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Abstract : 

The increasing use of rare earth elements (REEs) in many industrial sectors and in medecine, causes 
discharges into the environment and particularly in estuarine areas subjected to strong anthropogenic 
pressures. Here, we assessed the distribution of REEs along the food web of the Loire estuary. Several 
species representative of different trophic levels were sampled: 8 vertebrates, 3 crustaceans, 2 mollusks, 
3 annelids and 4 algae, as well as Haploops sp. tubes rather related to sediment. The total REE 
concentrations measured by ICP-MS were the highest in haploops tubes (141.1 ± 4.7 μg/g dw), algae (1.5 
to 34.5 μg/g dw), mollusks (9.9 to 12.0 μg/g dw), annelids (0.7 to 19.9 μg/g dw) and crustaceans (1.4 to 
6.3 μg/g dw) and the lowest in vetebrates (0.1 to 1.6 μg/g dw). The individual contribution of REEs was, 
however, similar between most studied species with a higher contribution of light REEs (76.7 ± 7.6 %) 
compared to heavy REEs (14.1 ± 3.7 %) or medium REEs (9.2 ± 5.8 %). Trophic relations were estimated 
by stable isotope analysis of C and N and the linear regression of δ15N with total REE concentrations 
highlighted a trophic dilution with a corresponding TMS of −2.0. The tissue-specific bioaccumulation 
investigated for vertebrates demonstrated a slightly higher REE accumulation in gonads than in the 
muscle. Finally, positive Eu, Gd, Tb and Lu anomalies were highlighted in the normalized REE patterns 
of most studied species (especially in fish and crustaceans) which is consistent with results in the 
dissolved phase for Eu and Gd. These anomalies could either be due to anthropogenic inputs or to various 
bioaccumulation/elimination processes according to the specific species physiology. This study, including 
most of the trophic levels of the Loire estuary food web provides new insights on the bioaccumulation and 
trophic transfer of REEs in natural ecosystems. 
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Graphical abstract 
 

 
 
 

Highlights 

► REE concentrations were the highest in primary producers and the lowest in fish. ► Trophic dilution 
of REEs was demonstrated with a corresponding TMS of −2.0. ► REE contribution was similar in all 
studied species: LREEs > HREEs > MREEs. ► Eu, Gd, Tb and Lu positive anomalies were reported in 
vertebrates and crustaceans. ► REE bioaccumulation in vertebrates' tissues was higher in the gonads 
than in muscle. 
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The tissue-specific bioaccumulation investigated for vertebrates demonstrated a slightly 

higher REE accumulation in gonads than in the muscle. Finally, positive Eu, Gd, Tb and Lu 

anomalies were highlighted in the normalized REE patterns of most studied species 

(especially in fish and crustaceans) which is consistent with results in the dissolved phase for 

Eu and Gd. These anomalies could either be due to anthropogenic inputs or to various 

bioaccumulation/elimination processes according to the specific species physiology. This 

study, including most of the trophic levels of the Loire estuary food web provides new 

insights on the bioaccumulation and trophic transfer of REEs in natural ecosystems. 

Keywords 

REEs; bioaccumulation; trophic dilution; Gd anomalies; estuarine ecosystem 

1. Introduction 

Rare earth elements (REEs) define a category of metals grouping together the fifteen 

lanthanides (from lanthanum (La) to lutetium (Lu)), to which scandium (Sc) and yttrium (Y) are 

commonly added because of similar geochemical behavior. REEs can be arranged depending on their 

molecular weight in three categories (Bru et al., 2015): the light REEs (LREEs: La, cerium (Ce), 

praseodymium (Pr), neodymium (Nd) and promethium (Pm)), the medium REEs (MREEs: samarium 

(Sm), europium (Eu) and gadolinium (Gd)), and the heavy REEs (HREEs: terbium (Tb), dysprosium 

(Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb) and Lu). Despite its low molecular 

weight, Y is included in the HREEs because of its closer chemical and behavioral properties to HREEs 

than LREEs (Bru et al., 2015; Mehmood, 2018). All REEs have very similar chemical properties due 

to their comparable electronic configuration (partially filled 4f electron shell) providing remarkable 

electromagnetic and catalytic properties. These similarities are even stronger between elements 

belonging to the same category. 

The rising interest of society to these elements, with an estimated increase of the demand and 

production of 6% per year (Bru et al., 2015), gives REEs an essential role in the global economy. They 

are mostly used in the industry sector in permanent magnets, metallurgical alloys, catalytic converters, 

lasers, phosphors, batteries or glass polishing (Castor & Hedrick, 2006; Bru et al., 2015), but are also 
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increasingly used in medicine, as contrast agent for MRI (magnetic resonance imaging) or in 

tomography, as well as in radionuclide therapy (Müller et al., 2018; Blomqvist et al., 2022). Although 

REEs are naturally present in the earth’s crust, the increase of global extraction combined to 

anthropogenic uses (industrial, agricultural or medical) induce more releases into the environment, 

causing progressive enrichments in the aquatic ecosystems (Hatje et al., 2016; Lerat-Hardy et al., 

2019) including both freshwater (e.g. La, Sm and Gd, Elbaz-Poulichet et al., 2002; Kulaksiz & Bau, 

2013; Merschel & Bau, 2015; Lerat-Hardy et al., 2019) and seawater (e.g. Gd and Tb, de Baar et al., 

1985; Alibo & Nozaki, 1999; da Costa et al., 2021). Wastewater treatment plants (WWTP), receiving 

hospital, domestic and industrial water effluents are now recognized as the main source of REEs in 

polluted aquatic systems (Kawasaki et al., 1998; Kümmerer & Helmers, 2000; Rabiet et al., 2009; 

Verplanck et al., 2010).  

Studies on the abiotic compartments show globally higher REE levels in sediment compared 

to the water column (Censi et al., 2007; Amyot et al., 2017). The investigation of REEs in estuarine 

sediments from Spain, Mexico, Portugal, China and Brazil demonstrated a range of concentrations 

from 18 to 220 µg/g dry weight (Borrego et al., 2004; Marmolejo-Rodríguez et al., 2007; Brito et al., 

2018; Chi et al., 2021; de Freitas et al., 2021; Santos et al., 2023). On the other hand, , the order of 

magnitude of the concentrations measured in the dissolved phase of European estuaries and rivers was 

ng/L (Kulaksiz & Bau, 2013; Lerat-Hardy et al., 2019; Cánovas et al., 2020). However, despite the 

lower REE concentrations found in the water column, the anomalies are mostly quantified in the 

dissolved phase compared to the particulate phase or sediment (Elbaz-Poulichet et al., 2002; Censi et 

al., 2007; da Costa et al., 2021). This is the case for the Loire estuary, where REE concentrations in 

abiotic compartments have already been characterized (Lortholarie, 2021). The Loire estuary drains 

the largest watershed of France, consequently it is under strong contaminant pressures due to 

anthropogenic activities (high population density, agricultural and industrial activities). The reported 

REE values were from 112.5 to 199.0 µg/g dw in the sediment (Thibault de Chanvalon et al., 2016; 

Lortholarie, 2021), from 51 to 489 µg/g dw in the suspended particulate matter (Thibault de 

Chanvalon et al., 2016; Lortholarie, 2021) and from 234 to 1,140 ng/L in the dissolved phase with a 

Gd positive anomaly (Lortholarie, 2021). The potential transfers from abiotic compartments to biota 
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are poorly understood and appeared relevant to investigate in aquatic systems, regarding the global 

increase in the uses and discharges of these critical elements. 

Many studies have already demonstrated a bioaccumulation of REEs after laboratory 

exposures, for example in fish (Qiang et al., 1994; Cardon et al., 2020), in bivalves (Perrat et al., 2017; 

Freitas et al., 2020) and in daphnia (Cardon et al., 2019). Some of them highlighted variations of the 

accumulation depending on the exposure dose (Freitas et al., 2020) or on the studied organ (Cardon et 

al., 2020), as well as variations of the subcellular distribution of REEs depending on the studied 

species (Cardon et al., 2019). REE potential toxic effects were also investigated by acute and chronic 

toxicity tests to estimate LC50 and EC50 in cnidarians (Blaise et al., 2018), daphnia (Barry & Meehan, 

2000) or echinoderms (Gravina et al., 2018). Other works about REE toxicity in fish and bivalves 

(Perrat et al., 2017; Hanana et al., 2018; Zhao & Liu, 2018; Cardon et al., 2019; Freitas et al., 2020) 

investigated various effects related to growth rate, energy reserves, metabolism, detoxification 

processes, oxidative stress/antioxidant responses. Regarding studies on aquatic organisms from the 

field, REE bioaccumulation was reported in fish (Mayfield & Fairbrother, 2015; Yang et al., 2016; Li 

et al., 2016), turtles (Censi et al., 2013) and bivalves (Merschel & Bau, 2015; Wang et al., 2019; 

Briant et al., 2021; Figueiredo et al., 2022) but only few studies have investigated the fate of REEs in 

the entire ecosystem (Amyot et al., 2017; MacMillan et al., 2017; Wang et al., 2019; Santos et al., 

2023). As REE concentrations in the environment tend to rise, field studies must be carried out to 

better understand the fate of REEs at the ecosystem level and, especially in food networks to (i) 

provide information on the accumulation by species according to their trophic position, their lifestyle 

and their role in the ecosystem; (ii) identify the most accumulative species; (iii) understand the 

transfers of REEs from abiotic to biotic compartments; (iv) acquire data to better monitor the REE 

enrichments in biota based on anthropogenic contributions and (v) assess the ecotoxicological risk of 

REEs.  

 This study aims to investigate the fate of REEs along the food web of the Loire estuary related 

to the abiotic compartment contamination. Total concentrations as well as individual contribution of 

each REE were evaluated in a wide variety of species representative of different trophic levels 

estimated by stable isotope analysis. Tissue-specific bioaccumulation was further examined for the 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



vertebrate phylum. The anthropogenic origin of bioaccumulated REEs was also investigated using 

normalization and anomaly calculation methods.   

 

2. Material and Methods 

2.1.  Study Area and Sample Collection 

The Loire estuary extends for 97 km from Ancenis to the outside limit of Saint Nazaire and 

receives effluents from the largest watershed in France (118 000 km²). It is subjected to strong 

anthropogenic pressure due to the high density of population gathered in two main cities: the Nantes 

metropolis (about 650 000 habitants) and Saint Nazaire city (about 70 000 habitants). The high 

industrialization of the area as well as the large agriculture activity make the Loire estuary a study area 

of particular interest for environmental issues.  

Sampling sites were divided in 5 areas corresponding to Cordemais, Donges, Mindin, Saint 

Nazaire and Offshore (Figure 1). They were selected to represent REE sources potentially different in 

terms of quantity, and quality as well, such as medical, agricultural or industrial uses. Cordemais is a 

small town of 3 600 inhabitants with a coal thermal power station. Donges is a bigger town (7 700 

inhabitants) with the second most important refinery of France. Mindin and St Nazaire areas are 

subjected to higher industrial activities, with an important harbor Shipyard and a WWTP. These sites 

are therefore impacted by REE releases through their uses in oil catalytic cracking, metallurgic alloys, 

permanent magnets or nuclear medicine. Finally, the Offshore zone is considered as the least exposed 

to anthropogenic inputs due to its position away from the coastline.  

During April 2021, several species representative of different levels of the estuary food web 

were sampled in these locations: 8 vertebrates (Trisopterus luscus, n = 9; Osmerus eperlanus, n = 3; 

Platichthys flesus, n = 16; Dicentrarchus labrax, n = 11; Chelon ramada, n = 12; Solea solea, n = 13; 

Anguilla anguilla, n = 4; Sprattus sprattus, n = 9), 2 crustaceans (Crangon crangon, n = 61; Palaemon 

longirostris, n = 51), 2 mollusks (Scrobicularia plana, n = 25; Limecola balthica, n = 4), 3 annelids 

(Nephtys hombergii, n = 4; Nereis diversicolor, n = 43; Heteromastus filiformis), 4 algae (Fucus 

vesiculosus, n = 1; Fucus spiralis, n = 1; Ulva lactuca, n = 1; Ulva intestinalis, n = 1) and Haploops 

sp. tubes (Table S1, Figure 1). Haploops sp. are small crustaceans living in sediment constituted 
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tubes. As tubes and organisms were not separated for REE analysis, concentrations are mainly 

representatives of sediment levels, so they were not included in the crustacean phylum. The fish and 

shrimps were collected using a trawl. Mollusks, annelids, as well as Haploops sp. tubes, were sampled 

in the subtidal sediment (1 to 15 m depth and 20 to 23 m depth, respectively) using sampling buckets, 

whereas algae were manually collected during low tide in the intertidal zone. Due to a lack of sample 

mass for certain species, a complementary sampling was carried out during September 2022 in the 

subtidal sediment (1 to 15 m depth) of Cordemais and Donges, allowing the collection of additional 

individuals of N. diversicolor needed for stable isotope analysis. This second sampling also allowed 

the collection of another crustacean species, i.e. Corophium volutator (n = 121) (Table S1). 

 

2.2.  Sample Preparation 

All fish, C. crangon and P. longirostris were frozen at -20°C onboard and transferred to the 

laboratory. Mollusks, annelids and C. volutator were transported alive to the lab in tanks with 

sediment and water from the sampling site. They were then manually sorted to be depurated for 48h in 

artificial seawater, at the salinity and temperature of the site, before being frozen at -20°C. Algae were 

identified in the lab and kept at -20°C. Before freezing, all organisms were individually rinsed with 

deionized water, measured and weighed. Their habitat and food habit were recorded and are presented 

in Supplementary Material (Table S2). Fish were dissected to separately analyze muscle, gonads and 

the rest of the organism. Crustaceans, as well as H. filiformis, were grouped in several pools of 

individuals to reach the biomass required for chemical analysis. The whole soft tissues of the other 

species were individually used for analysis. Tissue samples were weighed, frozen, freeze-dried and 

grinded to obtain homogeneous samples.  

Fish tissue samples (except gonads and S. sprattus) went through a preliminary step of 

calcination to concentrate the samples: 1 g dw of each tissue was carbonized in a muffle furnace 

(Nabertherm LE) for 1h at 300°C and 2h at 500°C. Then, the digestion step was performed on either 

ash from calcination or dry samples. Briefly, 200 mg were pre-digested at room temperature in Teflon 

vessels with a mix of HNO3 65% / HCl 37% (9:1, v/v). After 1h, samples were mineralized in a 

microwave oven (Multiwave GO Plus, Anton Paar) with the following program: 5 min reaching 100°C 
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maintained during 10 min and 15 min reaching 170°C maintained during 35 min. Digested solutions 

were then transferred into Pyrex tubes to be evaporated to dryness on a hot-plate at 130°C. When the 

dry weights were lower than 60 mg, samples were directly digested in Pyrex tubes placed on a hot-

plate at 90°C until full mineralization instead of being microwaved. Samples were then resuspended in 

1.8 mL of HNO3 2%, vortexed, sonicated for 10 min and centrifuged (3 rpm) for 5 min. The 

supernatants were finally diluted and analyzed.  

To assess the accuracy of the analytical procedure, all samples were treated in triplicates when 

possible. In parallel to samples, procedural blanks were processed, as well as an international certified 

reference material (CRM, BCR® - 668, mussel tissue). All the materials used during field and 

laboratory work were previously washed with detergent and water. Then, they were bathed in acid 

(HNO3 10%) and rinsed with ultrapure water (Milli-Q, Millipore). 

To perform stable isotope analysis, about 200 mg of grinded dry tissue of fish muscle or whole 

soft tissue of other species were aliquoted and precisely weighed in pewter capsules for further 

analysis. 

 

2.3.  Rare Earth Element Analysis by ICP-MS 

REE concentrations were determined using an inductively coupled plasma mass spectrometry 

(ICP-MS, NexION 300X, PerkinElmer) equipped with an autosampler S10 (PerkinElmer) and Ar as 

collision gas. The following REE isotopes were selected: 
89

Y, 
139

La, 
140

Ce, 
141

Pr, 
142

Nd, 
147

Sm, 
153

Eu, 

155
Gd, 

159
Tb, 

163
Dy, 

165
Ho, 

166
Er, 

169
Tm, 

171
Yb and 

175
Lu. External calibrations using multi-elemental 

standard solutions (NexION setup solution, PerkinElmer) were performed at the beginning of each 

analytical session. All samples, blanks, standard and CRM were diluted with HNO3 2% and rhenium 

(
187

Re) was used as internal standard at a concentration of 1 µg/L in each sample. As some samples 

had a high viscosity, instrumental blanks (2% HNO3) were inserted between each sample to help the 

rinsing of the machine pipes. For quality controls, standard solutions containing 1 and 5 µg/L of REEs 

were running on the ICP-MS every 5 samples. REE concentrations in blanks were subtracted from 

sample concentrations. Then, they were corrected according to the recovery of REEs in the CRM 

(Table S3). The limits of detection (LOD) and of quantification (LOQ) were determined for each REE 
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as following: LOD = [(standard deviation of y-intercept / slope) * 3.3] and LOQ = LOD * 3 (Table 

S3). The results from the samples were compared to these limits. The concentrations were considered 

as equal to 0 or equal to the LOD when the results were lower than the LOD and the LOQ 

respectively.  

 

2.4.  δ13
C and δ

15
N Analysis 

Stable isotopic composition of C and N (δ
13

C and δ
15

N) was analyzed in the muscle of fish, the 

soft tissue of mollusks and the whole organism of crustaceans, annelids and algae by the IPSiM 

(Institut des Sciences des Plantes de Montpellier, France) using an isotope ratio mass spectrometer 

(IRMS, isoprime precisION, Elementar) coupled with an elemental autoanalyzer (EA, vario PYRO 

cube, Elementar). Isoleucine (calibrated with IAEA-CH-6 and IAEA-NO-3) was used as internal 

standard and was run every 24 samples. Isotopic data are expressed using the usual delta (δ) notation 

with a per mil deviation (‰) from international reference materials (Vienna Pee Dee belemnite and 

atmospheric N2 for δ
13

C and δ
15

N, respectively). Concerning N. diversicolor and C. volutator, the 

analysis was performed on organisms collected in September 2022. 

 

2.5.  Data Processing 

REE concentrations are presented in nanograms or micrograms per gram of sample dry weight 

(ng or µg/g dw) and total REE concentrations (ΣREEs) were calculated as the sum of the individual 

REEs. Median and median absolute deviation (MAD) were used to describe the data (REE 

concentrations and anomaly values). Individual REE contributions were calculated as a mean 

percentage (%) for each REE. The REEs from La to Nd, from Sm to Gd and from Tb to Lu in addition 

to Y corresponded to LREEs, MREEs and HREEs, respectively. Pm was excluded because it is 

radioactive and not naturally present in the environment.  

In order to visualize anomalies, REE concentrations were normalized to Post Archean 

Australian Shale (PAAS) (Pourmand et al., 2012; Rétif et al., 2023). Only elements quantified in more 

than 30% of the total samples of each studied species were considered on the REE spectra (Table S4 

and S5). Anomalies were calculated by estimating the geogenic background concentration of the 
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studied elements by modeling the shape of the normalized REE pattern, using a third-order polynomial 

fit, excluding anomalous elements (Möller et al., 2002, 2003; Hatje et al., 2016). Ce and Eu were 

excluded of the models because of their redox sensitivity, as well as Gd, Tb, Tm and Lu, since they 

seemed anomalous in the drawn REE patterns. Anomalies were calculated for Eu, Gd, Tb and Lu 

using the equation (1):  

eq (1):  REEN / REEN* = REEN / (ax
3
 + bx

2
 + cx + d) 

where REEN is the PAAS-normalized studied REE concentration and REEN* is the geogenic 

background concentration calculated by solving each fitted third-order polynomial of a, b, c and d 

parameters for x = position of the studied REE (7, 8, 9 and 15 for Eu, Gd, Tb and Lu, respectively) (da 

Costa et al., 2021). Values higher than 1 indicate positive anomalies and values lower than 1 indicate 

negative anomalies. To compare the results obtained from the biota to the abiotic compartments and 

assess the potential REE transfers, the spectra of abiotic compartments (Lortholarie, 2021) were added 

in the REE-pattern figures. 

The trophic transfer of REEs was characterized by estimating the trophic magnification slope 

(TMS) which is an indicator of the biomagnification potential of contaminants. It is based on the 

studied contaminant concentrations and the stable nitrogen isotope values (δ
15

N) which are often used 

to characterize the trophic level of organisms. An increased δ
15

N value indicates a higher trophic level 

within a food web. Thus, the TMS corresponds to the slope (b) of the linear regression of log10[ΣREE] 

related to δ
15

N (equation (2)).  

eq (2): log10[ΣREE] = δ
15

N (b) + a 

A positive TMS value indicates biomagnification in the food web whereas a negative value highlights 

a trophic dilution. 

 

2.6.  Statistical Analysis 

The statistical analysis was carried out using Rstudio. The normality of the data was investigated 

using Shapiro-Wilk tests and, as most of the data were not meeting the normality requirement, non-

parametric tests were performed. For multiple groups comparison, Kruskal-Wallis tests were used 

followed by post-hoc multiple comparison Nemenyi tests, in case of significant differences between 
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the studied groups. Wilcoxon’s tests were performed for pairwise comparison, as well as to verify the 

presence of anomalies (values ≠ 1). Linear regression model analysis was done using the ‘lm’ function 

and was tested with a Pearson correlation test. The significance level for all statistical tests was set at 

p-value ≤ 0.05. 

 

3. Results and Discussion 

3.1.  REEs in the Food Web 

3.1.1. REE Concentrations 

REE concentrations measured in several species of the Loire estuary food web highlighted the 

following accumulation order: Haploops sp. tubes > algae > mollusks > annelids > crustaceans > 

vertebrates (Figure 2, Table S6) which is comparable to the other studies investigating the REE 

concentrations in a wide range of species (MacMillan et al., 2017; Squadrone et al., 2019; Wang et al., 

2019; Marginson et al., 2023; Santos et al., 2023). This observation can be due to different 

accumulation of REEs by the various species, depending on their habitat and food habit. Benthic 

organisms, as well as primary producers, planktivorous, suspensors, detritivores or deposit-feeders 

might be more exposed to REEs due to their direct contact with sediments, where REEs tend to be 

accumulated (Censi et al., 2007; Amyot et al., 2017).  

The highest REE concentrations were measured in the Haploops sp. tubes (141.1 ± 4.7 µg/g 

dw) which mostly correspond to sediments than organisms, as explained in the material and methods 

section (Figure 2). These results are consistent with previous results recording REE concentrations 

reaching 195 to 199 µg/g dw in the Loire estuary sediments (Thibault de Chanvalon et al., 2016). It is 

also comparable to many other studies focusing on REEs in sediments at: the Marabasco estuary, 

Mexico (27.5 - 157.3 µg/g dw), the Bohai Bay, China (97.6 - 202.0 µg/g dw), the Tagus estuary, 

Portugal (18 - 210 µg/g dw), the Jaguaripe estuary (202 - 220 µg/g dw) and the Subae estuary (25.6 - 

198.0 µg/g dw), Brazil (Marmolejo-Rodríguez et al., 2007; Zhang et al., 2014; Brito et al., 2018; de 

Freitas et al., 2021; Santos et al., 2023). 

High REE levels were recorded in algae compared to the other studied species (Figure 2) and 

the differences were marked between their genus with lower concentrations in brown algae Fucus sp. 
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(1.51 - 3.50 µg/g dw) compared to green algae Ulva sp. (19.27 - 34.45 µg/g dw). These values are in 

the same order of magnitude than others found in several studies carried out by Squadrone et al. (2017, 

2018, 2019) on both green and brown algae (2.09 - 27.00 µg/g dw), as well as in the brown algae 

Alaria sp. (5.22 - 25.80 µg/g dw) from eastern Canadian subarctic (Marginson et al., 2023). Higher 

values than those recorded in the present study (Fucus sp.) were reported in the brown algae Padina 

sp. (8.4 - 62.2 µg/g dw) from the east coast of Peninsular Malaysia (Mashitah et al., 2012). Lower 

contents were also measured in other brown algae (148.1 - 534.8 ng/g dw) collected in Japan coasts 

(Sakamoto et al., 2008) and in Ulva sp. (548 ng/g dw) from Aburatsubowan Bay, Japan (Fu et al., 

2000). Fu et al. (2000) also showed lower values in brown algae (50 - 121 ng/g dw) compared to green 

algae (215 - 548 ng/g dw). These results highlight the capacity of seaweeds to accumulate REEs, 

especially green algae (Ulva sp.) that could be used as bioindicators. Additionally, these organisms 

play an important role in the REE transfer to other organisms of the ecosystem, such as omnivorous, 

deposit feeders, grazers or detritivores.  

The two studied mollusks had similar REE concentrations (9.91 ± 0.38 µg/g dw in L. balthica 

to 11.98 ± 5.48 µg/g dw in S. plana, Figure 2) that are close to REE values reported in various bivalve 

species (1.28 - 6.68 µg/g dw) of the Subae estuary (Santos et al., 2023), as well as in mussels or 

oysters from the eastern Canadian arctic (3.71 - 6.23 µg/g dw) and subarctic (5.91 - 15.13 µg/g dw), 

the French metropolitan coasts (0.002 - 10.940 µg/g dw) and the Portuguese (0.17 - 9.69 µg/g dw) 

ones (MacMillan et al., 2017; Briant et al., 2021; Figueiredo et al., 2022; Marginson et al., 2023). 

They were however higher than reported values in gastropods (0.03 - 1.48 µg/g dw) from the Nansha 

sea (Li et al., 2016), in bivalves from Tokyo (1.15 - 3.48 µg/g dw) and Mulan (389.7 - 496.2 ng/g dw) 

Bays (Akagi & Edanami, 2017; Wang et al., 2019) and from Northwestern Italy (110 - 140 ng/g dw) 

(Squadrone et al., 2019). Lower REE concentrations (1.1 - 454 ng/g dw) were also described in 

Corbicula fluminea from the Jiangxi Province (Wang et al., 2022). Bivalves have been widely used for 

years now as bioindicators of aquatic pollution as they tend to accumulate contaminants in their 

tissues, such as trace metal elements, including REEs (Bonnail et al., 2017; Perrat et al., 2017; 

Figueiredo et al., 2022). Their filter-feeding mode, as well as their habitat at the water-sediment 

interface, make these organisms particularly exposed to contaminants both directly (dissolved forms) 
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and trophically (adsorbed on ingested nutrient particles) (Fournier et al., 2005) and explains the high 

recorded REE levels. 

Among annelids, H. filiformis stood out with much higher concentrations (Figure 2), up to 

19.99 ± 5.52 µg/g dw, compared to N. hombergii and N. diversicolor (1,055.6 ± 332.2 and 

717.5 ± 626.1 ng/g dw respectively). It could be explained by the depuration process that was not 

complete for H. filiformis due to the difficulty of keeping the organisms alive during that step. This is 

consistent with the comparable concentrations measured in non-depurated polychaeta (24.15 µg/g dw) 

found in a previous study (Santos et al., 2023). It also highlights the importance of the depuration 

process in assessing REE concentrations within organisms (Amyot et al., 2017; Benaltabet et al., 

2021). In fact, although these organisms live buried in the sediment, compartment with high REE 

concentrations, they do not seem to accumulate REEs in their tissue. REE quantification levels of both 

depurated species (N. hombergii and N. diversicolor) were often under the quantification limit of the 

method (particularly HREEs, Table S4), demonstrating that higher recorded REE concentrations in H. 

filiformis could be mostly due to remaining sediments in the organism’ guts.  

Crustacean phylum showed variations depending on the studied species with higher values in 

C. crangon (6.30 ± 5.34 µg/g dw) compared to P. longirostris (1.35 ± 0.10 µg/g dw) and C. volutator 

(1.74 ± 0.41 µg/g dw) (Figure 2). These concentrations are similar to those recorded in 

Litopenaeus sp. from Brazil (5.50 µg/g dw in internal organs and 422 ng/g dw in muscles) but 

particularly higher than those presented in the Penceus penicillatus shrimp (36.4 ng/g dw) from China 

(Santos et al., 2023; Wang et al., 2019). These relatively high values could be explained by the benthic 

habitat of shrimps but also by their food habit, exposing them to REEs. A study of Marchand (1981) 

on the food diet of C. crangon and P. longirostris demonstrated that although they largely consume 

annelids and copepods, they also ingest high quantity of sediment, allowing the grinding of food and 

the intake of microorganisms. 

The lowest REE concentrations were measured in the vertebrate phylum. Concentrations 

ranged from 106.5 ± 52.3 ng/g dw in T. luscus to 1,610.0 ± 704.9 ng/g dw in C. ramada (Figure 2). 

Results are close to values measured in whole body of freshwater fish by Mayfield & Fairbrother 

(2015) in Washington state, USA (14 - 3,000 ng/g dw) and by Amyot et al. (2017) in temperate lakes 
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of Quebec, Canada (110 - 450 ng/g dw). Lower values were reported in fish from the Nansha sea (Li et 

al., 2016) and from in the Maluan Bay (Wang et al., 2019) in China, with respective values reaching 

4.1 to 44.7 ng/g dw and 5.4 to 14.0 ng/g dw. Results showed greater concentrations in demersal 

species, as well as in pleuronectiforms species (P. flesus, S. solea) compared to pelagic ones (T. 

luscus, O. eperlanus, S. sprattus) (Figure 2, Table S2). This indicates the important role of sediment 

in the direct REE exposure for fish. In addition, higher REE values were reported in plankton-feeding 

species (P. flesus, C. ramada, S. sprattus) compared to exclusive carnivorous/piscivorous (T. luscus, 

O. eperlanus, D. labrax, A. anguilla) (Figure 2, Table S2), since plankton is known to particularly 

accumulate REEs (Amyot et al., 2017; MacMillan et al., 2017; Santos et al., 2023). These observations 

demonstrate the food habits as of major influence in the REE transfer to organisms.  

As an overall, several factors, such as the geochemical background, the REE anthropogenic 

sources, the REE bioavailability depending on the physiochemical environmental conditions, the 

variability of uptake and elimination processes depending on the species, could explain the differences 

between the reported REE concentrations in this study and the others. 

Regarding the spatial variations, the comparison of the different sampling sites highlighted a 

tendency of higher REE concentrations at Mindin than at Cordemais which was significant only for 

P. flesus. The REE concentrations were also significantly higher at Donges than at Mindin for S. plana 

(Figure S1, Table S7). These different concentrations could be explained by higher industrial 

activities near Mindin compared to Cordemais. Mindin is characterized by the proximity of an 

important harbor, as well as a shipyard and a WWTP. The Donges refinery could also explain the 

higher values reported in S. plana from Donges compared to Mindin as REEs are used in the oil 

catalytic cracking. 

 

3.1.2. REE Distribution  

The individual contribution of REEs was also investigated (Figure 3, Table S8). The 

distribution patterns were similar for most of the studied species with the highest contribution of 

LREEs, then HREEs and MREEs. The LREEs corresponded to 48.3 to 87.3% of the total REE 

concentrations with a predominance of Ce. The HREEs reached 5.5 to 23.2%, with the highest 
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percentage for Y and the MREEs were between 4.3 and 33.2%, mainly due to the Gd contribution. 

These observations are comparable to many other studies on various organisms, demonstrating higher 

contribution/concentrations of LREEs compared to HREEs and/or MREEs (MacMillan et al., 2017; 

Squadrone et al., 2019) with a predominance of Ce (Wang et al., 2019; Lortholarie et al., 2021; 

Marginson et al., 2023; Labassa et al., 2023). The presented results are also consistent with the known 

abundance of the different classes of REEs in the earth’s crust. Indeed, LREEs are generally more 

abundant than MREEs and HREEs, Ce being the most abundant REE in the environment (Christie et 

al., 1998; Bru et al., 2015). However, the possible higher bioavailability of LREEs, including Ce, 

could also be a reason for the high recorded percentages of this element (22.0% - 43.2%) in the studied 

organisms. Only N. hombergii, P. longirostris and Haploops sp. tubes showed a different distribution 

pattern, i.e. LREEs > MREEs > HREEs. For N. hombergii, this difference was explained by high 

percentages of MREEs, up to 33.2%, including 18.8% and 14.2% of Gd and Sm respectively, as well 

as low percentages of LREEs, decreasing to 48.3%, with only 22% of Ce contribution compared to 

30.7 to 43.2% in other species. The low quantification of HREEs (except Y) compared to LREEs and 

MREEs in this species (Table S4) could also be an explanation for the diverging reported distribution 

pattern. For P. longirostris, the MREE contribution (10.6%) was quite the same as the HREE 

contribution (9.6%). Finally, no Y contribution was recorded for Haploops sp. tubes, as this element 

was not analyzed for these samples, explaining the low contribution of HREEs leading to a pattern 

diverging from the others.  

 

3.1.3. Eu, Gd, Tb and Lu Anomalies 

The presence of anomalies was examined by normalizing REE concentrations to PAAS 

(Figure 4) and REE patterns of abiotic compartments were added to the figure for comparison. The 

PAAS-normalized patterns of vertebrates showed Eu, Gd, Tb and Lu positive anomalies, also 

noticeable for crustaceans (Figure 4A,B). Mollusks, annelids, Haploops sp. tubes and algae patterns 

were relatively flat (Figure 4C,D). Eu, Gd, Tb and Lu anomalies were calculated for each species 

(Figure 5, Table S6).  

Reported Eu anomalies ranged from 0.88 to 2.45, with values significantly higher than 1 for 
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P. flesus, P. longirostris, C. volutator and L. balthica (Figure 5A). The vertebrate values ranged from 

1.11 ± 0.50 for S. sprattus to 1.87 ± 1.09 for D. labrax and the highest recorded values were for 

crustaceans with C. volutator (2.10 ± 0.23) and P. longirostris (2.45 ± 0.27). Mollusks, H. filiformis, 

algae and Haploops sp. tubes showed lower values from 0.89 for F. vesiculosus to 1.48 for U. lactuca. 

Gd anomalies were ranging from 0.83 to 2.55 and were significantly higher than 1 for T. 

luscus, D. labrax, P. longirostris and C. volutator (Figure 5B). Similarly to Eu, the calculated 

anomaly values were higher in vertebrates (from 1.19 ± 0.5 for O. eperlanus to 2.35 ± 1.31 for T. 

luscus) and crustaceans, especially C. volutator and P. longirostris (2.44 ± 0.32 and 2.55 ± 0.51 

respectively). On the contrary, the values were lower in mollusks, H. filiformis, algae and Haploops 

sp. tubes (0.83 for F. vesiculosus to 1.35 for U. lactuca).  

Tb anomalies were less homogenous among the studied species and ranged from 0.91 to 2.85 

with values significantly higher than 1 for T. luscus, C. ramada and S. solea (Figure 5C). Anomalies 

were also higher in vertebrates (1.03 ± 0.27 for S. sprattus to 2.85 ± 1.21 for T. luscus) and crustaceans 

(1.49 ± 0.21 in P. longirostris to 1.50 ± 1.16 in C. crangon) compared to other phyla. The median 

values were higher than 2 for three species, i.e. T. luscus (2.85 ± 1.21), D. labrax (2.46 ± 2.18) and 

C. ramada (2.29 ± 1.00). Mollusks, H. filiformis, algae and Haploops sp. tubes anomaly values ranged 

from 0.91 (F. vesiculosus) to 1.57 ± 0.18 (H. filiformis).  

The highest anomaly values were recorded for Lu (1.13 to 10.76) and led to median values 

above 1 for all the species, with statistical significance only for 7 of them, i.e. T. luscus, P. flesus, D. 

labrax, C. ramada, S. solea, P. longirostris, S. plana (Figure 5D). T. luscus clearly stood out with a 

median value of 10.76 ± 3.07, much higher than all other studied species with values reaching 1.13 ± 

0.21 for Haploops sp. tubes, 1.33 to 1.79 for algae, 2.32 ± 0.19 for H. filiformis, 2.74 ± 0.79 for S. 

plana, 2.00 ± 0.48 to 2.36 ± 0.51 for crustaceans and finally 1.57 ± 0.70 to 3.48 ± 3.18 for other 

vertebrates. 

The Gd anomalies observed in biota are consistent with anomalies found in the dissolved 

phase of the Loire estuary (Figure 4, Lortholarie, 2021) and are comparable to various studies 

reporting the same anomaly in rivers (Bau & Dulski, 1996), estuaries (da Costa et al., 2021), seawater 

(de Baar et al., 1985) or bivalves (Pereto et al., 2020). Eu anomalies are often reported in the water 
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column (Censi et al., 2004; MacMillan et al., 2017; Pignotti et al., 2017) and is also noticeable in the 

dissolved phase REE-pattern of the Loire estuary (Figure 4). It is mostly due to the reduction of Eu 

(III) to Eu (II), which is more soluble (Goldstein & Jacobsen, 1988), and might therefore be more 

bioavailable to organisms. Concerning Tb and Lu anomalies, few studies reported anomalies for these 

two elements (de Baar et al., 1985). In the Loire estuary, no Tb or Lu anomalies are not noticeable in 

abiotic compartment REE-patterns (sediment, suspended particulate matter or dissolved phase), 

although a gradual enrichment in HREEs can be observed in the dissolved phase (Figure 4). The latter 

is not observed in the pattern of the studied species, apart from enrichments in Tb and Lu, underlining 

the involvement of mechanisms other than bioavailability in the REE bioconcentration. Although the 

vertebrates seem to be less accumulating REEs, they show the most significant anomaly values. As Gd 

and Eu anomalies are mostly reported in the dissolved phase, the studied fish species, being either 

demersal or pelagic (Table S2), might be more exposed to these two REEs through the water column. 

In comparison, benthic organisms (like mollusks or annelids, Table S2), living in the sediment, are 

therefore mostly exposed to geogenic REEs. This is confirmed by the higher values of their relatively 

flat spectra, close to the one observed for sediments. The differences of REE accumulation among the 

studied species are thus relatively consistent with the REE distribution among the Loire estuary abiotic 

compartments. The water column’s dissolved phase indeed showed globally lower REE concentrations 

than those measured in the suspended particulate matter or sediment (Figure 4). Nevertheless, the 

dissolved concentrations in water seems to be more impacted by anthropogenic inputs, with a Gd 

contamination that might be transferred to demersal or pelagic biota (Figure 4). This, along with Eu 

reduction, could explain Gd and Eu anomalies reported in organisms. But considering Tb and Lu, it 

might involve other mechanisms. The bioaccumulation processes could differ from a species to 

another, as it was already demonstrated for Y (Cardon et al., 2019) or other metals like Cd (Le 

Croizier et al., 2019). It could also depend on the life stage or gender of the individuals, within a same 

species, as recently reported for REEs in A. anguilla (Lortholarie et al., 2021). These results 

demonstrate the important influence of species physiology in the uptake, the preferential 

internalization or the elimination of some metals/REEs, such as with Eu, Gd, Lu and Tb shown in the 

present study, mostly accumulated by vertebrates and crustaceans.  
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Some anthropogenic origins can also be considered to explain the recorded anomalies 

regarding the current uses of REEs. Eu is widely used in industry as phosphor for its fluorescent 

property, as well as in nuclear energy as neutron absorbers in nuclear reactor control rods (Bru et al., 

2015). Chelate forms of Gd are extensively used as contrast agents during MRI (Blomqvist et al., 

2022), reaching 22 to 66 tons of Gd used each year. Each examination requires 1.1 to 1.3 g of Gd
3+ 

(Thomsen, 2017) and various studies have already linked the positive recorded anomalies in natural 

environments to anthropogenic uses of Gd (Kümmerer & Helmers, 2000; Rabiet et al., 2009; 

Verplanck et al., 2010). Tb is used as theragnostic radio-isotopes, especially four isotopes, i.e. 
152

Tb 

and 
155

Tb used for PET (positron emission tomography) and SPECT (single-photon emission 

computed tomography) imaging, along with 
149

Tb and 
161

Tb used for radiotherapy (Müller et al., 2018; 

Naskar & Lahiri, 2021). Concerning Lu, it is also widely used in radionuclide therapy, particularly in 

treatments for men with prostate cancer. The high affinity of 
177

Lu with the prostate specific 

membrane antigen (PSMA, a receptor on the surface of prostate cancer cells) allows a better precision 

and quality of PET imaging, as well as targeted radionuclide therapy (Pillai & Knapp, 2015; Emmett 

et al., 2017). However, as 
177

Lu disintegrates into hafnium (Hf) within 6 days, it might not be the main 

source for the reported Lu anomalies.   

Site comparison highlighted a trend with higher values of Eu and Gd anomalies recorded at 

Mindin compared to Cordemais. The differences were significant only for P. flesus and S. solea 

considering Eu anomalies and for P. flesus considering Gd anomalies (Figure S2, Table S7). These 

higher Eu and Gd contents in organisms from Mindin are consistent with the overall higher REE 

concentrations reported in the vertebrates from Mindin compared to Cordemais (Figure S1). In 

addition to the potential REE sources higher in Mindin than Cordemais, Mindin is located in the 

polyhaline zone of the estuary whereas Cordemais is in the mesohaline zone. The REE agglomeration 

in sediment at high salinity (Tepe & Bau, 2016; Thibault de Chanvalon et al., 2016), as well as P. 

flesus and S. solea being demersal species particularly exposed to sediment, could explain the 

significant higher reported Eu and Gd anomalies in Mindin compared to Cordemais for these two 

species. However, this trend was not observable for Tb and Lu anomalies, depending on studied 

species displaying either similar values between the two sites or values higher at Cordemais than at 
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Mindin (except for P. flesus and C. crangon). Additionally, Eu, Gd, Tb and Lu anomalies recorded at 

Donges were significantly higher compared to Mindin for S. plana (Figure S2, Table S7) which is 

comparable to results previously presented for total REE concentrations (Figure S1).  

 

3.2.  Bioaccumulation of REEs in Fish Tissues 

3.2.1. REE Concentrations  

REE concentrations in the muscle and gonads of fish were also measured (Figure 6, Table 

S9). Concentrations were distributed as follow: whole organism > gonads ≥ muscle for all studied 

species, except O. eperlanus. Muscle REE concentrations ranged from 21.10 ± 4.61 ng/g dw for A. 

anguilla to 264.0 ± 146.3 ng/g dw for C. ramada. In gonads, they ranged from 31.10 ± 2.18 ng/g dw 

for O. eperlanus to 135.5 ± 84.5 ng/g dw for S. sprattus. The results for A. anguilla muscle were 

comparable to those found in recent studies performed by Lortholarie et al. (2020, 2021) in the same 

species and the same study area, recording values from 2.9 to 12.6 ng/g dw in the muscle. Concerning 

the other fish species, the concentrations of S. solea muscle found in the present study (114.0 ± 

90.7 ng/g dw) are greater than those recorded in the west Gironde mud patch area (4.38 ± 1.20 ng/g 

dw) (Labassa et al., 2023) which is a less industrialized area with a preserved natural balance. Several 

other studies showed the same range of REE concentrations measured in fish muscle, e.g. 23 to 

460 ng/g dw in fish from Ligurian sea, Italy (Squadrone et al., 2019), 17.4 to 60.4 ng/g dw in fish 

species from the Subae estuary, Brazil (Santos et al., 2023), 76 to 191 ng/g dw in Baltic herring and 

European sardine from the Gdansk Bay and the Iberian Peninsula (Reindl & Falkowska, 2021) as well 

as 1 to 116 ng/g dw and 9 to 80 ng/g dw in fish from the eastern Canadian arctic and subarctic region 

respectively (MacMillan et al., 2017; Marginson et al., 2023). Lower concentrations (3 - 10 ng/g dw) 

were reported in muscle of freshwater fish from temperate lakes of Quebec (Amyot et al., 2017). 

Concerning the gonads, recorded values of the present work are higher than other published results for 

A. anguilla (5.42 - 37.67 ng/g dw) from the same study site (Lortholarie et al., 2021).  

These results are consistent with previous studies on fish showing higher concentrations in 

whole organism/internal organs compared to muscle tissue (Amyot et al., 2017; MacMillan et al., 

2017; Lortholarie et al., 2021; Marginson et al., 2023; Santos et al., 2023; Labassa et al., 2023). 
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Indeed, studies investigating on the REE organotropism have shown that the highest concentrations 

were recorded in the liver followed by the gills and kidneys of A. anguilla (Lortholarie et al., 2021), as 

well as of S. solea (Labassa et al., 2023).  

 

3.2.2. REE Distribution  

The individual REE distribution estimated in muscle and gonads (Figure 7, Table S10) 

appeared similar to the REE distribution patterns measured in the whole organism of fish (Figure 3) 

with a contribution of LREEs higher than HREEs, then MREEs, which is consistent with the literature 

(Squadrone et al., 2019; Lortholarie et al., 2021; Labassa et al., 2023). The distribution was 

homogenous among all the fish species for both muscle and gonads, except for P. flesus, showing for 

both tissues a higher contribution of MREEs. This difference was explained by a higher Gd 

contribution reaching 8.6% compared to the average of 4.3 ± 1.3% for the muscle of the other species. 

About the gonads, the MREE contribution reached 10% vs 3.0 ± 1.0% in the other species. It was also 

noticeable for all studied species that Y contribution was higher in gonads compared to muscle (13.4 

to 18.7% and 8.0 to 12.4%, respectively). Nevertheless, contrarily to the study of Lortholarie et al. 

(2021), highlighting a high contribution of Gd in gonads of A. anguilla female organisms collected 

from the Loire estuary, no predominance of Gd was highlighted in A. anguilla gonads of this study. 

The nonidentification of organisms’ gender, as well as the low number of gonad samples of the 

present study (2 vs. 14 in Lortholarie et al. study (2021)) could explain these diverging results. 

 

3.2.3. Eu, Gd, Tb and Lu Anomalies 

REE concentrations in muscle and gonads were normalized to PAAS (Figure S3). Muscle patterns 

of all fish seemed similar to the patterns of the whole organisms (Figure 4), with positive Eu, Gd, Tb 

and Lu anomalies (Figure S3A). For gonads, the quantification of all REEs was not systematically 

possible (Table S5) which explains why the REE patterns were not complete for this tissue. However, 

they still allowed to highlight Gd anomalies in P. flesus and A. anguilla (Figure S3B).  

The comparison of the quantification of Eu, Gd, Tb and Lu anomalies did not highlight any 

differences between the whole organism and the muscle in a fish species, except for C. ramada and P. 
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flesus. C. ramada showed significantly higher Eu anomalies in the muscle (2.31 ± 1.15) than in the 

whole organism (1.44 ± 0.72) and P. flesus displayed significantly lower Tb anomaly values in the 

muscle (0.71 ± 0.22) compared to the whole organism (1.33 ± 0.54). The muscle anomaly values were 

not significantly different among the studied fish species, except for Eu showing significantly lower 

values in S. solea compared to T. luscus and Tb with significantly lower values in P. flesus and S. 

solea than in T. luscus. Concerning gonads, A. anguilla showed a higher Gd anomaly value in gonads 

(5.58) compared to the muscle (1.08 ± 0.35) or the whole organism (1.28 ± 0.59), but this could not be 

statistically tested because of the absence of replicates (Figure S4, Table S9). As mentioned before, 

these anomalies could be explained either by the high REE exposure levels of the fish species through 

the water column due to their lifestyle, or by the possible preferential bioaccumulation or less effective 

elimination of Eu, Gd, Tb and Lu, induced by species-specific internalization processes. These 

observations are also consistent with the current uses of the four REEs presenting anomalies (Eu, Gd, 

Tb and Lu), which are widely used in the industry and medical fields (Bru et al., 2015; Emmett et al., 

2017; Müller et al., 2018; Blomqvist et al., 2022) and more pretending to end up in the aquatic 

ecosystems through wastewater (Verplanck et al., 2010). However, Gd anomaly values recorded in 

gonads are to be carefully considered since many REEs could not be quantified that may have 

influenced the polynomial fit of the spectrum pattern.  

 

3.3.  Trophic Dilution of REE along the Food Web 

The trophic position of the studied species was estimated based on values of stable nitrogen and 

carbon isotopes (δ
15

N and δ
13

C) which characterize the trophic level of organisms and the distribution 

of species along the estuary, respectively (Figure S5, Table S2). These results allowed to evaluate the 

trophic transfer of REEs along the food web by estimating the TMS based on the linear regression of 

log10[ΣREE] related to δ
15

N. The observation of the results and the negative TMS (-2.0) demonstrated 

higher REE concentrations in organisms from lower trophic levels compared to organisms of higher 

trophic levels, highlighting a trophic dilution (Figure 8). This observation was confirmed by the 

negative significant correlation of individual REE concentrations with δ
15

N (Table S11) and is 

consistent with works already published on the distribution of REEs in other aquatic food webs, either 
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from marine (Wang et al., 2019; Santos et al., 2023) or freshwater (Amyot et al., 2017) ecosystems, as 

well as in terrestrial ones (MacMillan et al., 2017). The TMS value is, however, higher in the present 

study than values reported in food webs from temperate lakes of Quebec (-0.59), from the Mulan Bay 

of China (-0.21) and from the Subae estuary in Brazil (-0.31) (Amyot et al., 2017; Wang et al., 2019; 

Santos et al., 2023). Moreover, as organisms from lower trophic levels, such as bivalves, tend to 

preferentially accumulate REEs, they might be selected for environmental biomonitoring. 

 

4. Conclusion 

 

This study demonstrated a phenomenon of trophic dilution of REEs in the food web of the 

Loire estuary, with the lowest concentrations recorded in the vertebrate phylum and the highest in the 

primary producers. This is comparable to previous studies on the REE concentrations in trophic 

chains. REE contribution was the most important for LREEs compared to HREEs and MREEs for all 

studied species which is consistent with their natural known abundance and their probable 

bioavailability in the environment. Anomalies were reported in most of the studied species for Eu, Gd, 

Tb and Lu. For Eu and Gd, this observation is consistent with the anomalies observed in the dissolved 

phase of the estuary and supposes a higher bioavailability of geogenic Eu(II) and a possible 

anthropogenic origin for Gd, considering its medical use. The magnitude of the concentrations and the 

anomalies differing between species (lowest concentrations in vertebrates but highest anomalies) 

demonstrates the importance of the habitat, the food habits and the species physiology on the 

bioconcentration. On the other hand, the investigation on fish tissue highlighted higher accumulation 

of REEs in the whole organism, containing internal organs, and in the gonads compared to the muscle. 

REE concentrations measured in the several studied organisms were globally higher than those found 

in other studies, demonstrating a possible contamination of the ecosystem and a high REE exposure of 

these aquatic organisms. This exposure could lead to a high bioaccumulation inducing potential 

adverse effects, such as oxidative stress, cellular damage or growth inhibition. This study, including a 

total of twenty-one species representatives of 6 different phyla, provides new data on the 

bioaccumulation and the trophic transfer of REEs within an estuarine ecosystem and could serve the 
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establishment of environmental thresholds for REEs. 
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Fig. 1. Sampling sites of the Loire estuary. C: Cordemais, D: Donges, M: Mindin, SN: Saint 

Nazaire, O-1: Offshore-1, O-2: Offshore-2 and O-3: Offshore-3. 
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Fig.2. Median concentrations of ΣREEs (log10-scaled axis, ng/g dw) in the organisms of the Loire 

estuary food web colored by phylum and organized by decreasing trophic level. Different letters 

represent significant differences (Kruskal-Wallis test, p-value ≤ 0.05) between studied species for 

which n > 2. Lower and upper margins of boxes show 1
st
 and 3

rd
 quartiles, whiskers represent 

maximum and minimum values, the median is defined by the bold line and outliers are drawn as 

individual points.  
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Fig. 3. REE distribution (%) in the organisms of the Loire estuary food web organized by 

decreasing trophic level. Hapl.: haploops tubes.  
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Fig. 4. PAAS-normalized REE patterns for the vertebrates (A), crustaceans (B), mollusks, 

annelids, haploops tubes (C) and algae (D) along with abiotic compartment patterns (dissolved 

phase, suspended particulate matter (SPM) and sediment derived from Lortholarie, 2021) of the 

Loire estuary. N. hombergii and N. diversicolor patterns are not represented due to the low 

quantification of REEs in these species. Post-Archean Australian Shale normalization was performed 

using Pourmand et al. (2012) dataset. 
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Fig. 5. Eu (A), Gd (B), Tb (C) and Lu (D) anomalies in the organisms of the Loire estuary food 

web colored by phylum and organized by decreasing trophic level. Different letters represent 

significant differences (Kruskal-Wallis test, p-value ≤ 0.05) between studied species for which n > 2. 

Values significantly higher than 1 (Wilcoxon test, p-value ≤ 0.05) are denoted by superscript “*”. 

Lower and upper margins of boxes show 1
st
 and 3

rd
 quartiles, whiskers represent maximum and 
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minimum values, the median is defined by the bold line and outliers are drawn as individual points. 

 

Fig. 6. Median concentrations of ΣREEs (ng/g dw) in the tissues of vertebrates from the Loire 

estuary food web. Different letters represent significant differences (Kruskal-Wallis or Wilcoxon test, 

p-value ≤ 0.05) between studied tissues (for which n > 2) within each species. Lower and upper 

margins of boxes show 1
st
 and 3

rd
 quartiles, whiskers represent maximum and minimum values, the 

median is defined by the bold line and outliers are drawn as individual points. 

 

Fig. 7. REE distribution (%) in the muscle (A) and gonads (B) of the vertebrates from the Loire 
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estuary food web. 

 

Fig. 8. Linear regression for ΣREE concentrations (log10-scaled axis, µg/g dw) versus δ
15

N (‰) in 

organisms from the Loire estuary food web (Pearson correlation test, p-value = 0.012). Trophic 

magnification slope (TMS) which is an indicator of the biomagnification potential was quantified 

as -2.0. 
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Highlights  

- REE concentrations were the highest in primary producers and the lowest in fish 

- Trophic dilution of REEs was demonstrated with a corresponding TMS of -2.0 

- REE contribution was similar in all studied species: LREEs > HREEs > MREEs 

- Eu, Gd, Tb and Lu positive anomalies were reported in vertebrates and crustaceans 

- REE bioaccumulation in vertebrates’ tissues was higher in the gonads than in muscle 
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