-137 (Rissanen et al., 1997). After the Chernobyl accident in 438 

1987, high concentrations of Cs-137 have been recorded in reindeer in Norway and Sweden (Skuterud 439 

et al., 2005; Åhman et al., 2007) which might explain the Cs bioaccumulation which has followed in 440 

scavenger birds.  441 

It should be noted that we have not performed a statistical 'phylogenetically-informed trait 442 

comparison'. Our analysis has reconstructed the phylogenetic trees but we have not conducted a 443 

statistical analysis taking into account phylogenetic distances or evolutionary models. Consequently,  444 

whilst we did not detect a phylogenetic effect using the approach described, it does not exclude the 445 

existence of such an effect. 446 

2.5 Confounding factors in the application of REML to marine systems 447 

 448 

There are several reasons that may explain why the REML model is not an efficacious predictive tool 449 

for the marine system. This can, in-part, be explored further by testing whether stable elements form a 450 
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suitable analogue for radiocaesium and considering some of the more important factors that affect 451 

radiocaesium transfer in marine environments. 452 

 453 

2.5.1  Is stable Cs an efficacious proxy for radiocaesium ? 454 

 455 

At least 84 % of the original dataset, used for the REML analysis, was based upon Cs-137 as oppose 456 

to stable caesium data. A generally accepted assumption has been that using stable element data 457 

provides suitable CR values for application in radiological assessments (Beresford, 2010; Howard et 458 

al., 2013; ICRP, 2009). However, more detailed analyses provides evidence that the tacit assumption, 459 

that both stable and radionuclide CRs belong to the same data population, may not be tenable in many 460 

cases. By way of example, for freshwater fish, Beresford et al. (2013) saw significant differences 461 

between CRwo-water values derived from stable elements and those derived from Cs-137 although other 462 

factors such as data provenance and the feeding strategy of the fish included in the stable and 463 

radionuclide categories were likely to have confounded this analysis.  464 

 465 

As considered by Robertson (1971), radionuclides often enter the oceans in forms completely different 466 

from that of their stable isotopes naturally present. If the equilibration between these different forms is 467 

slow, the uptake, distribution and behavior of the radionuclides and their naturally occurring stable 468 

isotopes by the marine biosphere could  show significant anomalies.  469 

 470 

The comparison conducted for the marine dataset (Fig. 5) leads to the suggestion that differences 471 

between CRs derived from stable elements and those from radiocaesium can be substantial. In fact, the 472 

group means for all orders analysed, with one exception, were significantly different at the 0.05 level 473 

(2 tailed test). The exceptional case was Scorpaeniformes where the absence of any statistically 474 

significant difference between group means was undermined by the very low number of observations 475 

for stable caesium (where ‘n’ was equal to 3). Nonetheless, and in line with similar arguments 476 

promulgated by Beresford et al. (2013), this observation may be confounded by other factors. All 477 

stable element data were extracted from three key studies, two of which were from coastal Japanese 478 
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locations (Ichikawa and Ohno (1974); Marumo et al., 1998) and one for South African coastal waters 479 

(Van As et al., 1975). These locations are atypical for the dataset seen as a whole for which samples 480 

were predominantly from the North Atlantic and European coastal environments. Although marine 481 

chemistry is not expected to differ significantly even over the global scales involved, there is no way 482 

to avoid the speculation that other local factors, such as the species considered, levels of suspended 483 

load and sediment type, plus the degree of equilibration that may have occurred following 484 

radionuclide release, could be the cause of the observed discrepancy. 485 

 486 

2.5.2 Other factors which may affect radiocaesium transfer 487 

 488 

The physico-chemical form of radionuclides is of paramount importance in the consideration of 489 

bioavailability (Salbu, 2007) and subsequent entry to and transfer through food-chains. Nonetheless, 490 

for the case of radiocaesium, at least, the physico-chemical form in seawater, once equilibration has 491 

occurred, might be expected to be monotonous over large regional scales reflecting the substantial 492 

mixing of marine water bodies and the similarity in water chemistry of the world’s oceans. Caesium, 493 

an alkali metal, forms monovalent Cs+ ions in seawater and in an extensive study, conducted many 494 

decades ago, was found to be present as less than 1 % particulate form in open oceanic waters 495 

(Robertson, 1971) . Radiocaesium/ is often classified as behaving conservatively in seawater, having a 496 

low affinity for particle association and with a behavior consequently controlled by the physics of 497 

ocean circulation and mixing (Livingston and Povinec, 2002). 498 

 499 

Differences in radiocaesium transfer within the biotic system might plausibly be related to trophic 500 

level in accordance with the generally recognised effect observed in freshwater systems (Fleishman et 501 

al., 1994; Kryshev, 1995; Saxen and Koskelainen, 1996). However, evidence for trophic 502 

biomagnification is not as clear for marine ecosystems. Data collated on 137Cs activity concentrations 503 

in high trophic level fish (e.g. cod (Gadus morhua)), at lower trophic level fish, (e.g. herring (Clupea 504 

harengus)), and crustaceans inhabiting northern marine environments (Brown, 2000; Brungot et al., 505 

1999; FSA and SEPA, 2000; Rissanen et al., 1997), do not provide clear evidence for a strongly 506 
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pronounced trophic-level effect in marine ecosystems. Fish living as first level predators often exhibit 507 

137Cs activity concentrations commensurate with those fish species living higher up the food-chain at 508 

the same location. Although 137Cs was not biomagnified during its transfer to filter-feeding molluscs, 509 

as considered by Wang et al. (2000), a trophic transfer factor close to 1 may be reached in high trophic 510 

level predators when ingestion of gastropods is high (Wang et al., 2000). 511 

 512 

Activity concentration/CR data for seabirds and mammals are relatively scarce. Data for sea mammals, 513 

primarily whales and seals, (e.g. Rissanen et al., 1997; Fisher et al., 1999; Strand et al., 1998; Brown, 514 

2000) provide no clear evidence for any trophic level effect, i.e. elevated body activity concentrations 515 

of radiocaesium over those observed in prey species. Calmet et al. (1992) concluded that similarity of 516 

estimated CRs (30-100) for porpoise with those obtained for fish characterized by the same ethological 517 

features, such as tuna, suggests that the mechanisms and rates governing caesium accumulation by 518 

these top marine predators may be similar. Biomagnification, however, was not reported explicitly. In 519 

contrast, those data that are published in the literature for seabirds (e.g. Rissanen et al., 1997; Fisher et 520 

al., 1999) suggest that relatively elevated bioaccumulation of 137Cs may be occurring for seabirds, 521 

especially those associated with high trophic levels such as skuas and gulls. Other studies have also 522 

led to the suggestion that 137Cs biomagnifies through marine food chains (e.g., Watson et al., 1999; 523 

Heldal et al., 2003). Perhaps some of the most convincing evidence for biomagnification effect comes 524 

from the work of Kasamatsu and Ishikawa, 1997; wherein the analysis of over 6000 samples from the 525 

coastal waters of Japan consisting of fish samples and their stomach contents demonstrated that 137Cs 526 

concentration increased with rising trophic level deriving a biomagnification factor of around 2. 527 

Andersen et al. (2006) showed that, 137Cs concentration factors for seal species, although often similar 528 

in magnitude, are typically higher than those reported for lower trophic levels, which suggests that 529 

137Cs is biomagnified through marine food chains to these consumers. Nonetheless, transfer data for 530 

polar bears preying on various seal species (Derocher et al., 2000), did not suggest biomagnification of 531 

the radionuclide. Is summary, the diet/feeding strategy of animals appears to influence 137Cs transfer 532 

substantially but a distinct biomagnification is not evident across all species.  533 

 534 
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It should be acknowledged that a comparison of species from the same marine area, and/or over a 535 

number of monitoring years, might not allow suitably robust conclusions to be drawn owing to the 536 

migrant nature of many species and fluctuations in ambient radionuclide levels with time. Although 537 

the concentration ratio has been commonly applied in both human (IAEA, 2001; 2010) and 538 

environmental impact assessments for radioactivity (e.g.  Copplestone et al. 2001, Brown et al., 2008; 539 

ICRP, 2009; IAEA, 2014), it lends itself most appropriately to steady-state conditions wherein 540 

radionuclide levels within the organism have equilibrated with those in water. Such a case might be 541 

reasonably represented, for example, by an ecosystem receiving continuous uniform inputs of 542 

radioactivity some years after operations from a given nuclear plant have been initiated. In contrast, 543 

when radionuclide activity concentrations in the environment are changing rapidly with time, 544 

modelling approaches that account for the dynamics of the system may be more appropriately applied 545 

(Vives i Batlle et al., 2016). Sampling location and feeding areas may not coincide and questions 546 

remain regarding how rapidly biotic and abiotic compartments equilibrate as evidenced by the large 547 

temporal variations in 137Cs CR for selected marine locations and given species (Beresford et al., 548 

2003) as shown in Fig. 6. 549 

 550 

The data presented in Fig. 6, which were one of many data inputs to the WTD, demonstrate that the 551 

relative CR of different  species may vary substantially over time even within the same sea region 552 

(synonymous with the site categorisation applied in our study). There seems to be no convincing way 553 

that the REML model, as configured in our study, could account for the considerable variance 554 

introduced from this source. Although the fixed effects in the model are nominally associated with 555 

taxonomic classification only, in practice, the temporal variation in CR for any given species at a site 556 

would form an inherent, irreducible component of the fixed effect. 557 

558 
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 559 

3. Conclusions 560 

 561 

A REML model, to quantify radiocaesium transfer to various taxa in marine environments, has been 562 

successfully configured wherein taxonomic classification has been allocated to fixed effects and site 563 

(sampling and environmental conditions) has been allocated to random effects.  The inclusion of site 564 

as a random factor resulted in a better model than the output of the REML analyses without the 565 

inclusion of the random effect. However, the application of this statistical model appears to have 566 

limited efficacy. The mapping of 137Cs on phylogenetic trees shows that large differences in REML-567 

adjusted transfer values exist despite there being a close genetic relationship between certain groups of 568 

taxa and that difference in habitat and diet may help to explain this. However, we have to acknowledge 569 

that we have not conducted a full statistical phylogenetic analysis, as discussed above.  570 

 571 

In applying the model to three blind dataset over various levels of taxonomic classification (from 572 

family to phyla), a significant correlation was only observed in one instance and even then, if one 573 

corrects for multiple correlations, the significance is debatable . The result from this analysis is in 574 

contrast to the results from other published works where the REML model was applied, as exemplified 575 

by the accurate prediction of 137Cs in fish in freshwater ecosystems (Beresford et al. 2013; 2016) and 576 

the promising development of terrestrial wildlife REML models (Søvik et al., 2017; Beresford and 577 

Willey submitted).  578 

 579 

Reasons that may explain why the REML model application to the marine biological transfer of 580 

radiocaesium are numerous. In particular, the fact that phylogenetically similar taxa may have quite 581 

diverse life histories and different diets may confound the possibility that any phylogenetic pattern can 582 

be revealed. The fact that marine waters exhibit relatively similar chemistry may dampen the influence 583 

of site. There are limitations regarding the data used in the blind data tests in the sense that it was only 584 

possible to cover a very limited number of taxa. Ideally, it would have been of interest to consider in 585 
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more detail some of the biota groups for which more extreme radiocaesium were predicted, e.g. some 586 

seabirds such as the families Laridae and Stercorariidae. However, for understandable reasons such as 587 

their protected status in many countries, the attainment of such data was not practicable. It is also 588 

worth noting that the best models for terrestrial and freshwater systems were at the genus or species 589 

levels. There is considerable variation between species and genus and therefore, predictions using 590 

family level REML means may be poor depending upon the species included in the model fit 591 

compared to the species for which predictions are being made. That said if based on sufficient data the 592 

family level REML model represents a useful scientifically based extrapolation approach. 593 

Other factors that influence 137Cs transfer, such as feeding strategy and/or trophic level, could be 594 

explored in a systematic manner during future dataset analyses and REML may provide a suitable way 595 

of achieving this objective (i.e. by enable analyses by feeding strategy etc. whilst accounting for the 596 

effect of site). 597 

598 



25 
 

Acknowledgements 599 

The input of N.A. Beresford to this work was supported by the TREE project (http://tree.ceh.ac.uk/), 600 

funded under the RATE programme by the Natural Environmental Research Council, Radioactive 601 

Waste Management Ltd. and the Environment Agency.The Research Council of Norway through its 602 

Centre’s of Excellence funding scheme, project number 223268/F50, supported this work. 603 

 604 



26 
 

 605 

4. References 606 

 607 

Andersen, M., Gwynn, J.P., Dowdall, M., Kovacs, K.M., Lydersen C., 2006. Radiocaesium (137Cs) in 608 

marine mammals from Svalbard, the Barents Sea and the North Greenland Sea. Science of the Total 609 

Environment 363, 87– 94. 610 

 611 

Beresford, N.A., Wright, S.M., Brown, J.E., Sazykina, T., Barnett, C.L., Kryshev, I., Kryshev, A., 612 

Iospje, M., Børretzen, P., Golikov, V., Shutov, V., Kravtsova, O., Galeriu, D., Vives Lynch, S.M., 613 

Vives i Batlle, J., Arkhipov, A., 2003. Deliverable 2: Transfer and Uptake Models for Reference 614 

Arctic Organisms. EPIC 615 

 616 

Beresford, N.A., Barnett, C.L., Howard, B.J., Scott, W.A., Brown, J.E., Copplestone, D., 617 

2008. Derivation of transfer parameters for use within the ERICA tool and the default concentration 618 

ratios for terrestrial biota. Journal of Environmental Radioactivity 9, 1393 – 1407. 619 

 620 

Beresford, N. A., 2010. The transfer of radionuclides to wildlife. Radiatiation and Environmental 621 

Biophysics 49, 505 – 508. 622 

 623 

Beresford, N.A., Yankovich, T.L., Wood, M.D., Fesenko, S., Andersson, P., Muikku, M., Willey, N.J., 624 

2013. A new approach to predicting environmental transfer of radionuclides to wildlife taking account 625 

of inter-site variation using Residual Maximum Likelihood mixed-model regression: a demonstration 626 

for freshwater fish and caesium Science of the Total Environment 463-4, 284 – 292.   627 

 628 

Beresford, N.A, Wood M. D., Vives i Batlle, J., Yankovich, T.L., Bradshaw, C., Willey N., 2016. 629 

Making the most of what we have: application of extrapolation approaches in radioecological wildlife 630 

transfer models. Journal of Environmental Radioactivity, 151, 373-386.  631 



27 
 

Beresford, N.A., and Willey, N., (submited) Moving radiation protection on from the limitations of 632 

empirical concentration ratios: REML modelling and taxonomic analysis. Journal of environmental 633 

radioactivity 634 

 635 

Bradshaw, C., Kapustka, L., Barnthouse, L., Brown, J., Ciffroy, P., Forbes, V., Geras' Kin, S., 636 

Kautsky, U. & Bréchignac, F. 2014. Using an ecosystem approach to complement protection schemes 637 

based on organism-level endpoints. Journal of environmental radioactivity, 136, 98-104. 638 

 639 

Brèchignac, F. & Doi, M. 2009. Challenging the current strategy of radiological protection of the 640 

environment: arguments for an ecosystem approach. Journal of Environmental Radioactivity, 100, 641 

1125-1134. 642 

 643 

Broadley, M.R., Willey, N.J., Meade, A., (1999) The effect of taxonomic position on radiocaesium 644 

uptake by flowering plants. Environmental Pollution 106:341–9. 645 

 646 

Brown, J., 2000. Radionuclide uptake and transfer in pelagic food-chains of the Barents Sea 647 

and resulting doses to man and biota. J. Brown (ed.), Norwegian Radiation Protection Authority, 648 

Østerås, pp.96. 649 

 650 

Brown, J.E., Børretzen, P., Dowdall, M., Sazykina T., Kryshev I., 2004.  The derivation of transfer 651 

parameters in the assessment of radiological impacts on Arctic marine biota. Arctic, 279 - 289. 652 

 653 

Brown, J.E., Alfonso, B., Avila, R., Beresford, N.A., Copplestone, D., Pröhl, G., Ulanovsky, A., 2008. 654 

The ERICA tool. Journal of Environmental Radioactivity 99, 1371-1383. 655 

 656 

Brown, J.E., Beresford, N.A., Hosseini, A., 2013. Approaches to providing missing 657 

transfer parameter values in the ERICA tool - How well do they work? Journal of Environmental 658 

Radioactivity 126, 399-411. 659 



28 
 

 660 

Brown, J.E., Alfonso, B., Avila, R., Beresford, N.A., Copplestone, D., Hosseini, A., 2016.A new 661 

version of the ERICA tool to facilitate impact assessments of radioactivity on wild plants and animals. 662 

Journal of Environmental Radioactivity 153, 141-148. 663 

 664 

Brungot, A.L., Føyn L., Caroll, J., A-K. Kolstad, Brown, J.E., Rudjord, A-L., Bøe, B., Hellstrøm, T., 665 

1999. Radioactivity in the marine environment. Report no 3 from the national surveillance 666 

Programme. Strålevern Rapport 1999:6. Norwegian Radiation Protection Authority (Østerås, 667 

Norway). 668 

 669 

Bucklin, A., Steinke, D., & Blanco-Bercial, L., 2011. DNA barcoding of marine metazoa. Annual 670 

Review of Marine Science 3, 471-508.  671 

 672 

Calmet, D., Woodhead, D., Andre, J.M., 1992. 210Pb, 137Cs, and 40K in three species of porpoises 673 

caught on the eastern tropical Pacific Ocean. Journal of Environmental Radioactivity 15, 153– 69. 674 

 675 

Carew, M. E., Miller, A. D., & Hoffmann, A. A., 2011. Phylogenetic signals and ecotoxicological 676 

responses: potential implications for aquatic biomonitoring. Ecotoxicology 20(3), 595-606.  677 

 678 

Carew, M. E., Pettigrove, V. J., Metzeling, L., & Hoffmann, A. A., 2013. Environmental monitoring 679 

using next generation sequencing: rapid identification of macroinvertebrate bioindicator species. 680 

Frontiers in Zoology 10(1), 45.  681 

 682 

Copplestone, D., Bielby, S., Jones, S.R., Patton, D., Daniel, P., Gize, I., 2001. Impact Assessment of 683 

Ionising Radiation on Wildlife. In: R&D Publication 128. Environment 684 

Agency, Bristol, ISBN 1 85705590 X. 685 

 686 



29 
 

Copplestone, D., Wood, M.D., Bielby, S., Jones, S.R., Vives, J., Beresford, N.A., 2003. Habitat 687 

regulations for Stage 3 assessments: radioactive substances authorisations. In: R&D Technical Report 688 

P3-101/SP1a. Environment Agency, Bristol. 689 

 690 

Copplestone, D., Beresford, N.A., Brown, J.E., Yankovich, T., 2013. An international 691 

database of radionuclide concentration ratios for wildlife: development and 692 

uses. J. Environ. Radioact. 126, 288-298. 693 

 694 

Derocher, A.E., Wiig, Ø., Andersen, M., 2000. Diet composition of polar bears in Svalbard and the 695 

western Barents Sea. Polar Biology 25, 448– 52. 696 

 697 

Doering, C., Barnett, C.L., Wells, C., 2013. The IAEA handbook on radionuclide transfer to wildlife. 698 

Journal of Environmental Radioactivity 121, 55-74. 699 

 700 

Fisher, N.S., Fowler, S.W., Boisson, F., Carroll, J., Rissanen, K., Salbu, B., Sazykina, T.,Sjoelblom, 701 

K-L., 1999. Radionuclide bioconcentration factors and sediment partition coefficient in Arctic Seas 702 

subject to contamination from dumped nuclear wastes. Environmental Science and Technology 33, 703 

1979-1982. 704 

 705 

Fleishman, D.G., Nikiforov, V.A., Saulus, A.A., Komov, V.T., 1994. 137Cs in fish of some lakes and 706 

rivers of the Bryansk Region and north-west Russia in 1990-1992. Journal of Environmental 707 

Radioactivity 24, 145-158. 708 

 709 

Freshwater, D.W., Tudor, K., O’Shaughnessy, K., Wysor, B., 2010. DNA barcoding in the red algal 710 

order Gelidiales: comparison of COI with rbcL and verification of the “barcoding gap”. Cryptogamie 711 

Algologie 31, 435–449. 712 

 713 

FSA and SEPA, 2000. Radioactivity in Food and the environment, 1999. Food Standards 714 



30 
 

Agency and Scottish Environmental Protection Agency, London, UK. 715 

 716 

Guénard, G., Ohe, P. C., de Zwart, D., Legendre, P., Lek, S., 2011. Using phylogenetic information to 717 

predict species tolerances to toxic chemicals. Ecological applications 21(8), 3178-3190. 718 

 719 

Hall, B. G., 2008. Phylogenetic trees made easy: a how-to manual. Sunderland (MA) 720 
Sinauer Associates. 721 
 722 

Hammond, J. I., Jones, D. K., Stephens, P. R., Relyea, R. A., 2012. Phylogeny meets ecotoxicology: 723 

evolutionary patterns of sensitivity to a common insecticide. Evolutionary Applications 5(6), 593-606.  724 

 725 

Hebert, P. D., Cywinska, A., & Ball, S. L., 2003. Biological identifications through DNA barcodes. 726 

Proceedings of the Royal Society of London B: Biological Sciences 270(1512), 313-321.  727 

 728 

Hebert, P. D., Ratnasingham, S., de Waard, J. R., 2003. Barcoding animal life: cytochrome c oxidase 729 

subunit 1 divergences among closely related species. Proceedings of the Royal Society of London B: 730 

Biological Sciences 270 (Suppl 1), S96-S99. 731 

 732 

Heldal, H.E., Føyn, L., Varskog, P., 2003. Bioaccumulation of Cs-137 in pelagic food webs in the 733 

Norwegian and Barents Seas. Journal of Environmental Radioactivity 65:177– 85. 734 

 735 

Heldal, H. E., Brungot, A. L., Skjerdal, H., Gäfvert, T., Gwynn, J. P., Sværen, I., Liebig, P. L., 736 

Rudjord, A. L., 2015. Radioactive contamination in fish and seafood in the period 1991-2011. 737 

StrålevernRapport 2015:17. Østerås: Norwegian Radiation Protection Authority, 2015. (In 738 

Norwegian). 739 

 740 

Hosseini, A., Thørring, H., Brown, J.E., Saxén, R., Ilus, E., 2008. Transfer of radionuclides 741 

in aquatic ecosystems e default concentration ratios for aquatic biota in 742 

the Erica Tool. Journal of Environmental Radioactivity 99 (9), 1408e1429. 743 



31 
 

 744 

Howard, B.J., Beresford, N.A., Copplestone, D., Telleria, D., Proehl, G., Fesenko, S., et al., 2013. The 745 

IAEA handbook on radionuclide transfer to wildlife. Journal of Environmental Radioactivity 121:55–746 

74. 747 

 748 

IAEA, 2001. Generic Models for Use in Assessing the Impact of Discharges of 749 

Radioactive Substances to the Environment. In: Safety Report Series No. 750 

19. International Atomic Energy Agency, Vienna. 751 

 752 

IAEA, 2004. Sediment Distribution Coefficients and Concentration Factors for Biota in the Marine 753 

Environment. In: Technical Reports Series No. 422. International Atomic Energy Agency, Vienna. 754 

 755 

ICRP, 2008. Environmental Protection: the Concept and Use of Reference Animals 756 

and Plants, vol. 108. ICRP Publication, pp. 4e6. Ann. ICRP 38. 757 

 758 

IAEA, 2010. Handbook of Parameter Values for the Prediction of Radionuclide 759 

Transfer in Terrestrial and Freshwater Environments. IAEA-TRS-472. IAEA, 760 

Vienna. 761 

 762 

IAEA, 2014. Handbook of Parameter Values for the Prediction of Radionuclide 763 

Transfer to Wildlife. IAEA-TRS-479. IAEA, Vienna. 764 

 765 

ICRP, 2009. Environmental Protection: Transfer Parameters for Reference Animals 766 

and Plants, vol. 114. ICRP Publication. Ann ICRP 39(6). 767 

 768 

Ichikawa, R., Ohno, S., 1974. Levels of cobalt, caesium and zinc in some marine organisms in Japan. 769 

Bulletin of the Japanese Society of Scientific Fisheries 40, 501-508 770 

 771 



32 
 

Jeffree, R.A., Oberhansli, F., Teyssie, J-L., 2010. Phylogenetic consistencies among chondrichthyan 772 

and teleost fishes in their bioaccumulation of multiple trance elements from seawater. Science of the 773 

Total Environment 408:3200–10. 774 

 775 

Jeffree, R.A., Oberhaensli, F.,Teyssie, J-L., 2013. Marine radionuclide transfer factors in chordates 776 

and a phylogenetic hypothesis. Journal of Environmental Radioactivity 126, 388-398. 777 

 778 

Johansen, M.P., Barnett, C.L., Beresford N.A., Brown, J.E., Cerne, M., Howard, B.J., Kamboj, S., 779 

Keum, D-K., Smodiš, B., Twining, J.R., Vandenhove, H., Vives i Batlle, J., Wood, M.D., Yu, C., 780 

2012. Assessing doses to terrestrial wildlife at a radioactive waste disposal site: inter-comparison of 781 

modelling approaches.  Science of the Total Environment 427-428, 238-246. 782 

 783 

Kasamatsu, F., Ishikawa, Y., 1997. Natural variation of radionuclide 137Cs concentrations in marine 784 

organisms with special reference to the effect of food habits and trophic level. Marine Ecology 785 

Progress Series 160, 109– 20. 786 

 787 

Keck, F., Rimet, F., Franc, A., Bouchez, A., 2016. Phylogenetic signal in diatom ecology: perspectives 788 

for aquatic ecosystems biomonitoring. Ecological applications 26(3), 861-872.  789 

 790 

Kochzius, M., Seidel, C., Antoniou, A., Botla S.K., Campo, D., et al., 2010. Identifying fishes through 791 

DNA barcodes and microarrays. PLoS ONE. In review 792 

 793 

Kryshev, I.I., 1995. Radioactive contamination of aquatic ecosystems following the Chernobyl 794 

accident. Journal of Environmental Radioactivity, 27, 207-219. 795 

 796 

Larras, F., Keck, F. O., Montuelle, B., Rimet, F., Bouchez, A., 2014. Linking diatom sensitivity to 797 

herbicides to phylogeny: a step forward for biomonitoring? Environmental Science & Technology 798 

48(3), 1921-1930.  799 



33 
 

 800 

Livingston, H. D., Povinec, P. P., 2002. A millennium perspective on the contribution of global fallout 801 

radionuclides to ocean science. Health Physics 82(5), 656-668. 802 

 803 

Marumo, K., Ishii, T., Ishikawa, Y., & Ueda, T., 1998. Concentration of elements in marine 804 

zooplankton from coastal waters of Boso Peninsula, Japan. Fisheries science 64(2), 185-190. 805 

 806 

MacDonald, D., 1984. The encyclopedia of mammals, MacDonald, D., editor series. New York. 807 

 808 

Near, T.J., Eytan, R.I., Dornburg, A., Kuhn, K.L., Moore, J.A., Davis, M.P., Wainwright, P.C., 809 

Friedman, M., Smith, W.L., 2012. Resolution of ray-finned fish phylogeny and timing of 810 

diversification. Proceedings of the National Academy of Sciences USA 34:13698-703. 811 

 812 

Nelson, J. S., 2006. Fishes of the World. 4th Ed. John Wiley & Sons, New York, N.Y 813 

 814 

Pentreath, R., 1973. The roles of food and water in the accumulation of radionuclides by marine 815 

teleost and elasmobranch fish. Radioactive Contamination of the Marine Environment, 421-436.  816 

 817 

Posada, D., 2008. jModelTest: phylogenetic model averaging. Molecular Biology and Evolution 25, 818 

1253-1256. 819 

 820 

Rissanen, K., Ikaheimonen, T.K., Matishov, D., Matishov, G., 1997. Radioactivity levels in 821 

fish, benthic fauna, seals and seabirds collected in the northwest Arctic of Russia. 822 

Radioprotection – Colloques 32, 323-331. 823 

 824 

Robertson, D., 1971. Influence of the physico-chemical forms of radionuclides and stable trace 825 

elements in seawater in relation to uptake by the marine biosphere. Battelle Pacific Northwest Labs., 826 

Richland, Wash. 827 



34 
 

 828 

Ronquist, F., Huelsenbeck, J., 2003. Mrbayes 3: bayesian phylogenetic inference under mixed 829 

models, Bioinformatics 9,1572-1574 830 

 831 

Salbu, B., 2007. Speciation of radionuclides e analytical challenges within environmental impact and 832 

risk assessments. Journal of Environmental Radioactivity 96, 47-53. 833 

 834 

Saxen, R., Koskelainen, U., 1996. Radioactivity of surface water and freshwater fish in Finland in 835 

1991-1994. Finnish Centre for Radiation and Nuclear Safety Report, STUK-A129. 836 

 837 

Sellafield Ltd (2015). Monitoring our Environment Discharges and Environmental Monitoring; 838 

Annual Report 2014.  Nuclear Decommissioning Authority. Available from:  839 

http://sustainability.sellafieldsites.com/files/2013/05/Sellafield_AnnRep_2015_Lo_Res_web1.pdf 840 

 841 

Siasou, E., Willey, N., 2015. Inter-taxa differences in iodine up-take by plants: Implications for food 842 

quality and contamination. Agronomy 5 (4), 537-554. 843 

 844 

Skjerdal, H., Heldal, H. E., Gäfvert, T., Gwynn. J., Strålberg, E., Sværen, I., Liebig, P. L., Kolstad, A. 845 

K., Møller, B., Komperød, M., Lind, B., Rudjord, A. L., 2015. Radioactivity in the marine 846 

environment 2011. Results from the Norwegian National Monitoring Programme (RAME). Strålevern 847 

Rapport 2015:3. Østerås: Norwegian Radiation Protection Authority, 2015. 848 

 849 

Skuterud, L., Gaare, E., Eikelmann, I. M., Hove, K., & Steinnes, E., 2005. Chernobyl radioactivity 850 

persists in reindeer. Journal of Environmental Radioactivity 83(2), 231-252 851 

 852 



35 
 

Strand, P., Balonov, M., Aarkrog, A., Bewers, M.J., Howard, B., Salo, A., Tsaturov, Y.S., 1998. 853 

Chapter 8: Radioactivity. In: AMAP Assessment Report: Arctic Pollution Issues. Arctic Monitoring 854 

and assessment Programme (AMAP), Oslo, Norway, 525 - 620. 855 

 856 

Søvik, A., Vivies I Batlle, J., Duffa, C., Masque, P., Lind, O.C., Salbu, B., Kashparov, V., Garcia-857 

Tenorio, R., Beresford, N.A., Thorring, H., Skipperud, L., Michalik, B., Steiner, M., 2017 COMET 858 

Deliverable (D-N°3.7). Final report of WP3 activities    859 

 860 

Takata H., Aono T., Tagami, K. and Uchida, S., 2010. Concentration ratios of stable elements for 861 

selected biota in Japanese estuarine areas. Radiation and Environmental Biophysics 49:591–601.  862 

 863 

Tamura, K., Stecher, G., Peterson, D., Filipski, A., Kumar, S., 2013. MEGA6: molecular evolutionary 864 

genetics analysis version 6.0. Molecular Biology and Evolution 30(12), 2725-2729. 865 

 866 

Valentini, A., Pompanon, F., Taberlet, P., 2009. DNA barcoding for ecologists. Trends in Ecology & 867 

Evolution 24(2), 110-117.  868 

 869 

Van As, D., Fourie, H.O., Vleggaar, C.M., 1975. Trace element concentrations in marine organisms 870 

from the Cape West Coast. South African Journal of Science 71(5), 151-154. 871 

 872 

Vives i Batlle, J., Wilson, R.C., Watts, S.J., Jones, S.R., McDonald, P., Vives-Lynch, S., 2008. 873 

Dynamic model for the assessment of radiological exposure to marine biota. Journal of Environmental 874 

Radioactivity 99:1711–30. 875 

 876 

Vives I Batlle, J., Beresford, N.A., Beaugelin,-Seiler, K., Bezhenar, R., Brown, J., Cheng, J-J., Cujic, 877 

M., Dragovic, S., Duffa, C., Fievet, B., Hosseini, A., Jung, K.T., Kamboj, S., Keum, D-K., LePoire, 878 

D., Maderich, V., Min, B-I., Perianez, R., Sazykina, T., Suh, K-S., Yu, C., Wang, C., Heling, R. 2016. 879 



36 
 

Inter-comparison of dynamic models for radionuclide transfer to marine biota in a Fukushima accident 880 

scenario. Journal of Environmental Radioactivity 153, 31-50. 881 

 882 

Wang, W-X, Ke, C., Yu, K. N., Lam, P. K. S., 2000. Modeling radiocesium bioaccumulation in a 883 

marine food chain. Marine Ecological Progress Series 208, 41–50. 884 

 885 

Watson, W.S., Sumner, D.J., Baker, J.R., Kennedy, S., Reid, R., Robinson, I., 1999. Radionuclides in 886 

seals and porpoises in the coastal waters around the UK. Science of the Total Environment 234, 1–13. 887 

 888 

Willey, N.J., Tang, S., Watt, N., 2005. Predicting inter-taxa differences in plant uptake of 134/137Cs. 889 

Journal of Environmental Quality 34, 1478–89. 890 

 891 

Willey, N.J., Fawcett, K., 2005a. A phylogenetic effect on strontium concentrations in angiosperms. 892 

Environmental and Experimental Botany 57, 258–69. 893 

 894 

Willey, N.J., Fawcett, K., 2005b. Species selection for phytoremediation of 36Cl/35Cl using 895 

angiosperm phylogeny and inter-taxa differences in uptake. International Journal of Phytoremediation 896 

7, 295–306. 897 

 898 

Willey, N.J., Fawcett, K., 2006. Inter-taxa differences in root uptake of 103/106Ru by plants. Journal 899 

of Environmental Radioactivity 86, 227–40. 900 

 901 

Willey, N.J., Wilkins, J., 2008. Phylogeny and growth strategy as predictors of differences in cobalt 902 

concentrations between plant species. Environmental Science and Technology 42, 2162–7. 903 

 904 

Willey, N.J., 2010. Phylogeny can be used to make useful predictions of soil-to-plant transfer 905 

factors for radionuclides. Radiation and Environmental Biophysics 49, 613–23. 906 

 907 



37 
 

Wood, M.D., Beresford, N.A., Howard, B.J., Copplestone, D., 2013. Evaluating summarised 908 

radionuclide concentration ratio datasets for wildlife Journal of Environmental Radioactivity 126, 314-909 

325.  910 

 911 

Åhman, B., 2007. Modelling radiocaesium transfer and long-term changes in reindeer. Journal of 912 

Environmental Radioactivity 98(1-2), 153-165.  913 

 914 



Figures 
 
 

 
Fig 1.  Comparison of measured 137Cs activity concentrations in samples (categorised by 
order) collected from locations within the Barents Sea Region in the period 2007-2012 
(Heldal et al, 2015; Skjerdal et al., 2015) with predicted activity concentrations using the 
outputs of the REML analyses (order level) and data for Gadiformes (line is 1:1 relationship).  
 
 
 



 

Fig 2. Phylogenetic reconstruction of Class Mammalia based on a 655 basepair alignment of 
the mitochondrial COI gene. Nodal support shown on branches, values are Bayesian inference 
posterior probabilities (PP:0.5–1.0) and bootstrap support (BS:50–100). REML analyses 
residual means shown in brackets after Family (red) and Order (green) groupings.   
 



 
Fig 3. Phylogenetic reconstruction of Orders Perciformes and Pleuronectiformes based on a 
655 basepair alignment of the mitochondrial COI gene. Nodal support shown on branches, 
values are Bayesian inference posterior probabilities (PP: 0.5–1.0) and/or maximum 
parsimony bootstrap support (BS: 50–100). REML analyses residual means shown in brackets 
after Family (red) and Order (green) groupings.   
 



 
Fig 4. Phylogenetic reconstruction of Aves based on a 653 basepair alignment of the 
mitochondrial COI gene. Nodal support shown on branches, values are Bayesian inference 
posterior probabilities (PP: 0.5–1.0) and maximum parsimony bootstrap support (BS: 50–
100). REML analyses residual means shown in brackets after Family (red) and Order (green).   
 



 
Fig 5. Comparison of 137Cs CR values derived from radionuclides (CR-Rad) and stable 
element (CR-stab) for selected orders of marine organisms. The circles provide the mean 
value and the whiskers the 95 % confidence intervals of the datasets. 
 



 
Fig 6: Temporal  variation  in  137Cs  CF (Concentration factor, equivalent to CR) values  
(FW)  for:  Gadus  morhua in  the   Barents  Sea  (annual  average  ±  standard  deviation);  
fish  in  the  Greenland  Sea  (five   year averages ± standard deviation); whales and 
Greenland seals in the Greenland Sea  (ten  year  average  ±  standard  deviation);  and Fucus  
vesiculosus in  the  Barents Sea  (annual average ± standard deviation). Reproduced from 
EPIC D2 (Beresford et al., 2003). 
 
 



Tables.  
 
Table 1 REML-adjusted means for different vertebrates. Note these are relative values and 
not absolute values (the values are also relative to the values in Tables 2 & 3). 

Phylum  Order  Class  Family  

Chordata 71 Actinopterygii 54 Beloniformes 47 Exocoetidae 65     
Clupeiformes 80 Clupeidae 85     

Dussumieriidae 78     
Engraulidae 56     

Gadiformes 76 Gadidae 72     
Lotidae 103     
Merlucciidae 119     

Lophiiformes 38 Lophiidae 48     
Mugiliformes 19 Mugilidae 25     
Ophidiiformes 76 Ophidiidae 97 

Osmeriformes 35 Osmeridae 33 

Perciformes 34 Anarhichadidae 67 

Carangidae 57 

Channichthyidae 126 

Coryphaenidae 14 

Embiotocidae 80 

Gobiidae 80 

Haemulidae 41 

Nototheniidae 130 

Sciaenidae 55 

Scombridae 27 

Scombropidae 147 

Serranidae 149 

Siganidae 82 

Sillaginidae 15 

Sparidae 60 

Pleuronectiformes 53 Paralichthyidae 113 

Pleuronectidae 50 

Soleidae 20     
Salmoniformes 56 Salmonidae 55     
Scorpaeniformes 87 Cottidae 47     

Hexagrammidae 124 

Liparidae 622 

Sebastidae 85 

Triglidae 111 

Tetraodontiformes 15 Monacanthidae 20 

Aves 277 Anseriformes 243 Anatidae 196 

Charadriiformes 266 Alcidae 180 

Laridae 248 

Scolopacidae 189 

Stercorariidae 2480 

Procellariiformes 327 Procellariidae 239 

Elasmobranchii 57 Rajiformes 65 Dasyatidae 19 

Rajidae 60 

Mammalia 127 Carnivora 81 Otariidae 141 

Phocidae 56 

Ursidae 164 

Cetartiodactyla 224 Balaenidae 68 

Monodontidae 178 

Phocoenidae 263 

 
 
 
  



Table 2 REML-adjusted means for different plants and macroalgae. Note these are relative 
values and not absolute values (the values are also relative to the values in Tables 1 & 3). 

Phylum  Order  Class  Family  

Angiosperms 3 Monocots 3 Alismatales 3 Zosteraceae 3 

Chlorophyta 36 Bryopsidophycea
e 

21 Bryopsidales 25 Bryopsidacea 35 

  
Ulvophyceae 38 Cladophorales 56 Cladophoracaea 56    

Ulvales 35 Ulvaceae 42 

Ochrophyta 36 Phaeophyceae 33 Desmarestiale
s 

9 Desmarestiacea
e 

13 

   
Dictyotales 37 

 

   
Fucales 37 Fucaceae 34    

Sargassaceae 60    
Laminariales 39 Alariaceae 43    

Chordacea 119    
Costariaceae 34 

Laminariaceae 38 

Lessoniaceae 61 

Rhodophyta 51 Bangiophycidae 15 Bangiales 14 Bangiaceae 15 

Florideophyceae 53 Ceramiales 45 Ceramiaceae 61 

Rhodomelaceae 50 

Corallinales 134 

Gelidiales 19 Gelidiacea 25 

Gigartinales 55 Dumontiaceae 82 

Gigartinaceae 48 

Palmariales 108 Palmaiaceae 102 

 
  



Table 3 REML-adjusted means for different invertebrates. Note these are relative values and 
not absolute values. .(the values are also relative to the values in Tables 2 & 3). 
 

Phylum  Order  Class  Family  

Annelida 62 Polychaeta 58 Capitellida 10 Arenicolidae 10    
Phyllodocida 206 Nephtyidae 203    
Spionida 54 Chaetopterida

e 
53 

   
Terebellida 59 Pectinariidae 57 

Arthropoda 32 Branchiopoda 378 Diplostraca 394 Podonidae 547   
Malacostraca 28 Amphipoda 25 Gammaridae 24    

Decapoda 31 Cancridae 15    
Lithodidae 114    
Nephropidae 38    
Oregoniidae 20    
Paguridae 20 

Palinuridae 38 

Pandalidae 35 

Penaeidae 19 

Portunidae 25 

Isopoda 36 Chaetiliidae 35 

Maxillopoda 73 Calanoida 289 Calanidae 363 

Eucalanidae 324 

Paracalanodae 382 

Pontellidae 248 

Temoridae 935 

Sessilia 9 Balanidae 9 

Chaetognatha 18 Sagittoidea 15 Aphragmophra 13 Sagittidae  17 

Cnidaria 14 Anthozoa 13 Actiniaria 14 Actiniidae 15 

Mollusca 50 Bivalvia 52 Arcoida 28 Arcidae 30 

Carditoida 32 Astaridae 23 

Myoida 57 Myidae 61 

Mytiloida 66 Mytilidae 61 

Nuculanoida 32 Yoldidae 26 

Pectinoida 49 Pectinidae 48    
Veneroida 43 Arcticidae 32    

Cardiidae 27 

Donacidae 25 

Tellinidae 27 

Veneridae 222 

Gastropoda 36 Haliotoidea 3 Haliotidae 4 

Littorinimorpha 41 Littorinidae 39 

Naticidae 15 

Neogastropoda 33 Buccinidae 30 

Muricidae 27 

Vetigastropoda 17 Turbinidae 21 

Sipuncula 136 Sipunculidea 127 Golfingiiforme
s 

138 Golfingiidae 121 

 
 
 
 
 
 
 
 
 
 
 


	elsevier justin
	manuscript_stoten_resubmission_CLEAN
	NAB Figures_revised_23082018
	NAB Tables

