
Integrated environmental risk
assessment of rare earth
elements mixture on aquatic
ecosystems

Nicolas Lachaux1,2*, Carole Cossu-Leguille1, Laurence Poirier3,
Elisabeth Maria Gross1,2 and Laure Giamberini1,2

1LIEC, CNRS, Université de Lorraine, Metz, France, 2LTSER-Zone Atelier Moselle, Metz, France, 3Institut
des Substances et Organismes de La Mer, ISOMer, UR 2160, Nantes University, Nantes, France

Rare Earth elements (REE) have become essential in strategical sectors such as

high- and green-technologies. Their increasing use in human activities

worldwide leads to anthropogenic REE releases detectable in all

compartments of the environment, transforming REE into emerging

contaminants. However, their potential impacts on ecosystems are still

poorly understood. In order to have a comprehensive understanding of REE

ecotoxicology and to properly assess their environmental risk, we analysed the

toxicity of three representative REE (neodymium Nd, gadolinium Gd, and

ytterbium Yb). Following recommendations of the European Chemicals

Agency, we assessed REE hazard by performing standard ecotoxicological

tests on three freshwater species belonging to different trophic levels (algae,

crustacean and fish). EC50 were calculated using different modes of expression

of REE exposure concentration (based on nominal, measured total and

dissolved concentrations) in order to more properly and accurately

determine REE toxicity. In order to get closer to environmental conditions,

we also tested the toxicity of REE in mixture because all of them occur naturally

as such in the environment. Moreover, we added dissolved organic matter

(DOM) in the testmedium because DOM is ubiquitous and drives REE speciation

in freshwater systems. The Results showed that DOM significantly reduced REE

bioaccumulation and toxicity, probably by formation of non-bioavailable REE-

DOM complexes. The algal species was themost sensitive to REE. Despite slight

differences between Nd, Gd and Yb in behaviour and bioaccumulation, the

three REE exhibited comparable toxicity and additive effects in mixture to all

tested organisms. Thus, we considered REE as a uniform group and, for the first

time, we used mixture toxicity values and environmental mixture

concentrations to assess the risk of REE in freshwater (instead of considering

different REE separately). The results revealed that the risk is currently limited to

wastewater treatment plants, and industrial and mining activities, where

released quantities of REE can induce severe damage to exposed freshwater

organisms. However, the risks are likely more widespread in the future because

anthropogenic REE releases are expected to increase.
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1 Introduction

Rare Earth elements (REE) are a group of seventeen metals

including the lanthanide series, scandium (Sc) and yttrium (Y).

They are naturally present in the Earth crust and thus occur all

together in the environment. These elements share similar

physicochemical properties and they are divided essentially

into three subgroups based on their atomic number: LREE

(Light Rare Earth Elements), MREE (Medium Rare Earth

Elements) and HREE (Heavy Rare Earth Elements).

Nowadays, REE are used in a large variety of applications in

high technologies (smartphone, computer), in the production of

“clean energy” (wind turbine, solar panel) and many other fields.

REE are considered as critical raw materials (European

Commission, 2011) because they are essential in strategic

sectors and increasingly in demand. REE are released along

their life cycle into all environmental compartments (water,

soil, and atmosphere). Possible sources are mining (Liang

et al., 2014; Hao et al., 2016; Guo et al., 2019; Liu et al.,

2019), industry (Kulkarni et al., 2006; Kulaksız and Bau, 2013,

2011; Klaver et al., 2014), medical uses (Bau and Dulski, 1996;

Trapasso et al., 2021), agriculture (Sadeghi et al., 2013; Möller

et al., 2014) and e-waste management (Gwenzi et al., 2018). The

presence of anthropogenic REE in aquatic systems leads to

positive anomalies (Song et al., 2017), raising environmental

concern. REE ecotoxicology is still poorly understood, despite the

increasing number of studies (Arienzo et al., 2022). The existing

data are variable and there is no consensus concerning the

potential uniformity of their behaviour and toxicity, which

limits their environmental risk assessment (ERA) (Blinova

et al., 2020). A reliable ERA of REE is urgent because

anthropogenic REE are already detectable in the environment

and their use and associated releases are expected to increase in

the future (Balaram, 2019). Regulatory agencies, such as the

European Chemicals Agency (ECHA), recommend assessing

substance hazards in ecosystems by performing

ecotoxicological standard tests. These tests are convenient

because they are relatively easy to set up and because methods

are described in detail in the guidelines from Organisation for

Economic Co-operation and Development (OECD) and

International Organization of Standardization (ISO), which

make them reproducible and repeatable. However, standard

tests are sometimes considered to be too simplistic and to do

not accurately reflect environmental conditions (Bednarska et al.,

2013).

In the current study, we aimed to assess REE hazard in

freshwater ecosystems by performing standard ecotoxicological

tests in more realistic conditions, in order to propose an

integrated and more relevant ERA. We selected three

representative REE of specific concern, neodymium (Nd) as

LREE, gadolinium (Gd) as MREE and ytterbium (Yb) as

HREE. Nd is one of the most used REE, especially in

permanent magnets (Campbell, 2014). Gd is the most

common anthropogenic REE found in worldwide natural

waters (Rogowska et al., 2018; Louis et al., 2020; Trapasso

et al., 2021). Yb ecotoxicity has been very poorly studied

compared to other REE, and thus, should be investigated as a

priority (Blinova et al., 2020). We tested these three elements

alone and in mixture in order to determine if REE, regardless of

their subgroup, have a similar behaviour and toxicity. Following

ECHA guidelines, we evaluated their toxicity on three freshwater

species belonging to different trophic levels, using standard tests.

2 Material and methods

First, a test of growth inhibition with a microalga (primary

producer) was performed, followed by a mobility inhibition test

with a crustacean (primary consumer). Finally, we conducted a

test evaluating mortality of a fish species (secondary consumer).

Standard tests are usually used to assess the toxicity of individual

substances. In order to get closer to environmental conditions

where REE occur together, Nd, Gd and Yb toxicity was also tested

in mixture. Standard tests based only on mineral media without

dissolved organic matter are usually used to assess the toxicity of

individual substances, but this approach does not reflect

environmental conditions in freshwater systems. To get an

higher environmental realism, we added dissolved organic

matter (DOM) to the media because DOM is ubiquitous and

largely drives REE speciation in natural freshwaters (Tang and

Johannesson, 2003; Johannesson et al., 2004; Sonke, 2006;

Pourret et al., 2007; Marsac et al., 2011; Davranche et al.,

2017). It likely influences the subsequent REE toxicity, but

there has been little study done so far. Nd, Gd and Yb were

tested in individual single experiments, and in a ternary mixture

experiment in the absence (0 mg L−1 Dissolved Organic Carbon =

DOC) and presence (8 mg L−1 DOC) of DOM. We worked with

this DOC concentration because it is representative of worldwide

river and lake concentrations (Thurman, 1985). Our

experimental approach is summarized in Figure 1.

2.1 Rare earth elements (REE), dissolved
organic matter (DOM) and test medium
preparation

REE stock solutions were prepared by dissolution in MilliQ

water (5 g L−1 REE salt; neodymium nitrate (Nd(NO3)3.6H2O),
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gadolinium chloride (GdCl3.6H2O), ytterbium chloride

(YbCl3.6H2O); all purity >99%; Sigma Aldrich). Salts of

chlorides and nitrates were used because the complexation of

Nd, Gd and Yb with Cl− and NO3
− is negligible. REE

concentrations were measured in the stock solutions and

precipitation was not observed. Prior to the experiment, the

flasks (cleaned with a HCl 2%–3% aqueous solution) were

exposed to the ISO (algal and crustacean tests) or OECD (fish

FIGURE 1
Synthetic experimental approach used to assess the risk of REE in freshwater systems. LREE, light rare earth element; MREE, medium rare earth
element; HREE, heavy rare earth element; [REE], rare earth element concentration. Text below the pictures refer to the parameters calculated or
measured at the end of each test: EC50 = effective concentration 50%; [REEdiss] = dissolved (<0.45 µm) REE concentration measured at t1;
[REEpart] = particulate (>0.45 µm) REE concentration measured at t1; [REEtot] = calculated total ([REEdiss] + [REEpart]) REE concentration;
BCF = bioconcentration factor. PNEC, predicted no effect concentration; PEC, predicted environmental concentration; RCR, risk characterisation
ratio.
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test) medium spiked with REE during at least 12 h in order to

equilibrate glass wall adsorption sites with REE and to limit REE

losses during the experiment. After this preconditioning, the

flasks were emptied and the medium was renewed. Then, ISO/

OECD medium, DOM (in experiments with DOM) and REE

were added consecutively to the flask constituting the test

medium. The start of the experiment (t0) began by the

addition of the respective test organism. For each tested REE

concentration, an intermediate solution was prepared by dilution

of the REE stock solution in MilliQ water so that an equivalent

volume of REE solution could be added to all test flasks.

The tested DOM had been prepared at Wageningen

University, the Netherlands, by purification of local

groundwater. It is mainly composed of fulvic acid (>80%) as

determined by the method of van Zomeren and Comans, (2007).

The stock solution was stored in the dark at 5°C. The DOM stock

solution was diluted in MilliQ water to obtain the desired DOC

concentration of 8 mg C L−1 in the test flasks (Lachaux et al.,

2022).

2.2 Algal growth inhibition test (primary
producer)

Growth inhibition of the unicellular green alga

Raphidocelis subcapitata was assessed according to the

guideline ISO 8692:2012 (International Organization for

Standardization, 2012a). Briefly, algae from our laboratory

culture were exposed during 72 h to five different REE

concentrations (Supplementary Table S1) allowing the

determination of effective concentrations (ECx). After

testing their individual toxicity, we tested the toxicity of

REE in ternary equitoxic mixture, meaning that each REE

was present in the mixture at an equivalent toxicity (ECx).

Then, REE concentrations tested in the mixture (Table 2)

were selected according to the nominal ECx values (EC5,

EC10, EC30, EC50, EC65, EC75, EC80) of each REE determined

in the single experiments (Lachaux et al., 2022). One third of

each ECx was used (because there were 3 compounds in the

mixture) leading to an expected mixture effect of x% in case

of additivity (ECxMix = ECxNd/3 + ECxGd/3 + ECxYb/3)

(Minguez et al., 2018). A control (no REE) was

systematically included to the experiments. Each

concentration was tested in triplicate. The experiment was

conducted in 150 ml Erlenmeyer flasks (50 ml of test medium

per flask) at 23°C (±2°C), pH 8.1 (±0.2) with permanent

shaking at 110 rpm and continuous light at 90 (±10%) µmol

photon/m2/s. When the experiment ended (72 h), cell density

was estimated measuring chlorophyll b fluorescence (λ
absorption = 485 nm; λ emission = 640 nm) with a

FLUOStar microplate reader (BGM LABTECH,

Champigny s/Marne, France). The experiment was

repeated twice to check repeatability.

2.3 Crustacean mobility inhibition test
(primary consumer)

Mobility inhibition of the cladoceran Daphnia magna was

evaluated according to the ISO 6341:2012 guideline

(International Organization for Standardization, 2012b).

Briefly, first instar daphnids (less than 24 h) originating

from our laboratory culture were exposed to five REE

concentrations (Supplementary Table S2) in glass test tubes

(10 ml of test medium per tube) during 48 h at 20°C (±2°C).

The procedure for mixture experiments was the same as in the

algal test. Each concentration was tested with at least four

replicates (5 daphnids per replicate, 20 per concentration). The

pH of the ISO medium was adjusted to 6.5 (±0.2), with a 3.2%

HCl solution, instead of pH 7.8 in order to enhance REE

solubility and bioavailability. This pH value is included in

the range (pH = [6–9]) tolerated by D. magna (International

Organization for Standardization, 2012b). The daphnids were

considered as non-mobile when they did not move during the

15 s following a gently tube shaking. The experiment was

repeated twice.

2.4 Fish lethality test (secondary
consumer)

We applied a “threshold approach” according to OECD

(2010) as an alternative to the OECD TG 203 fish lethality

test. Juveniles (1 month) of zebrafish Danio rerio originating

from a certified fish farming for laboratory activities (Elevage de

la grande rivière, Saint Forgeux, France) were exposed to a single

concentration called “threshold concentration (TC).” The TC

was derived from the lowest EC50 between the alga and

crustacean species. The aim of the threshold approach is to

determine if fish are more or less sensitive than algae or

crustacean. After a gradual acclimatization period of 7 days,

the fish were exposed to REE during 96 h in crystallising

dishes (8 fishes in 1 L respecting the maximum load of 1 g of

fish per litre) at pH 7.7 (±0.2) and 25°C (±2°C). In the mixture

experiment, the three REE were present at an equivalent

concentration (1/3 of each REE). The test medium was

renewed daily in order to limit the decrease of REE

concentration during the experiment. In addition to mortality,

we checked twice a day for potential abnormal behaviour

(OECD, 2019a). If mortality occurs in exposed groups, the full

OECD TG 203 fish acute toxicity test (OECD, 2019b) should be

performed. If no mortality is observed, the TC can be used as a

surrogate of the EC50 value in the further hazard and risk

assessment. The experiment was conducted according to the

regulation on the protection of animals used for scientific

purposes (European Commission, 2010) by reducing the

number of animals in accordance with the 3Rs principles

(Reduction, Replacement and Refinement). The experiment

Frontiers in Environmental Science frontiersin.org04

Lachaux et al. 10.3389/fenvs.2022.974191

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.974191


was performed once with one replicate (= 8 fish) per

concentration according the previous cited guidelines.

2.5 REE concentration measurements and
analysis

REE concentrations were determined in the test medium

and in the organisms for all tested concentrations and for one

experiment repetition. They were measured at the end of the

experiment (t1) by Inductively Coupled Plasma–Mass

Spectrometry (ICP-MS, Nexion 350x PerkinElmer). The

test medium was filtered using a mixed cellulose ester filter

(MF-Millipore, reference: HAWP04700) in order to separate

the particulate phase (>0.45 µm) retained by the filter and the

dissolved phase (<0.45 µm) constituting the filtrate. For each

tested concentration, REE concentration was measured in the

filtrate. We consider this concentration as the measured

dissolved (<0.45 µm) concentration at t1 (denoted

[REEdiss]). In addition, the amount of REE retained on the

filter was quantified after complete mineralization of the filter

with 2 ml HNO3 65% (Fischer Scientific) at 80°C. The

concentration of particulate REE (>0.45 µm) in the test

medium was then calculated and added to the dissolved

concentration to determine the total REE concentration at

t1 (denoted [REEtot]). Prior to ICP-MS analysis, the filtrate

was acidified at 1% [v/v] with HNO3 69% in MilliQ water and

stored at 4°C.

REE recovery at t1 was calculated as the ratio between the

total REE mass (sum of REE mass in the water and the

organisms) measured at t1 and the nominal total REE mass

introduced at t0. Calculated recovery lower than 80% or higher

than 120% indicate that nominal and measured REE

concentrations were significantly different. In that case, the

measured concentration was used to analyse toxicity data

(International Organization for Standardization, 2012b). For

substances such as REE where the exposure concentration

decreases significantly during the experiment (e.g., Weltje

et al., 2002; Vukov et al., 2016; Blinova et al., 2018; Romero-

Freire et al., 2019), the use of a mean concentration is more

suitable than the unique concentration at the beginning or at the

end of the experiment (OECD, 2000). Thus, REE exposure

concentrations in the three tests were corrected by calculating

the respective geometric mean concentrations:

[REE]mean � ���������(C0 × C1)√
(1)

with C0 being the nominal concentration at t0 and C1 being the

measured (total or dissolved) concentration at t1. When using

[REEtot] to calculate the geometric mean, the latter is denoted

[REEtot]mean and when using [REEdiss] it refers to

[REEdiss]mean. The main objective in correcting exposure

concentrations (use of the mean of measured concentration)

was to get closer to the real exposure in order to properly estimate

and analyse bioaccumulation and toxicity data.

REE concentration was measured in the organisms (denoted

[REEorg]) in order to estimate REE bioaccumulation and to

better understand observed biological effects. For each tested

concentration, REE concentration was measured in a pool of

20 daphnids (in crustacean test) or in 8 fish (in fish test). The

concentrations were not determined in the algae due to the low

collected biomass preventing an accurate estimation of algal

bioaccumulation. The organisms were dried at 50°C during

24 h and digested with 1 ml of 65% HNO3 at 80°C before

analysis. Bioconcentration factor (BCF) was calculated using

the formula:

BCF � [REEorg]
[REEdiss]mean

(2)

For ICP-MS analyses, all samples, blanks and standards were

diluted to a final concentration of 2% HNO3. The following

isotopes were measured: 146Nd, 157Gd and 173Yb. Rhenium (187Re)

was used as internal standard. Limits of detection (LOD) and

quantification (LOQ) were determined and ranged from 0.1 to

0.3 µg L−1 for each element in aqueous samples and from 10 to

40 µg g−1 dry weight in solid samples (daphnid, fish, filter).

Analytical and procedural blanks were prepared and analysed

using the same analytical procedure as for samples. The accuracy

of the analytical protocol was validated using international

certified materials (BCR-667 and BCR-668) consisting,

respectively, of estuarine sediments and mussel tissues from

LGC standards. The recovery of Nd, Gd and Yb were,

respectively 111, 113, and 100%.

REE mass balance at t1 was calculated in each test in order to

describe the distribution of REE among three different

compartments: the organisms (crustaceans and fish), the

dissolved and particulate phases of the water. First, REE

recovery was calculated in order to estimate REE losses

possibly due to adsorption and precipitation. Then, the

proportion of REE measured in a given compartment was

calculated as a function of the total mass (sum of REE mass

in all compartments) measured at t1.

2.6 Data analysis

The dose response-curves, the ECx values and their

confidence intervals (95% certainty) were obtained using R

(version 3.6.1), package “drc” (Ritz et al., 2015). A log-logistic

model with two parameters (LL.2) was used to fit the data.

EC50 were calculated and expressed based on the nominal

(theoretical) or the geometric mean of total ([REEtot]mean)

and dissolved ([REEdiss]mean) concentrations. EC50 value

comparisons were based on confidence interval overlap. The

relationship between two variables was evaluated through a
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simple linear regression test with the function “lm” in R. BCF

values between the different experimental groups were compared

by performing a non-parametric Kruskal–Wallis test because

normality of data distribution was not respected (Shapiro-Wilk

test, p-value < 0.05).

We investigated the potential interaction of REE in mixture.

There is no interaction when mixture toxicity is similar to the

sum of single compounds toxicity, thus, mixture toxicity is

considered as additive. This is defined by the concept of

concentration addition (CA) (also called additivity model)

(Loewe and Muischnek, 1926) expressed as:

∑n

i�1
ci

ECx, i
� 1 (3)

with ci = concentration of compound i in the mixture; ECx,i =

effective concentration of compound i inducing x% effect when

tested individually (in single experiment).

The use of the CA concept is recommended to describe

mixture toxicity because it is more accurate and protective

relative to other concepts such as the independent action

model (Olwenn Martin et al., 2021). The CA model assumes a

similar mode/site of action of mixture compounds and thus it is

especially suitable to REE because they share similar

physicochemical properties that could lead to similar toxic

mechanisms.

We compared observed and predicted (according to CA

model) mixture effects by calculating along the dose response-

curve:

Ratio � observed ECx (mixture)
predicted ECx (mixture) (4)

with observed ECx (mixture) corresponding to the ECx

(mixture) obtained from the mixture toxicity experiment and

predicted ECx (mixture) corresponding to the ECx (mixture)

calculated according to Eq. 3 (CA model).

Stronger or lower observed effects relative to predicted effects

by CA means that there is an interaction between mixture

compounds. A mixture effect is considered synergistic (more

than-additive) if the ratio (calculated according to Eq. 4)

is ≤0.5 and antagonistic (less than-additive) if the ratio is ≥2
(Belden et al., 2007). We used these ratios because they limit the

bias in the interpretation of mixture effects due to intra- and

inter-laboratory variability of experimental design, conduct and

data analysis (Olwenn Martin et al., 2021). The use of narrower

ratios, such as 0.8–1.2 (Broderius et al., 1995) can lead to

overestimated interactive effects (Olwenn Martin et al., 2021).

We assessed the REE environmental risk according to ECHA

procedures following three steps: 1) hazard assessment; 2)

exposure assessment and 3) risk characterisation. We assessed

REE hazard by calculating predicted no effect concentration

(PNEC), which represents the EC50 of the most sensitive

species among the different trophic levels [Min (EC50)]

divided by an assessment factor (AF). The use of AF is a

conservative and protective approach that takes into account

the uncertainty due to intra- and inter-laboratory variation of

toxicity data, intra- and inter-species variations (biological

variance), short-term to long-term toxicity extrapolation and

laboratory data to field impact extrapolation (European

Commission, 2003). For exposure assessment, expressed by

the predicted environmental concentration (PEC), we selected

in the literature several measured REE concentrations

representing different exposure scenarios in freshwater

(European Chemicals Agency, 2016a). REE concentration can

change drastically according to the geographic region and the

environmental context, which is mainly due to human activities.

Finally, we calculated the risk characterisation ratio (RCR):

RCR � PEC

PNEC
(5)

RCR aims to determine if the hazard concentration is higher or

lower than the exposure concentration. Risk is not controlled

when RCR >1 and risk is controlled where RCR <1 (European

Chemicals Agency, 2016b).

3 Results

3.1 REE concentrations in the test medium
and organisms

Measured REE concentrations were significantly lower than

nominal concentrations. REE recovery in the media ranged from

46% to 105% in the algal test (Supplementary Table S3), from

34% to 89% in the crustacean test (Supplementary Table S4) and

from 67% to 85% in the fish test (Supplementary Table S5), below

80% for most tested concentrations. Recovery and dissolved

concentrations tend to be higher with DOM than without

DOM (Table 1). In the algal test, between 57% and 97% of

REE were measured in the dissolved phase in the presence of

DOM against less than 2% in the absence of DOM, meaning that

almost the totality of REE was in the particulate phase without

DOM (Supplementary Table S3). In the crustacean and fish tests,

the proportion of REE in the dissolved phase tended to be higher

with than without DOM, especially for tested REE

concentrations lower than 10 mg L−1 (Supplementary Tables

S4, S5).

In the crustacean and fish tests, we measured significantly

higher REE concentrations in the exposed organisms relative to

the controls (not exposed). The concentrations of Nd, Gd, Yb

measured in D. magna were positively correlated to REE

dissolved concentrations ([REEdiss]mean) (linear regressions:

p-values < 0.05). REE accumulation in D. magna was

significantly higher than in D. rerio. The crustaceans

accumulated between 2 and 138 mg g−1 REE, which resulted in

BCFs between 727 and 22,377 L kg−1, while the fish accumulated

between 0.010 and 0.173 mg g−1 REE, corresponding to BCFs
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ranging from 12 to 1386 L kg−1 (Table 1). The crustaceans

accumulated in average 6% of total REE introduced in the

medium (Supplementary Table S4) and fish less than 1%

(Supplementary Table S5), regardless of the tested condition.

REE bioaccumulation decreased with increasing atomic number.

In the single (Table 1) and mixture (Table 2) experiments, BCFs

for D. magna and D. rerio tended to follow the order Nd > Gd >
Yb. In the crustacean experiments with single REE, BCFs of Yb

were significantly lower than those of Nd (Table 1)

(Kruskal–Wallis test, p-value < 0.05). Gd bioaccumulation was

not significantly different from those of Nd and Yb. REE

accumulation by crustaceans and fish decreased mostly in the

presence of DOM. In average, the crustaceans accumulated 9%

and 4% of total REE introduced in the medium in the absence

and presence of DOM, respectively (Supplementary Table S4). In

the crustacean test, BCFs of Nd, Gd and the mixture significantly

decreased with DOM (Kruskal–Wallis tests, p-values < 0.05) but

not for Yb (Table 1). Mean BCFs were 2.8, 2.6, 2.1, and 1.3 fold

lower in the presence compared to in the absence of DOM for

Nd, Gd, the mixture and Yb, respectively. In the fish test, BCFs of

Gd, Nd, the mixture and Yb were 16, 10, 7, 3 fold, respectively,

lower with DOM.

3.2 REE biological effects

3.2.1 Mode of expression of REE toxicity values
The majority of total REE concentrations measured at the

end of the experiment ([REEtot]) represented less than 80% of

the nominal concentration in the algal (Supplementary Table S1),

TABLE 1 REE concentrations in the medium and the organisms. Data represent the interval (min-max) of five values each. REE recovery at t1 was
calculated as the ratio between the total REE mass (sum of REE mass in the water and the organisms) measured at t1 and the nominal total REE
mass introduced at t0. [REEtot]mean and [REEdiss]mean correspond to the geometric mean (=√(C0*C1)) where C0 refers to the nominal concentration
at t0 and C1 refers to the total or dissolved concentrationmeasured at t1. [REEorg] corresponds to themean of REE concentrations measured at t1 in
8 fishes (in fish test) or to the REE concentration measured at t1 in a pool of daphnids (≥20 daphnids) (in crustacean test). dw = dry weight. BCF =
Bioconcentration factor = [REEorg]/[REEdiss]mean. na = non available. nc = not calculated.

Test REE DOM
(mg
C L−1)

Nominal
[REE]
(mg L−1)

REE
recovery
(%)

[REEtot]mean

(mg L−1)
[REEdiss]mean

(mg L−1)
[REEorg]
(mg g−1

dw)

BCF (L
kg−1)

Algal growth inhibition (ISO
8692:2012)

Nd 0 0.451–2.048 62–103 0.355–2.021 0.019–0.110 na nc

8 0.451–2.048 89–104 0.424–2.089 0.421–2.038 na nc

Gd 0 0.762–2.175 46–80 0.519–1.940 0.044–0.151 na nc

8 0.762–2.175 56–91 0.569–2.078 0.541–1.842 na nc

Yb 0 0.849–2.576 87–102 0.818–2.409 0.032–0.335 na nc

8 0.849–2.576 60–105 0.658–2.645 0.624–2.383 na nc

Mix 0 0.543–2.072 63–91 0.430–1.804 0.034–0.152 na nc

8 0.874–2,116 84–95 0.799–1.897 0.751–1.836 na nc

Crustacean mobility inhibition
(ISO 6341:2012)

Nd 0 5.170–33.890 53–72 35.27–27.863 1.499–24.593 33.550–137.546 5,593–22377

8 5.170–33.890 71–80 4.270–29.571 2.934–22.755 15.704–109.154 3,067–5,851

Gd 0 2.500–40.600 49–72 1.584–32.830 1.194–30.879 7.399–119.638 3,874–12698

8 2.500–40.600 65–76 2.088–34.454 1.883–31.305 2.953–95.832 1,569–3,684

Yb 0 3.600–40.100 34–81 2.084–35.564 1.853–33.736 2.207–96.398 1,191–4,404

8 3.600–40.100 65–82 3.019–35.873 2.897–31.545 2.107–76.461 727–3,247

Mix 0 2.416–13.357 44–58 1.728–9.840 1.231–5.755 5.439–60.282 4,419–13067

8 3.545–16.236 76–89 3.140–15.020 2.385–8.523 108.95–49.469 3,294–5,804

Fish lethality (OECD 203 TG:
2019)

Nd 0 1 70 0.754 0.125 0.173 1,386

8 1 76 0.797 0.404 0.056 138

Gd 0 1 76 0.748 0.256 0.096 376

8 1 67 0.699 0.562 0.014 24

Yb 0 1 74 0.738 0.712 0.025 36

8 1 84 0.821 0.793 0.010 12

Mix 0 1 68 0.725 0.334 0.049 148

8 1 85 0.844 0.666 0.014 21
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crustacean (Supplementary Table S2) and fish (Table 1) tests.

Consequently, in addition to the use of nominal concentrations

(EC50nominal), REE EC50 values were systematically calculated

according to the geometric mean of total ([REEtot]mean) and

dissolved ([REEdiss]mean) concentrations (c.f. Section 2.5).

3.2.2 Comparison between the different species
and REE

In the algal and crustacean tests, the EC50 values followed the

order nominal > [REEtot]mean > [REEdiss]mean. The

EC50 determined for R. subcapitata were significantly lower

than those determined for D. magna (Table 3).

In the algal tests, REE EC50 ranged from 1.272 to 1.767

(nominal concentration), 1.228 to 1.620 ([REEtot]mean) and

0.068 to 1.468 ([REEdiss]mean) mg L−1. EC50[REEdiss]mean were

around 18 and 1.2 fold lower than EC50nominal, with and without

DOM, respectively. EC50[REEdiss]mean confidence intervals of Nd,

Gd and Yb overlapped, both in the absence and presence of DOM

(Table 3). In addition to growth inhibition, we observed an algal

cell aggregation and precipitation in the presence of REE for all

tested concentrations. This phenomenon occurred exclusively in

the absence of DOM.

In the crustacean tests, REE EC50 ranged between 7 and 12.8

(nominal concentration), 4.7 and 10.1 ([REEtot]mean), 2.5 and 6.3

([REEdiss]mean) mg L−1. EC50[REEdiss]mean were around 2–3 fold

lower than EC50nominal. EC50[REEdiss]mean confidence intervals of

Nd, Gd, Yb overlapped, except the one for Yb without DOM,

which is above Nd and Gd (Table 3). Mobility inhibition was

TABLE 2Concentrations of Nd, Gd and Yb in themedium and the organisms ofmixture experiments. [REEtot]mean and [REEdiss]mean correspond to the
geometric mean (=√(C0*C1)) where C0 refers to the nominal concentration at t0 and C1 refers to the total or dissolved concentration measured
at t1. [REEorg] corresponds to the mean of REE concentrations measured at t1 in 8 fishes (in fish test) or to the REE concentration measured at t1 in a
pool of daphnids (≥20 daphnids) (in crustacean test). dw = dry weight. BCF = Bioconcentration factor = [REEorg]/[REEdiss]mean. na = non available.
nc = not calculated.

DOM
(mg
C L−1)

Nominal [REE]
(mg L−1)

[REEtot]mean

(mg L−1)
[REEdiss]mean

(mg L−1)
[REEorg] (mg
g−1 dw)

BCF (L kg−1)

Nd Gd Yb Nd Gd Yb Nd Gd Yb Nd Gd Yb Nd Gd Yb

Algal growth
inhibition (ISO
8692:2012)

0 0.147 0.217 0.179 0.122 0.162 146 0.009 0.013 0.012 na na na nc nc nc

0.312 0.391 0.333 0.279 0.312 297 0.016 0.023 0.025 na na na nc nc nc

0.424 0.496 0.427 0.408 0.425 413 0.021 0.031 0.037 na na na nc nc nc

0.530 0.590 0.513 0.520 0.514 508 0.027 0.039 0.051 na na na nc nc nc

0.630 0.674 0.591 0.625 0.590 586 0.032 0.046 0.066 na na na nc nc nc

8 0.281 0.364 0.229 0.279 0.309 209 0.263 0.287 0.198 na na na nc nc nc

0.425 0.513 0.398 0.422 0.433 366 0.413 0.419 0.360 na na na nc nc nc

0.502 0.589 0.498 0.529 0.526 490 0.500 0.491 0.461 na na na nc nc nc

0.567 0.652 0.586 0.583 0.559 559 0.563 0.535 0.540 na na na nc nc nc

0.624 0.705 0.665 0.644 0.611 637 0.625 0.587 0.619 na na na nc nc nc

Crustacean mobility
inhibition (ISO
6341:2012)

0 0.888 0.724 0.804 0.656 0.495 576 0.442 0.347 0.440 2.438 1.731 1.270 5.520 4.987 2.885

2.047 1.878 1.934 1.296 1.088 1,285 0.692 0.643 0.969 11.644 7.569 6.051 16.833 11.765 6.244

2.869 2.759 2.758 1.815 1.607 1892 0.872 0.881 1.358 16.106 12.114 13.485 18.474 13.744 9.933

3.671 3.655 3.574 2.462 2.239 2,533 1.188 1.227 1.787 18.030 13.408 13.350 15.180 10.923 7.469

4.444 4.545 4.368 3.374 3.105 3,349 1.625 1.710 2.329 22.499 17.820 19.963 13.847 10.420 8.571

8 1.373 1.642 0.530 1.284 1.321 524 0.987 1.023 0.370 5.079 4.364 1.452 5.148 4.266 3.920

3.084 3.120 1.520 2.894 2.538 1,282 1.576 1.461 0.812 7.301 5.476 3.109 4.631 3.748 3.830

4.276 4.044 2.328 3.930 3.285 1985 1.960 1.743 1.202 8.538 5.697 1.964 4.356 3.268 1.633

5.429 4.888 3.177 5.287 4.166 2,894 2.242 1.952 1.567 16.353 10.542 6.312 7.295 5.401 4.028

6.532 5.661 4.043 6.417 4.855 3,723 3.358 2.739 2.398 22.879 15.025 11.564 6.813 5.486 4.822

Fish lethality (OECD
203 TG: 2019)

0 0.333 0.333 0.333 0.311 0.213 224 0.062 0.107 0.166 0.016 0.018 0.016 0.252 0.166 0.099

8 0.333 0.333 0.333 0.286 0.257 299 0.192 0.222 0.252 0.005 0.005 0.004 0.028 0.022 0.016
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TABLE 3 EC50 values of Nd, Gd, Yb and themixture forRaphidocelis subcapitata, Daphniamagna andDanio rerio. EC50 values and their confidence intervals (CI) were calculatedwith R software according
to nominal concentrations, and the geometric means of total [REEtot]mean or dissolved [REEdiss]mean concentrations.

Test REE DOM (mg
C L−1)

EC50 nominal
(mg L−1)

CI 95%
(nominal)

EC50 [REEtot]mean

(mg L−1)
CI 95%
([REEtot]mean)

EC50 [REEdiss]mean

(mg L−1)
CI 95%
([REEdiss]mean)

Algal growth inhibition (ISO 8692:2012) Nd 0 1.272 1.213–1.330 1.331 1.198–1.464 0.068 0.059–0.076

8 1.507 1.455–1.559 1.431 1.309–1.552 1.382 1.283–1.483

Gd 0 1.486 1.433–1.539 1.314 1.190–1.438 0.084 0.070–0.097

8 1.767 1.724–1.811 1.571 1.440–1.703 1.445 1.297–1.593

Yb 0 1.282 1.231–1.332 1.228 1.068–1.387 0.071 0.050–0.091

8 1.493 1.440–1.546 1.330 1.192–1.469 1.246 1.097–1.395

Mix 0 1.382 1.342–1.421 1.282 1.187–1.378 0.097 0.094–0.099

8 1.562 1.522–1.603 1.530 1.441–1.620 1.468 1.442–1.495

Crustacean mobility inhibition (ISO 6341:
2012)

Nd 0 8.607 7.825–93.89 5.302 4.175–6.428 2.475 1.813–3.137

8 12.827 11.690–13.964 10.132 8.042–12.222 6.925 4.202–9.648

Gd 0 8.278 7.454–9.102 4.695 3.864–5.526 3.011 2.601–3.598

8 12.134 11.212–13.057 8.503 7.454–9.551 5.791 4.986–6.593

Yb 0 8.273 7.460–9.086 6.159 4.938–7.380 4.873 3.957–5.789

8 6.983 6.231–7.735 6.415 5.284–7.546 5.245 4.530–5.961

Mix 0 8.833 8.192–9.475 5.998 4.839–7.156 3.626 2.984–4.267

8 10.435 9.762–11.108 8.832 75.11–10.152 4.774 4.197–5.291

Fish lethality (OECD 203 TG: 2019) Nd 0 >1 >0.754 >0.125
8 >1 >0.797 >0.404

Gd 0 >1 >0.748 >0.256
8 >1 >0.699 >0.562

Yb 0 >1 >0.738 >0.712
8 >1 >0.821 >0.793

Mix 0 >1 >0.725 >0.334
8 >1 >0.844 >0.666
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positively correlated to REE dissolved ([REEdiss]mean) and

bioaccumulated ([REEorg] in D. magna) concentrations, in

the absence and presence of DOM (linear regressions:

p-values < 0.05).

The difference of EC50[REEdiss]mean between the three REE,

individually and in mixture, did not exceed a factor 1.4 and 2, in

the algal and crustacean tests, respectively (Table 3).

According to the threshold approach (OECD, 2010), the

EC50 determined in the algal test (lower than the EC50 in

crustacean test) was selected as the threshold concentration (TC)

in the fish test to determine if the latter is more or less sensitive than

the algal species. Because Nd, Gd and Yb exhibited comparable

EC50 values, we tested, for the three REE, a unique TC of 1 mg L−1

close to the EC50nominal obtained in the algal test (Table 3). No

mortality nor abnormal behaviour was observed in the fish exposed

to 1 mg L−1 REE. Consequently, the performance of the full OECD

TG 203 test was not required (OECD, 2010). One fish died in the

control group, the first day of the experiment but the test stayed valid

because the OECD guideline (OECD, 2019a) tolerates one dead fish

among controls due to inter-individual variability.

3.2.3 REE mixture effects
In the algal test, the EC50[REEdiss]mean of the mixture

(0.097 and 1.468 mg L−1 without and with DOM, respectively)

were relatively close to the mean of the individual EC50[REEdiss]

mean of Nd, Gd and Yb (0.074 and 1.358 mg L−1 without and with

DOM, respectively). A similar trend was observed in the

crustacean test with the EC50[REEdiss]mean of the mixture at

3.6 and 4.8 mg L−1 and the mean of the EC50[REEdiss]mean of

Nd, Gd and Yb at 3.4 and 5.9 mg L−1 [each without or with DOM,

respectively (Table 3)].

Thus, in both the algal and crustacean tests, experimental

mixture effects were relatively close to the effects predicted by

the CA model (Figure 2). Along the dose-response curves, the

ratios between observed and predicted mixture effects were

within the range of 0.5–2 in the algal (Supplementary Table

S6) and crustacean (Supplementary Table S7) tests, indicating

the absence of interactions between the three REE. The mean

ratio along the dose-response curve was 1.33 and 1.08 in the

algal test; 1.06 and 0.80 in the crustacean test (each without or

with DOM, respectively).

3.2.4 DOM influence on REE toxicity
In the algal and crustacean tests, REE EC50[REEdiss]mean

determined with DOM were significantly higher than the

EC50 without DOM, except for Yb in the crustacean test

where no significant difference was observed (Table 3). In the

presence of DOM, the EC50[REEdiss]mean were 1.1–2.8 and

FIGURE 2
Dose response curves of the ternary mixtures for Raphidocelis subcapitata (A,B) and Daphnia magna (C,D) in the absence (A,C) and presence
(B,D) of dissolved organic matter. The coloured dots and solid line refer to the observed effects. Each dot represents themean of 3 and 4 replicates in
algal and crustacean test, respectively. Vertical bars represent standard deviation. The grey solid line corresponds to the predicted effects according
to concentration addition model. The dashed lines represent the ratios 0.5 (upper line) and 2 (lower line) corresponding to the interval of
additivity predictions. Mixture effects are additive when observed effects are included between the two dashed lines, synergistic or antagonistic when
observed effects are above the upper line or below the lower line, respectively. The dose response curves and confidence interval were plottedwith R
software. A log logistic 2-parametermodel was used to fit the data [REEdiss]mean =√(C0*C1)) where C0 refers to the nominal concentration at t0 and
C1 refers dissolved concentration measured at t1.
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15–20 fold higher than the EC50 determined without DOM, in

the crustacean and algal tests, respectively. In the presence of

DOM, no algal cell aggregation and precipitation were observed,

unlike in the absence of DOM.

4 Discussion

4.1 REE in the medium and exposure
concentrations

The relatively low recovery calculated in the three test media

(Table 1) indicates a decrease of REE exposure during the

experiment, which has been already described (González et al.,

2015; Blinova et al., 2018; Romero-Freire et al., 2019). This

decrease could be explained by metal adsorption on tips and/

or on glass material despite the previous saturation, and/or by

metal precipitation (OECD, 2019b). The preconditioning of the

test flasks may have reduced but not completely prevented REE

adsorption on glass walls.

The formation of REE-DOM complexes probably

maintained REE in the dissolved/colloidal phase (<0.45 µm)

(Johannesson et al., 2004) explaining the higher metal

recovery and the higher dissolved metal concentrations

observed in the presence of DOM. In the crustacean test (at

tested REE concentrations >10 mg L−1), the lower proportion of

dissolved REE with DOM compared to without DOM can be

explained by the saturation of complexation sites of DOM due to

the high metal loading (Marsac et al., 2010).

In the algal tests conducted without DOM, REE were mostly

measured in the particulate phase (>0.45 µm), which explains the

low measured dissolved concentration. This suggest a relevant

REE precipitation in the medium, also reported in other

ecotoxicological studies (González et al., 2015; Joonas et al.,

2017). We assume that REE precipitated with phosphates

(present in the algal medium in the form of KH2PO4) because

REE-phosphate complexes are poorly soluble (Johannesson et al.,

1995). We hypothesize that REE bound preferentially to DOM

(in the experiments with DOM) rather to phosphates because

DOM concentration (8 mg L−1) in the medium was higher than

KH2PO4 concentration (1.6 mg L−1). REE-DOM complexation

could reduce REE precipitation with phosphates, which would

explain the lower REE concentration measured in the particulate

phase and consequently the higher dissolved concentration in the

presence of DOM.

These results suggest that the use of nominal and total

measured concentrations could be misleading and cause REE

toxicity underestimation. The relatively low recovery of REE

makes the use of nominal concentrations inappropriate. The total

concentration (particulate + dissolved) does not properly

represent the real exposure because it can include a large

proportion of REE being poorly soluble and bioavailable,

mainly due to REE precipitation. The dissolved phase could

also contain some chemical forms of REE that are poorly or not

bioavailable and toxic (such as colloidal REE bound to DOM) but

to a lesser extent than the total phase. Thus, we consider that the

geometric mean of measured dissolved concentrations

([REEdiss]mean) is more suitable for the proper interpretation

of REE bioavailability and toxicity data because it is closer to the

bioavailable and toxic fractions of REE than nominal and total

concentrations.

4.2 REE bioaccumulation

4.2.1 DOM influence on REE bioaccumulation
The formation of REE-DOM complexes decreased REE

bioavailability, explaining the reduced bioaccumulation in the

presence of DOM observed in the crustacean test (Lachaux

et al., 2022). We assume a similar REE behaviour in the fish

test because the composition of the crustacean and fish test

medium is identical. Our results corroborate those of

MacMillan et al. (2019), which showed that DOM reduced

REE bioavailability and bioaccumulation by zooplankton

from Canadian lakes. A decrease of REE accumulation by

different alga species was also observed in the presence of

organic ligands such as fulvic and humic acids (El-Akl et al.,

2015; Rowell et al., 2018), ethylenediamine tetraacetic,

nitrilotriacetic acid, citric acid, malic acid, diglycolic acid,

iminodiacetic acid (Yang et al., 2014; Zhao and Wilkinson,

2015; Tan et al., 2017; Yang and Wilkinson, 2018; Aharchaou

et al., 2020). Contrary to Nd, Gd and the mixture, we observed

that the difference of Yb accumulation with and without DOM

was not as large in the crustacean and fish tests. This could be

explained by an unchanged bioavailability of Yb due to

Yb(OH)3 precipitation with and without DOM in the single

experiments (Lachaux et al., 2022). Precipitation may

influence Yb bioavailability and the subsequent

bioaccumulation with and without DOM while Nd, Gd,

mixture bioavailability was mainly driven by REE-DOM

complexation (no precipitation with hydroxides occurred

for Nd, Gd and the mixture), as shown earlier (Lachaux

et al., 2022).

4.2.2 Comparison between the different REE and
species

Contrary to the fish, daphnids were not washed in a

“clean” medium (without REE) before the measurement of

REE concentration in the organisms. Consequently, some

REE could be adsorbed on the external carapace of the

daphnids, which would lead to an overestimation of the

measured REE bioaccumulation. However, we assume that

the proportion of adsorbed REE of the total REE

concentration measured in D. magna is negligible. The

daphnids were collected on the filter after the filtration of

the test medium. In that case, the airflow from the vacuum

Frontiers in Environmental Science frontiersin.org11

Lachaux et al. 10.3389/fenvs.2022.974191

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.974191


system should flush the water included in the carapace

removing most of the potentially adsorbed REE.

The calculated proportion of REE accumulated by the

organisms is highly dependent on the total volume of the

medium, which defined the total mass of REE introduced at

t0. The relatively high proportion of REE accumulated by the

crustaceans (Supplementary Table S4) compared to the fish

(Supplementary Table S5) could be explained by the

difference of medium volume in the crustacean (10 ml) and

fish (1 L) tests. Thus, we considered that the use of BCFs

(based on concentration) is more appropriate to compare REE

bioaccumulation between the species and REE.

The lower bioaccumulation of Yb relative to Nd that we

observed in the crustaceans and fish could be explained by

Yb(OH)3 precipitation in the test media, which may have

decreased Yb bioavailability. A lower bioaccumulation of

HREE relative to LREE was also observed in several

species belonging to different trophic levels (Qiang et al.,

1994; Yang et al., 1999; Moermond et al., 2001; Weltje et al.,

2002).

The higher REE accumulation by D. magna compared to

D. rerio (Table 1) corroborates the “trophic dilution”

observed in natural environments, which consists in an

higher REE accumulation by primary consumers

(zooplankton, benthic invertebrates) compared to

secondary consumers (fish, seal) (Li et al., 2016; Squadrone

et al., 2016; Amyot et al., 2017; MacMillan et al., 2017).

Similar results were observed in laboratory experimental

approaches with a decreasing REE bioaccumulation along

the trophic chain: duckweed > daphnia > shellfish > goldfish

(Yang et al., 1999). This could be explained by inter-species

differences in life traits, defence mechanisms and strategies

concerning subcellular distribution of metals among toxic

and detoxified fractions (Wallace et al., 2003). Cardon et al.

(2019) observed that D. magna accumulated more REE than

Oncorhynchus mykiss. They showed that the crustaceans

accumulated most (75%) of Y in detoxified form (as metal-

rich granules) while the fish did not exhibit any notable

detoxification strategy accumulating Y primarily (32%) in

a metal-sensitive fraction (mitochondria). In other words,

crustaceans may not limit REE uptake as most of the

accumulated metal can be detoxified. On the contrary, fish

might regulate REE uptake as already low levels of metal

accumulated can be toxic.

4.3 REE biological effects

4.3.1 REE toxicity on algae
EC50nominal determined in the algal tests without DOM

(1.272–1.486 mg L−1) corroborate the results of Joonas et al.

(2017) (EC50nominal = 1.2–1.4 mg L−1). The authors

hypothesized a potential indirect effect of REE because of

REE precipitation with phosphates. Thus, the observed

growth inhibition might have been caused by P starvation

instead of direct REE toxicity because REE-phosphate

precipitation would reduce REE and phosphate (essential

element for algal growth) bioavailability. The algal cell

aggregation and precipitation observed in the presence of

REE (without DOM) could be a potential indirect effect of

REE affecting algal growth. Algal aggregation in the presence

of REE was observed also in other studies (Fujiwara et al.,

2008; Lürling and Tolman, 2010; Joonas et al., 2017; Blinova

et al., 2018). This could be explained by REE interactions with

some algal cell surface compounds like membranous

phospholipids, carboxylic acids or cellular exudates released

by the alga. Algal aggregation by REE was not observed in the

presence of DOM probably because of limited interactions of

REE with algae due to REE-DOM complexation.

4.3.2 REE toxicity on crustaceans
In the crustacean test, the determined Gd EC50nominal in the

absence of DOM (8.3 mg L−1) is in accordance with the results

obtained by González et al. (2015) who found that Gd

EC50nominal for D. magna was higher than 6.4 mg L−1. On the

contrary, Nd and Gd EC50[REEtot] obtained by Blinova et al.

(2018) were much lower (0.2–1.5 mg L−1) than those we

calculated in the current study (4.7–5.3 mg L−1). The authors

stated that a relevant REE precipitation occurred in their test

medium (pH 7.8), which can explain the low measured

concentrations and subsequent lower EC50 value. In the

current study, less precipitation occurred because we used a

lower pH (6.5).

4.3.3 REE biological effects on fish
The absence of mortality and abnormal behaviour in the fish

exposed to 1 mg REE L−1, corroborate the absence of REE toxicity

on zebrafish larvae reported at 1.39 mg L−1 La and 1.73 mg L−1 Yb

(Cui et al., 2012) and below 6.71 mg L−1 of Ce, Gd and Lu

(Romero-Freire et al., 2019). The threshold approach enabled

to determine that fish were not more sensitive than algae.

Further, reducing the number of fish used for the experiment

is in accordance with the 3Rs principles (European Commission,

2010). Several studies observed also that alga species were the

most sensitive to REE (Guida et al., 2016; Romero-Freire et al.,

2019; Siciliano et al., 2021). On the contrary, Bergsten-Torralba

et al. (2020) showed thatDaphnia similis was more sensitive than

R. subcapitata. However, the Nd EC50nominal they obtained was

much higher (57 mg L−1) than the one we determined in the

current study (≈1 mg L−1). Such toxicity difference might be

explained by the different chemical form of Nd they used:

oxides compared to chloride and nitrate forms used in the

current study. Indeed, Joonas et al. (2017) showed that REE

oxides were much less toxic (EC50 ranged from 1 to 98 mg L−1)

towards R. subcapitata than REE nitrates (EC50 around

1.3 mg L−1).
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4.3.4 DOM influence on REE toxicity
The presence of DOM significantly reduced the toxicity of

REE, individually and in mixture, towards R. subcapitata and D.

magna probably because REE-DOM complexation decreased

REE bioavailability and the subsequent bioaccumulation,

which led to a decreased toxicity. Our results are in

accordance with previous works demonstrating, at 9 mg C L−1,

a reduction of Tm (Loveridge et al., 2021) and Dy (Vukov et al.,

2016) toxicity to the crustacean Hyalella azteca. Similar results

were observed with Chlorella fusca, by a decrease of Ce and La

uptake and toxicity in the presence of organic ligands

(Aharchaou et al., 2020). This DOM protective effect was

mitigated for Yb in the crustacean test probably because of Yb

precipitation (Lachaux et al., 2022).

4.3.5 Comparison between the different REE
The absence of toxicity in the fish test and the narrow interval

including the EC50 values of Nd, Gd and Yb obtained in the algal

and crustacean tests indicate that the different REE have similar

biological effects. The three REE have the same classification of

hazardous substances to the aquatic environment (United

Nations, 2021): category 2 (EC50 > 1 to ≤10 mg L−1) or

category 1 (EC50 < 1 mg L−1) if considering EC50[REEdiss]mean

obtained in the algal test without DOM. A similar toxicity was

observed among 13 REE on the alga Skeletonema costatum (Tai

et al., 2010), between Ce, Tm and Y onC. reinhardtii (Morel et al.,

2021), among La, Ce, Pr, Nd and Gd on D. magna (Blinova et al.,

2018) and between La, Ce and Nd on D. rerio (Huang et al.,

2022). This toxicity uniformity among the different REE could be

explained by their similar physicochemical properties but there is

no consensus in the literature. Some studies claim a higher

toxicity of HREE compared to LREE (González et al., 2015;

Manusadžianas et al., 2020) while Blaise et al. (2018) found that

LREE were more toxic than HREE. Dubé et al. (2019) found a

positive correlation between REE toxicity and electronegativity.

4.3.6 REE mixture effects
Beyond the characterization of the potential toxicity

differences between REE, it is important to determine if REE

should be considered individually or as a group for their ERA.

We showed in the algal and crustacean tests that REE mixture

effects were additive (Figure 2) and that mixture toxicity was

relatively close to REE individual toxicity (Table 3). Our results

demonstrate that REE can be considered as a uniform group

when assessing their environmental risk, as suggested in the most

recent and exhaustive review on REE toxicity in freshwater

systems (Blinova et al., 2020). We assume that a mixture

including the 17 REE would also induce additive effects

because of their similar physicochemical properties and

because additivity probability increases with the number of

compounds in the mixture (Olwenn Martin et al., 2021). Tai

et al. (2010) demonstrated with S. costatum that the toxicity of

13 REE, individually and in mixture, were similar, which suggests

additive effects. However, data on REE mixture toxicity is scarce

and results differ. Antagonistic interactions were found in C.

reinhardtii based on transcriptomic data (Morel et al., 2021).

Different mixture effects were described depending on the

studied species (Romero-Freire et al., 2019; Bergsten-Torralba

et al., 2020), mixture composition (Bergsten-Torralba et al.,

2020) or exposure duration (Gong et al., 2021). In the current

study, mixture effects were constant regardless of the studied

species and medium composition. Here we provide new

consistent data about REE mixture toxicity obtained using a

reliable methodology (Olwenn Martin et al., 2021), which should

help to characterize REE mixture effects. However,

complementary studies investigating the toxicity of all REE,

individually and in mixture would be useful to confirm the

uniformity and additivity of REE toxic effects. In addition, it

would be helpful to determine a method normalizing the

different data sets in order to compare the results from

different studies based on a common basis.

4.4 Environmental risk assessment of REE
in freshwater systems

4.4.1 Hazard assessment
In the current study, we assessed REE hazard by performing

standard ecotoxicological tests on three species belonging to

different trophic levels. We determined REE PNEC based on

several criteria:

1) The alga was the most sensitive species towards REE.

2) Contrary to previous ERA based on individual REE (Sneller

et al., 2000; González et al., 2015), we addressed REE as a

uniform group. We consider that it is more suitable to take

into account the mixture for REE hazard assessment because

REE occur together in the environment and because different

REE have a similar toxicity inducing additive effects in

mixture. Risk of combined REE has been assessed in

sediment using REE mixture effects probability (Gu et al.,

2020). In the current study, we assessed for the first time the

risk of REE in the aquatic environment using measured REE

mixture effects.

3) Dissolved concentration should be used because it is more

reliable as explained in Section 4.1.

4) REE PNEC determination should include DOM because it is

ubiquitous and influences REE toxicity. Using mixture

EC50[REEdiss]mean obtained in the algal test with DOM

(1.468 mg L−1) is less protective than using the one

obtained without DOM (0.097 mg L−1). However, we think

that it is more reliable because it is likely that the

EC50 obtained without DOM does not reflect direct REE

toxicity because of the possible REE-phosphate precipitation.
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5) Consequently, Min (EC50) corresponds to the mixture

EC50[REEdiss]mean obtained in the algal test in the presence

of DOM referring to 1.468 mg L−1 (Table 3).

6) We divided Min (EC50) by an AF of 1,000 because the

uncertainties in extrapolation from laboratory data to the

“real” environment (cf. Section 2.6) are increased when using

short-term toxicity data (European Commission, 2003). The

resulting PNEC is equal to 1.468 µg L−1. This value is close to

the maximum permissible concentration of 1.8 µg L−1

determined for Nd in Dutch freshwaters (Sneller et al., 2000).

4.4.2 Environmental exposure assessment
Concerning REE exposure, we selected in the literature

several REE concentrations measured in natural freshwaters

(Table 4). Scenarios without identified REE contamination

(close to natural background) are represented at different

scales: world (Noack et al., 2014), Europe (Salminen et al.,

2005) and local (Louis et al., 2020). Remaining scenarios

include anthropogenic REE with releases from agricultural

(Loic A Martin et al., 2021), urban (Hissler et al., 2016),

WWTP (Verplanck et al., 2010; Hissler et al., 2016), mining

(Liang et al., 2014) and industrial (Kulaksız and Bau, 2011)

activities. Different hydrological conditions were also considered

(Louis et al., 2020; Loic AMartin et al., 2021).We used the sum of

the concentrations of all REE because they occur altogether in the

environment and because we consider REE as a uniform group,

as explained before. In addition, we chose measured dissolved

(<0.45 or <0.22 µm) concentration because the PNEC is also

based on dissolved concentration.

4.4.3 Risk characterisation
We calculated RCR in order to compare REE hazard and REE

exposure concentrations (Table 4). The results show that REE do

not represent a risk (RCR = 0.1–0.3) in the absence of

anthropogenic REE. This was expected because in these

scenarios REE concentrations is supposed to be close to the

natural background, which is probably tolerated by adapted

autochthonous species. Agricultural activities can release REE

into aquatic environments via runoff of cultures using REE as

fertilizer (Tommasi et al., 2020) or sewage sludge containing REE

(most likely source of REE in our scenarios). Risk is controlled for

agricultural activities (RCR = 0.1–0.3). It can be explained by the

low leaching of REE from sewage sludge (<1%) (Louis, 2021).

The risk of REE releases from WWTP, steel plants, waste

incinerators and domestic sewage (Hissler et al., 2016) is also

considered to be controlled (RCR = 0.6). However, if considering

the effluents of anotherWWTP (Verplanck et al., 2010), there is a

potential risk (RCR = 1.9). This shows that the risk should be

preferentially assessed at the local scale to avoid misleading

global conclusions concerning a source of contamination. It is

tricky to say that WWTP influents represent a risk (RCR = 5.7)

because aquatic organisms are not directly exposed to them.

TABLE 4 Environmental risk assessment of REE under different environmental scenarios. PEC, predicted environmental concentration; Min (EC50),
minimum EC50 value obtained between algal, crustacean and fish tests; PNEC, predicted no effect concentration = Min (EC50)/assessment
factor; RCR, risk characterisation ratio = PEC/PNEC. If RCR <1, the risk is controlled; if RCR >1, the risk is not controlled.

Scenario PEC (µg
L−1)

Min (EC50)
(µg L−1)

Assessment factor PNEC (µg
L−1)

RCR

Median concentration in worldwide rivers 0.156a 1,468 1,000 1.468 0.1

Median concentration in european rivers 0.250b 0.2

Moselle river during low flow (France) 0.261c 0.2

Moselle river during high flow (France) 0.488c 0.3

Alzette tributary (low flow) exposed to agricultural activities (Luxembourg) 0.141d 0.1

Alzette tributary (high flow) exposed to agricultural activities (Luxembourg) 0.374d 0.3

Alzette tributary exposed to diverse urban activities (Luxembourg) 0.881e 0.6

WWTP effluent in Alzette river (Luxembourg) 0.830e 0.6

WWTP effluent (United States) 2.830f 1.9

WWTP influent (United States) 8.382f 5.7

Sidaosha river exposed to REE mining activities (China) 38,26g 2,606

Effluent of a fluid catalytic cracking catalysts production plant in Rhine river
(Germany)

52,200h 35,558

aNoack et al. (2014).
bSalminen et al. (2005).
cLouis (2021), Louis et al. (2020).
dLoic A Martin et al. (2021).
eHissler et al. (2016).
fVerplanck et al. (2010).
gLiang et al. (2014).
hKulaksiz and Bau (2011). All PEC and PNEC values refer to dissolved (0.45 or 0.22 µm) concentrations.

Frontiers in Environmental Science frontiersin.org14

Lachaux et al. 10.3389/fenvs.2022.974191

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.974191


However, it shows that WWTP treatments can remove a certain

amount of REE (a part goes to sewage sludge later used in

agriculture) but not enough to avoid the risk due to the

effluents. It is important to note here that Gd from MRI

contrast-agents represents the main part of REE released by

WWTP. It is likely that Gd from MRI should be considered

differently in ERA of REE because 1) its specific chemical form

can lead to different bioavailability and toxicity and 2) data on Gd

contrast–agent ecotoxicology are still limited (Trapasso et al.,

2021). The risk is very high (RCR = 2,855) in REE mining areas

where REE concentrations commonly exceed the PNEC (Liang

et al., 2014; Liu et al., 2019), which can lead to severe damage to

exposed freshwater ecosystems. The risk can be also extremely

high (RCR = 35,558) for ecosystems exposed to specific industrial

effluents (fluid catalytic cracking catalysts production plant)

(Kulaksız and Bau, 2011), which represent in this case an

extraordinary REE hotspot. Anthropogenic REE releases are

the main factor that influence the risk but also natural events

such as some hydrological conditions (high flow) can increase,

although in a lesser extent, the exposure and the subsequent risk

of REE (Table 4).

5 Conclusion

In this study, we aimed to assess REE hazard in close to

environmental conditions with the perspective to perform an

integrated ERA. For that, we applied ECHA procedures by

assessing REE ecotoxicity on the primary producer R.

subcapitata (ISO 8692, 2012), the primary consumer D.

magna (ISO 6341, 2012) and the secondary consumer D.

rerio (OECD, 2010). We tested three representative REE:

Nd (LREE), Gd (MREE) and Yb (HREE). In addition to

standard test recommendations, we enhanced

environmental realism by testing the three REE in mixture

and in the presence of DOM because REE occur altogether and

DOM is ubiquitous in the environment. REE concentration

measurements in the different test media revealed that the real

exposure concentrations were significantly lower than the

nominal concentrations. We took this difference into

account by calculating geometric mean concentrations in

order to analyse more properly REE bioaccumulation and

toxicity. Bioaccumulation measurements showed that D.

magna accumulated more REE than D. rerio. The presence

of DOM reduced REE accumulation in both species, probably

because of REE-DOM complexation that decreased REE

bioavailability. Consequently, REE toxicity to the

crustaceans was lower in the presence of DOM. In the algal

and crustacean tests, REE exhibited a similar toxicity and

additive effects in mixture. Thus, we assumed that REE could

be addressed as a uniform group. For the first time, we

assessed the risk of REE in aquatic environments in an

integrative way, including a REE mixture instead of the

more usual and restricted way considering individual REE.

EC50 values revealed that the algal species was the most

sensitive to REE. Thus, to calculate a PNEC value, we used

REE mixture EC50 (based on dissolved concentration)

determined in the algal test in the presence of DOM

because we considered it is more realistic and reliable.

Comparison of PNEC with several PEC corresponding to

different exposure scenarios suggest that REE do not

represent a risk for freshwater ecosystems in the absence of

anthropogenic REE. Currently, the risk induced by REE is

limited to the freshwater ecosystems exposed to WWTP,

industrial and mining releases. However, the scenarios

exhibiting a RCR close to 1 should be monitored with

caution because anthropogenic REE releases are expected to

increase in the future (Balaram, 2019), which could lead to

increased PEC values and the subsequent risk.

It is still tricky to assess the environmental risk of REE

considering literature data because of the variability of

ecotoxicity results. Potential sources of variability are test

medium composition, tested REE chemical form and

speciation (Lachaux et al., 2022), among others. In order to

take into account these factors when assessing REE ecotoxicity, it

would be consistent to express their toxicity values according to

their bioavailability as already applied for lead and nickel

(European Parliament, 2013). It would allow a

homogenisation of REE ecotoxicity data and a more accurate

and reliable ERA. Further studies on REE toxic mechanisms in

the long-term would be useful to better understand REE toxicity

and could help to explain mixture additive effects, which suggest

a commonmode of action (Borgmann et al., 2005; Crémazy et al.,

2013).
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