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Abstract
Purpose Transfer of trace elements from soil to plant is a corner stone for risk assessment. Rare earth elements (REE) are frequently used as
geochemical tracers for element transfer to plant. In this study, we evaluated biogeochemical behaviors of trace elements and REE in the soil–
plant continuum to assess to what extend the REE monitoring allows identifying preferential pathway from soil to plant. Methods We quanti�ed
11 trace elements and 14 REE in soil, root, shoot, soil solution, and soil water-extract samples of an intercropping cover crop. Evaluation of the
element mobility was performed using both soil extractability and transfer factors. Results Results showed distinct soil–plant transfer of trace
elements according to their biological roles or substitution potential. Soil, root, and shoot REE patterns were similar, indicating a large in�uence
of soil REE composition on plant one. Compared to light REE (LREE), heavy REE (HREE) were more extractable and thus transferred to plants. We
also observed differences in Ce and Eu behavior concerning soil extractability and transfer from root to shoot. Conclusion Soil solution and soil
water-extract samples are not chemically representative of the fraction that can be uptaken by plants. However, LREE/HREE and Ce/Eu ratios in
soil solution and soil water-extract samples can be used as indicators of environmental conditions.

1. Introduction
Trace elements, whose concentration is <0.1% in the continental crust, include metals (Cd, Cu, Mn, Ti, V, Zn…) and metalloids (As, Sb…). All of
them may induce potentially harmful effects on human and ecosystem health according to the concentration. Their cycling in the environment
depends on both their sources and the conditions of natural compartments (Rauch and Pacyna 2009; Kabata-Pendias 2010). In agricultural
soils, they are originated from (He et al. 2005): (1) natural sources resulting from parent material alteration, whose �ux depends on the parent
material composition; and (2) various anthropogenic sources, such as organic amendments, fertilizers, and pesticides. Transfer of trace
elements from soil to plant, and their recycling by vegetation, involve multiple processes that depend on pedological, biological, or climatic
factors, all of them resulting in changes of element speciation. For instance, the main factors affecting the trace element availability are soil pH,
redox potential, concentration of mineral and organic constituents (both clays and organic matter control the cation exchange capacity), and
“aging” of added elements promoting the element scavenging over time (Antoniadis et al. 2017). Moreover, each element behaves differently
from soil to plant according to its geochemical properties: element can be absorbed either by passive (diffusion of ions from the soil solution
into the root endodermis, e.g., Ni and Pb) or active (against a chemical gradient requiring metabolic energy, e.g., Cu, Mo, and Zn) pathway
(Kabata-Pendias 2010). Yet, environmental and human health concerns depend on the mobility and phytoavailability of these trace elements in
the soil–plant system (Kabata-Pendias 2004). To understand their dynamics in the environment and assess their potential risk, it is
recommended to use geochemical tracers for soil–plant transfer.

Rare earth elements (REE), also called lanthanides, include 14 natural trace elements split into light REE (LREE, from La to Eu) and heavy REE
(HREE, from Gd to Lu). Sometimes, medium REE (MREE, from Pr or Nd to Dy or Ho) can be considered as an intermediate class. As for other
trace elements, environmental variables, such as soil pH and redox potential, play an important role in REE mobility, and thus bioavailability (Cao
et al. 2001). Rare earth elements are characterized by a similar electronic con�guration, including a large ionic radius, a trivalent oxidation state,
and a lower electronegativity than those of the transition elements (Henderson 1984; Laveuf and Cornu 2009). However, REE behave differently
according to their atomic number: for example, LREE are more soluble and less complexed than HREE (Cantrell and Byrne 1987), promoting soil
migration or root uptake of LREE, and thus, increasing LREE/HREE ratio along the soil pro�le. This singular behavior can be related to
preferential scavenging of HREE by Fe-oxyhydroxides (Brioschi et al. 2013; Martinez et al. 2018). Moreover, among REE, Ce and Eu present an
extra valence (Ce4+ and Eu2+, respectively) that generates positive or negative anomalies after fractionation processes. For example, surface
waters are characterized by strong negative Ce anomaly resulting from Ce depletion produced by the oxidation of Ce3+ to Ce4+ (Leybourne et al.
2000). On the other hand, reduction of Eu (Eu3+ to Eu2+) with decreasing redox potential (e.g., in the rhizosphere) improves the Eu mobility in
soils (Krzciuk and Gałuszka 2020). Thus, REE are helpful tracers for various environmental purposes in geochemistry (Aubert et al. 2001; Liang et
al. 2005; Laveuf and Cornu 2009).

Rare earth elements are investigated in different natural compartments and landscapes, such as atmospheric deposition (Sholkovitz et al. 1993;
Iwashita et al. 2011), surface waters (Stille et al. 2006; Pourret et al. 2008), soils (Laveuf et al. 2008; Ramos et al. 2016), wetlands (Davranche et
al. 2011, 2015), and plants (Tyler 2004; Brioschi et al. 2013). In the Earth’s crust, the average REE abundance ranges from 0.3 mg kg−1 in Tm to
63 mg kg−1 in Ce (Rudnick and Gao 2014). In European soils, REE concentrations are in the same range, from 0.312 mg kg−1 in Tm to 52.2 mg
kg−1 in Ce (Fedele et al. 2008), demonstrating a large lithologic origin. Heterogeneity in REE concentrations, however, occurs in natural soils
according to the bedrock mineral composition (Hu et al. 2006). Root uptake is the key mechanism for soil–plant transfer of REE and this process
largely depends on plant physiology and element speciation. Despite the low soil–plant transfer of REE, some differences between them occur
according to the atomic number: LREE are more transferable from soil to plant than HREE (Tyler 2004). Moreover, root exudates (amino acids,
phytosiderophore...) interfere in the soil–plant transfer acting as chemical transporters of elements (Kabata-Pendias 2010). Due to complexation
with Fe-oxyhydroxides, REE uptake from plants may be related to phytosiderophore production in the rhizosphere (Martinez et al. 2018). Then,
transfer of REE from roots to shoots can follow two different routes: apoplastic (through the cell wall) or symplastic (through the cytoplasm).
Both routes are generally interrupted by the Casparian strip, which modulates the transfer of speci�c ions to the aerial parts of the plant (Brioschi
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et al. 2013). However, LREE seem to be preferentially translocated from roots to shoots that generates an increase of LREE/HREE ratio in shoots
compared to roots.

Thus, REE constitute interesting geochemical tracers to characterize the trace element transfer pathway from soil to plant (Liang et al. 2008;
Laveuf and Cornu 2009). In this context, the objective of this study was to assess to what extent the REE monitoring allows identifying
preferential pathway in the soil–plant system through the different compartments (soil, water, plant). For this purpose, we conjointly analyzed
trace elements and REE concentrations and compared geochemical signatures in the soil–plant continuum of an intercropping cover crop,
including soil, root, shoot, soil solution, and soil water-extract samples, and evaluated the element mobility using both soil extractability and
transfer factors.

2. Materials And Methods
2.1 Study area

The study was carried out from September 2020 to March 2021 in an intercropping cover crop of ca. 24000 m2 (340 m × 70 m) located at the
centre Alphonse de Marbaix, Corroy-le-Grand, Belgium (UCLouvain experimental farm, 135 m a.s.l). The �eld was covered by Persian clover
(Trifolium resupinatum) and sorghum (Sorghum bicolor × Sorghum sudanense) sown at the end of August 2020, as well as bean (Vicia faba)
and spelt (Triticum spelta) regrowth from the previous crop. The study area is characterized by a temperate oceanic climate with a mean annual
air temperature of 10.6 °C and a mean annual precipitation of 820 mm (www.meteo.be). It is located on aeolian loess deposit formation and
characterized by silty and well-drained soils, typical agricultural soils found in northern Wallonia. Average soil pHKCl reached 6.2 and 6.1 at 0–30
and 30–50 cm depth, respectively, and soil carbon content, 1.2 and 0.5%, respectively.

2.2 Sampling procedure

For representativeness purpose, soil, plant, and soil solution samples were collected within three distinct sub-areas corresponding to a circle of
7 m in diameter. The distance between each sub-area is ca. 50 m. In each sub-area, a composite soil sample, corresponding to a total of eight
sub-sampling, was collected at two depths (0–30 cm and 30–50 cm) using an auger.

Soil solution samples were collected in each sub-area using 5 rhizons (19.21.01F, Rhizosphere, Wageningen, The Netherlands) installed vertically
in the top 10 cm of the soil at the circle periphery. The rhizons consisted of a 10-cm long hydrophilic polyether sulphone membrane with a 0.15-
µm porosity. Sampling was performed using a 60-mL polypropylene syringe (BD Plastipak luer lock). The �ve collected samples were merged
into a single composite soil solution sample per sub-area to obtain su�cient volume for chemical analysis. Soil solutions were collected �ve
times during the experiment, approximately each month (21 Oct. 2020, 16 Nov. 2020, 15 Dec. 2020, 14 Jan. 2021, and 4 Feb. 2021).

Plant samples considered three different species: bean (Vicia faba), Persian clover (Trifolium resupinatum), and spelt (Triticum spelta). Several
specimens were collected in each sub-area (within 5 m around the circle center point), considering both roots and shoots, and stored in plastic
bags. Plant sampling were performed three times during the experiment following the plant growth stages: early (16 Oct. 2020), middle (15 Dec.
2020), and late (4 Feb. 2021).

Finally, earthworms were sampled on 4 Feb. 2021 by collecting on average 18 specimens per sub-area in the �rst 10 cm depth of soil. To
complete the data set, a single sample of un�ltered fresh deposited snow was directly collected on plant leaves on 14 Jan. 2021.

2.3 Sample preparation

Collected soil samples were dried (25 °C in a drying room for seven days), sieved (<2 mm), and ground using a soil grinder (Vibratory Disc Mill RS
200, Retsch, Haan, Germany). For plant material, samples were gently cleaned with distilled water to remove as much soil residue as possible
and dried in a ventilated oven at room temperature. Shoots were separated from roots before grinding (Cyclotec 1093 Sample Mill, Foss A/S,
Hillerød, Denmark). Earthworm samples were washed with distilled water and left on wet paper in Petri dishes for 12 days to evacuate their
digestive tract content. Then, they were frozen in a freezer at −18 °C, dried in an oven at 40 °C, and ground in a mortar with liquid nitrogen.

Approximately 100 mg of ground soil, plant, and earthworm samples were digested in a Savillex (Te�on bottle) in an ISO 6 cleanroom (Earth and
Life Institute, UCLouvain, Belgium) using a mixture of suprapure acids (HNO3, HCl, and HF) and H2O2 in a four-step procedure: (1) HNO3/HF, (2)
H2O2, (3) HNO3/HCl, and (4) HNO3. Heating plate temperature was �xed of 90 °C for heating steps (at least for 24 h) and 40 °C for evaporation
steps. Finally, samples were preserved in 2% HNO3 solutions before ICP–MS analysis. All cleaning and analytical procedures used high purity
Milli-Q water (18.2 MΩ cm).

A water extraction was performed on 2 g of soil samples for each sub-area and depth by adding 20 mL of milli-Q water. The samples were stirred
for 2 h and then centrifuged at 4000 rpm for 25 min. Then, samples were �ltered, �rst with 20-μm Whatman �lters, and then with 0.2-μm GHP
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Acrodisc (PSF and nylon, Pall). All liquid samples (soil solutions, soil water-extracts, and snow) were acidi�ed to reach 2% HNO3 before ICP–MS
analysis.

2.4 Chemical analyses

A set of 11 trace elements (Ba, Cd, Co, Cr, Cu, Mn, Pb, Sr, Ti, V, and Zn) and 14 REE (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) was
quanti�ed using an ICP–MS (iCAP Q ICP–MS, Thermo Fischer Scienti�c, Waltham, MA, USA) at the Earth and Life Institute analytical platform
(UCLouvain, Belgium). Common interferences were automatically corrected after analytical tests (Pourret et al. 2021). An internal standard (Ru,
In, and Re) was used in each sample for mass deviation correction. In order to evaluate the performance of the procedure for organic and mineral
matrices, two certi�ed materials well characterized for REE concentrations (lichen IAEA-336 and basalt BHVO-2, respectively) were added for
each series. The average recovery (Cmeasured / Ccerti�ed × 100) calculated for each analyte was approximately: (1) 90±5% for the lichen IAEA-336,
except for Ti (110±5%), for Cd, Cr, Gd, Mn, Pr, V, and Zn (100±5%), for Er, Ho, Pb, and Tm (80±5%), and for Lu (70±5%), and (2) 90±5% for the
basalt BHVO-2, except for Cr, and V (110±5%), for Ba, Co, Cu, La, Ti, and Zn (100±5%), and for Ho (80±5%). The blank samples were on average
0.005–252 ng L−1 according to the element (Er to Ti, respectively), which represented <1% of the sample concentration analyzed (except for Cd
and Ti with 2%), indicating an absence of contamination during the digestion procedure. Limits of detection were estimated to <1 ng kg−1, except
for Cr, Cu, Mn, Pb, Sr, and V (<0.01 µg kg−1), for Ba and Zn (<0.1 µg kg−1), and for Ti (<1 µg kg−1).

2.5 Data processing and statistical analyses

To evaluate the transfer of trace elements between compartments, two indices were considered (Adriano 2001, Marchiol et al. 2004, Antoniadis
et al. 2017): the transfer factor from soil to plant (TFsoil-plant) and the transfer factor from root to shoot (TFroot-shoot), calculated as follows:

   

with Cshoot, Croot, and Csoil, the element concentrations in shoot, root, and soil, respectively.

Rare earth elements were presented as normalized pro�les as done in the literature using: (1) UCC (upper continental crust, Rudnick and Gao
2014) reference material for soil samples (Cidu et al. 2013), (2) soil (0–30 cm depth) for soil water-extract (except for soil water-extract samples
from 30–50 cm depth normalized by 30–50 cm soil depth), plant, soil solution, and earthworm samples (Brioschi et al. 2013) for a better
comparison, and (3) snow samples for soil solution samples to evaluate the potential atmospheric input. To facilitate comparisons, all graphs
were performed using the same log scale. Several REE indices frequently used in the literature were calculated based on measured
concentrations (Wyttenbach et al. 1998a, Miao et al. 2008, Agnan et al. 2014): Ce, Eu, Tb, and Yb anomalies calculated by dividing the
normalized value by the expected value (obtained by averaging the values of the elements immediately prior and after), and LREE/HREE ratio
using the following normalized concentration ratio:

 

Statistical tests were performed using R 4.0.4 (R Core Team 2021). Statistically signi�cant differences were tested using the non-parametric
Kruskal-Wallis test (α = 0.05) and the post-hoc Dunn test (α = 0.05) with the dunn.test package (Dinno 2017). Principal component analyses
(PCA) were performed to identify the relationships between elements using FactoMineR and factoextra packages (Lê et al. 2008) on element
concentrations after centered log-ratio transformation (clr function) using rgr package (Garrett 2013). Scatter plots were performed using the
ggplot2 package (Wickham 2016).

3. Results
3.1 Trace elements

3.1.1 Trace element concentrations

Trace element concentrations were measured in various compartments (Table 1 and Table S1). Higher values were reported in soil samples,
ranging from Cd (0.33 and 0.18 mg kg−1 at 0–30 and 30–50 cm depth, respectively) to Ti (2030 and 2606 mg kg−1, respectively). In plant
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samples, trace elements were, on average, 3-times more concentrated in roots compared to shoots and still ranged from Cd (on average 0.41 in
roots and 0.08 mg kg−1 in shoots) to Ti (301 and 114 mg kg−1, respectively). Trace element concentrations in roots generally increased from
Trifolium resupinatum to Triticum spelta (except for Cd, Cr, Cu, Sr, and Zn), while those measured in shoots generally increased from Vicia faba
to Triticum spelta (except for Cu, Sr, and Zn). In soil water-extract samples, concentrations increased from Cd (0.08 and 0.04 µg kg−1 at 0–30 and
30–50 cm depth, respectively) to Ba (136 and 62.3 µg kg−1, respectively). The soil water-extract fraction represented from 0.01 to 1.9‰ of the
total 0–30 cm depth soil concentrations (increasing in the following order: Ti, Cr, Co, Mn, Pb, V, Cd, Sr, Ba, Cu, and Zn) and from 0.02 to 0.75‰
for the 30–50 cm depth (increasing in the following order: Ti, Co, Cr, Mn, Pb, V, Cd, Ba, Sr, Cu, and Zn). Concentrations in soil solutions ranged
from Cd (0.02 µg L−1) to Zn (160 µg L−1) with noticeable heterogeneity between sampling dates (average relative standard deviation of 47%).
The soil solution/soil ratios showed the same order of elements as observed for element extractability. In general, soil solutions were more
concentrated than snow sample, except for Cd, Cr, Mn, Pb, and Ti. Finally, earthworm samples showed lower concentrations than shoots, except
for Cd, Co, and Zn.

3.1.2 Trace element transfer factors

Two transfer factors were calculated for each trace element and each sampling date, including soil to plant (i.e., soil to shoot, TFsoil-plant) and
root to shoot (TFroot-shoot) transfer factors. The three species collected were considered: Trifolium resupinatum (Figure 1), Vicia faba (Figure
S1A–B), and Triticum spelta (Figure S1C–D). The transfer of trace elements from soil to Trifolium resupinatum showed signi�cant differences
between elements, including Ti, V, Pb, Co, and Cr with the minimum values (TFsoil-plant < 0.05) and Zn, Sr, and Cu with the maximum values (TFsoil-

plant > 0.5) for the �rst sampling date (Figure 1A). Statistically signi�cant differences were observed between sampling dates with increasing
TFsoil-plant values over time (>2 times for half of the elements, and up to >20 times for Ti), except for Cd and Sr where no evolution was observed.
Zinc showed a singular pattern with higher transfer from soil to plant during the early season.

The root to shoot transfer showed more consistent pattern, both between trace elements and sampling dates (Figure 1B). Cadmium, however,
appeared as the lowest transferred element. TFroot-shoot values were generally higher than TFsoil-plant ones, except for Cd, Cu, and Zn. The two
other plant species showed similar patterns as described for Trifolium resupinatum for both factors, including the singular Zn pattern for TFsoil-

plant (Figure S1).

3.1.3 Trace element relationships

The PCA performed to identify the relationships between trace elements explained 76% of data variance with the �rst two components (Figure
2A). The �rst component (54% of data variance) was in�uenced by Sr, Zn, Cu, and Ba (positive scores) and Ti, Pb, Mn, and Cr (negative scores).
This dimension opposed soil solution and, to a lesser extent, soil water extract (0–30 cm) samples with positive scores and soil samples with
negative scores. Also, plant samples have essentially negative scores (up to soil sample ones). The second component (22% of data variance)
grouped V and Ba (positive scores) in opposition to Cd and, to a lesser extent, Co (negative scores). Earthworm samples mostly drove this
dimension with negative scores, mainly in�uenced by Cd concentrations.

Based on the PCA, we considered contrasting elements (Cd, Cu, and Mn) to plot relationships between trace elements for all compartments:
Cd/Mn vs Cu/Mn (Figure 2B). Two main end-members emerged: soil (with low Cd/Mn and Cu/Mn ratios) and soil solution (with higher Cd/Mn
and Cu/Mn ratios, including a higher heterogeneity) samples. Soil water extract samples showed an intermediate signature with 30–50 cm
samples highlighting lower ratio values than 0–30 cm samples. Despite the intermediate position of plant samples, they did not show a linearity
between the two end-members: roots showed higher relative Cd/Mn ratios while shoots had higher relative Cu/Mn ratios. Also, the shoot
signature for Triticum spelta was close to the soil–soil solution linear relationship, including samples with higher relative Cd/Mn ratios, unlike
Trifolium resupinatum and Vicia faba, and the root signature showed increasing Cd/Mn and Cu/Mn ratios from Triticum spelta to Trifolium
resupinatum. Finally, earthworm samples had a higher relative Cd/Mn ratio than all other compartments (from 40 to 500 times for soil solution
and soil samples, respectively) and the snow sample was located between the two previously mentioned end-members.

3.2 Rare earth elements

3.2.1 Rare earth element concentrations and transfer factors

Total REE (ΣREE) showed decreasing concentrations in the following order (Table 1 and Table S1): soil (111 mg kg−1 at 0–30 cm depth) > root >
shoot > earthworm (1.07 mg kg−1). Soil water-extract samples represented 0.04 and 0.12‰ of soil ΣREE concentrations at 0–30 and 30–50 cm
soil depths, respectively: ΣREE concentrations were about 2.7-times higher at 30–50 cm compared to 0–30 cm. Heavy REE were 42 and 36%
more extractable than LREE at 0–30 and 30–50 cm soil depths, respectively. Moreover, REE extractability was in the same range as Ti, Co, Cr, Mn,
and Pb. Soil solutions had ΣREE concentrations of 0.40 µg L−1, corresponding to half of the snow sample ΣREE concentrations. The soil
solution/soil REE concentration ratios showed similar trends as observed for soil water-extract/soil, with increasing ratios of 90% from LREE to
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HREE. However, it is notable that Ce was relatively less extractable (16 and 38% at 0–30 and 30–50 cm depth, respectively) and Eu relatively
more extractable (30 and 18% at 0–30 and 30–50 cm depth) compared to their neighboring elements in the periodic table.

The transfer factor of REE from soil to Trifolium resupinatum showed similar pattern as observed for the other trace elements studied with
increasing TFsoil–plant over time, despite no statistically signi�cant difference (Figure 1A). The TFsoil–plant values measured for REE (from 0.04 to
0.14 according to the element and sampling date) were close to those of Ti, Cr, or Ba. However, distinct behaviors appeared with increasing
TFsoil–plant values of 20% from average LREE to average HREE. The root to shoot transfer of REE in Trifolium resupinatum showed consistent
pattern between sampling dates compared to the other trace elements (Figure 1B). Similar trends were observed for Vicia faba and Triticum
spelta (Figure S1).

3.2.2 REE normalized patterns of soil and soil water-extract samples

UCC-normalized REE patterns were studied at both 0–30 and 30–50 cm soil depths (Figure 3A). Results showed similar patterns for the three
sub-areas, indicating a low spatial heterogeneity. We thus averaged sub-areas in the following results. The comparison between the two soil
depths also showed similar patterns. Normalized LREE/HREE ratios were >1, with statistically signi�cant higher values (p < 0.05) in the topsoil
(average LREE/HREE ratio of 1.24 and 1.18 at 0–30 and 30–50 cm soil depth, respectively). All REE patterns showed a negative Eu anomaly (on
average, 0.80 and 0.82 at 0–30 and 30–50 cm soil depth, respectively).

To understand the REE transfer from soil to plant, we studied the extractable fraction considering soil water-extract samples normalized by the
related soil horizon (0–30 and 30–50 cm soil depth, Figure 3B). The results showed distinct REE behaviors in soil water-extract samples from
soil ones: relative MREE enrichment, LREE/HREE ratios < 1, negative Ce anomaly, and positive Eu anomaly (Figure 3B). Although soil water-
extract REE patterns were similar between both soil depths, the negative Ce anomaly was more pronounced at 30–50 cm depth (0.63) compared
to 0–30 cm depth (0.85).

3.2.3 REE normalized patterns of soil solution and snow samples

All soil solution samples showed similar soil-normalized REE patterns (Figure 4A), including negative Ce anomaly (on average, 0.61), negative Tb
anomaly (0.64), and low LREE/HREE ratios (0.51). These characteristics were not fully observed in soil (Figure 3A) and soil water-extract (Figure
3B) samples. Only the soil solution sample collected on 15 Dec. 2020 was slightly different from the other soil solution samples, with 2.7-times
higher ΣREE concentrations and 1.5-times less pronounced negative Ce anomaly.

The only snow sample collected on 14 Jan. 2021 showed distinct REE pattern to soil solution ones: no obvious negative Ce and Tb anomalies
and no relative HREE enrichment (Figure 4A). We thus normalized soil solution samples to the snow concentrations to highlight the main
differences between these two compartments (Figure 4B). Therefore, snow-normalized REE pro�les still showed negative Ce (on average, 0.59)
and Tb (0.72) anomalies and presented a low negative Yb anomaly (0.81). Beside theses anomalies, the REE pro�les were relatively �at with the
exception of last HREE (i.e., Tm to Lu) enrichments (LREE/HREE of 0.68).

3.2.4 REE normalized patterns of plant and earthworm samples

Three plant species were analyzed distinguishing shoots from roots. Soil-normalized REE patterns showed similar trends between considered
both species and organs without noticeable anomaly when comparing to soil compartment (Figure 5A-C). Despite these relatively �at pro�les, all
REE patterns showed a relative MREE depletion, modifying the LREE/HREE ratio (on average 0.86 for shoots and 0.83 for roots). Rare earth
element concentrations, however, highlighted systematic higher values in roots compared to shoots (on average, 6.0 times for Vicia faba, 2.7
times for Trifolium resupinatum, and 3.4 times for Triticum spelta). Also, REE concentrations increased over time in shoots (with the exception of
Vicia faba for the �rst two sampling dates) and roots (with the exception of Triticum spelta). The increasing ratios in the three species between
the �rst sampling date (16 Oct. 2020) and the last one (4 Feb. 2021) were 2.5, 2.7, and 4.1 for shoots of Vicia faba, Trifolium resupinatum, and
Triticum spelta, respectively. The respective ratios for roots showed either lower (1.8 for Vicia faba and 2.4 for Trifolium resupinatum) or no
evolution over time (for Triticum spelta).

Earthworms from each sub-area were analyzed and indicated different soil-normalized REE patterns than the other compartments considered:
LREE/HREE ratios of 0.49 and negative Ce anomaly (0.69) as observed in soil solution samples, but no pronounced negative Tb anomaly (Figure
5D). One composite sample (representing a sub-area) showed singular REE pattern with higher relative HREE concentrations and more
pronounced negative Eu anomaly (0.76).

3.2.5 Rare earth element relationships

As for trace elements, a PCA was performed on REE concentrations and the �rst two components accounted for 87% of data variance (Figure
6A). The �rst component (70% of data variance) was in�uenced by Dy, Er, Ho, Yb, Lu, and Tm (positive scores) and Pr, La, Ce, and Nd (negative
scores). As observed on the �rst component of the trace element PCA (Figure 2A), soil solution and, to a lesser extent, soil water-extract (0–30
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cm) samples (positive scores), were opposed to soil samples (negative scores). Also, the REE signatures of plant and soil samples were closer
compared to the other trace elements. The second component (17% of data variance) grouped Sm, Eu, Gd, and, to a lesser extent, Nd (positive
scores).

Based on these results and considering the tracer potential of some REE, we plotted the relationship between Ce/Eu (proxy of both Ce and Eu
anomalies) and La/Lu (proxy of LHREE/HREE fractionation) for all samples collected in this study (Figure 6B). Once again, soil solution (with
relatively low Ce/Eu and La/Lu ratios) and soil samples (with relatively high Ce/Eu and La/Lu ratios) were the two main end-members. Plant
signatures were close to soil ones (despite lower Ce/Eu and La/Lu ratios). The heterogeneity of plant samples, however, was neither related to
sampling dates nor plant species unlike the other trace elements. Yet, shoots showed higher relative Ce/Eu ratio than roots, resulting in a
discrepancy from the linear relationship between the two main end-members. Soil water-extract samples showed an intermediate signature
despite lower relative Ce/Eu ratio. Finally, earthworm samples presented a high heterogeneity and the snow sample had a signature between soil
and soil water-extract samples.

4. Discussions
4.1 Transfer of trace elements from soil to plant

Trace elements concentrations measured in soil and plant samples (Table 1 and Table S1) were in the same order of magnitude as observed in
the literature (He et al. 2005, Kabata-Pendias 2010, Antoniadis et al. 2017). Some differences occurred between plant species, with higher root
and shoot concentrations in the Poaceae species (Triticum spelta) compared to the two Fabaceae species (Trifolium resupinatum and Vicia
faba). The transfer of trace elements from soil to plant were investigated using two transfer factors (TFsoil–plant and TFroot–shoot, Figure 1) that
were in the same range as those found in Senesil et al. (1999). Although soil–plant transfer depended on plant species and sampling date, we
distinguished weakly transferred elements (including elements without or with low physiological role, such as Ti, V, Pb, and Co) from highly
transferred ones (including plant nutrients, such as Zn and Cu, or Sr following the metabolic pathway of Ca). The physicochemical behavior of
the element considered also in�uences its transfer: for example, Cd had TFsoil–plant 3-times greater than Pb due to its higher soil mobility and
phytoavailability (Angelova et al. 2004). The uptake of essential elements may follow nutritional requirement, as observed for Zn with higher
transfer from soil to roots and/or stem at the beginning of the growth (Nan et al. 2002, Wu et al. 2010), while the accumulation of the other
elements continuously increased with time. The soil–plant transferability of elements coincided with their soil extractability assessed using the
soil water-extract/soil concentration ratio (except for Mn and V). Interestingly, similar patterns were evidenced for soil solution/soil concentration
ratio, indicating commonalities between soil water-extract and soil solution samples: the more extractable an element is, the more it is present in
the soil solution. Root to shoot transfer, however, highlighted a low heterogeneity among trace elements (mean TFroot–shoot between 0.15 and
1.06 for Trifolium resupinatum) compared to transfer from soil to plant. An exception was for Cd that presented TFroot–shoot <0.13: this indicates
a low root to shoot transfer despite the Cd root absorption, resulting in a root accumulation of this element (Green et al. 2006).

The concentrations of trace elements considered indicated that the compartments studied behaved differently within the �rst two dimensions of
the PCA (Figure 2A). This observation was con�rmed when considering three trace elements with distinct behaviors (Cd, Cu, and Mn): (1) the
contrasted geochemical signatures of soil and soil solution samples allowed de�ning the two end-members of this system in which both plant
and soil water-extract samples were located, (2) some compartments, especially soil solutions and soil water-extracts, presented a high
heterogeneity according to the sampling date, sub-area, or soil depth, and (3) the different signatures of roots and shoots highlight distinct soil–
root–shoot transfer processes, resulting in a discrepancy from the soil–soil solution linear relationship (Figure 2B). The latter trends may be
related to the transfer factors: high Cu uptake by plant and transfer to shoot vs Cd accumulation in roots as previously mentioned (Figure 1).

4.2 Transfer of rare earth elements from soil to plant

Soil ΣREE concentrations measured in this study (111 mg kg−1) were in the same range as European soil data (126 mg kg−1, Fedele et al. 2008,
Mihajlovic and Rinklebe 2018). Similar soil ΣREE concentrations and REE patterns between sub-areas and soil depths indicate that the soil is
relatively homogeneous across space (Figure 3A). Moreover, soil REE patterns were similar to plant ones, both for shoots and roots (Figure 5A-C).
This highlights that the plant REE composition is largely in�uenced by the soil chemical composition. However, slight differences of chemical
behaviors between LREE and HREE occurred throughout the soil–plant pathway: our results indicate higher HREE extractability (+42% for the
topsoil), occurrence in soil solution (+90% after soil-normalization), and soil–plant transfer (+20% from the topsoil) compared to LREE. Despite
higher LREE solubility reported in the literature (Tyler 2004, Stille et al. 2006), we suggest a higher HREE mobility (from soil to soil solution, Cidu
et al. 2013), and thus plant bioavailability, instead of HREE leaching due to complexation during weathering, as reported by Laveuf and Cornu
(2009). We hypothesize that: (1) REE fractionation is limited in the plant species studied (cover crop species), and/or (2) the relative non-
enrichment of HREE in the soils studied limits this fractionation.

The REE transfer from soil to plant (average TFsoil-plant of 0.07) was comparable as data reported by Tyler (2004). Root REE concentrations
higher than shoot ones are frequently found in various crop species (Li et al. 1998, Lihong et al. 1999, Xu et al. 2002), resulting from higher soil–
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root transfer than root–shoot transfer. This is due to the Casparian strip in roots that limits the REE transfer (Brioschi et al. 2013). Moreover, no
differences were evidenced between plant species (two Fabaceae and one Poaceae species), unlike previous �ndings including trees, dwarf
shrubs, and fern (Wyttenbach et al. 1998a). We assume that the plant species selected in our study were more comparable in terms of plant
physiology or rooting depth, which limited plant uptake differences. Furthermore, all parts of plants showed an obvious concentration increase
over time (up to 4 times, Figure 5A-C), which reveals the element accumulation with time, as observed for the other trace elements (Figure 1).
However, differences occurred between REE with increasing Ce/Eu ratio from roots to shoots (Figure 6B). Yet, since Ce extractability is relatively
low and Eu extractability relatively high, we assume that plant physiology modi�es physicochemical conditions in plant organs or constrains
substitution with cations (Brioschi et al. 2013), generating a higher Eu accumulation and/or a lower Ce accumulation in shoots compared to
roots.

Soil water-extract samples showed low REE extractability compared to the few data available in the literature (Wyttenbach et al. 1998b, Wiche et
al. 2017), probably due to different extraction protocols used (water vs ammonium acetate in the literature). However, REE extractability
increased with soil depth, as observed by Wyttenbach et al. (1998b). The difference of negative Ce anomaly between both soil water-extract
samples (Figure 3B) may be explained by: (1) higher mineral content in the deeper soil horizon, such as Fe and Mn oxyhydroxides, promoting the
Ce adsorption (Brioschi et al. 2013), or (2) higher soil organic matter content in topsoil (Leleyter et al. 1999, Cidu et al. 2013). Indeed, Ce has a
less organic matter a�nity than the other LREE, explaining the lowest relative Ce content in topsoil (Davranche et al. 2005). This is supported by
a strongest negative Ce anomaly in earthworms feeding on soil organic matter (Figure 5D), as well as the relative HREE enrichment probably
resulting from higher a�nity with organic matter (Cidu et al. 2013). Negative Ce anomaly also appeared in soil solution samples due to either Ce
adsorption on soil minerals particularly signi�cant as Ce4+ in oxidized surface waters (Leybourne et al. 2000) or in�uence of dissolved organic
matter (Figure 4). The hypothesize of adsorption on colloids or on organic matter is supported by the relative HREE enrichment in this matrix
(Laveuf and Cornu 2009, Cidu et al. 2013). The strong negative Tb anomaly observed in all soil solution samples (on average 0.64, soil-
normalization, Figure 4A), and only slightly present in soil water-extract samples, could be partially originated from atmospheric deposition,
although no evidence was provided by the only snow sample collected during this study (on average 0.72, snow-normalization, Figure 4B). Yet,
relative MREE enrichment (Figure 4A) was already reported in both wet and dry atmospheric deposition (Sholkovitz et al. 1993).

All geochemical behaviors of REE between compartments in the soil–plant continuum studied and gaps identi�ed were summarized in the
Figure 7, including comparison between UCC-normalized patterns.

4.3 Rare earth elements for tracing the soil–plant transfer of trace elements

The results obtained for trace elements and REE indicate similarities in geochemical behaviors among the compartments studied. Indeed, in
either case plant samples were between soil and soil solution signatures, both being considered as the two end-members of the soil–plant
system (Figure 2 and Figure 6). This highlights that soil solutions and, to a lesser extent soil-water extracts, do not represent the geochemical
signature of plant bioavailable chemical fraction. Moreover, these two compartments were relatively heterogeneous in time (for soil solutions)
and space (for soil solutions and soil water-extracts). For instance, according to the protocol employed to collect soil solution (pF 3.46 using a
60 mL syringe with rhizon), samples likely include both capillary and gravitational water, the latter might be in�uenced by atmospheric
deposition that would modify the chemical composition. Thus, they must be considered with caution to assess the soil–plant transfer of
elements.

Both soil solution and soil water-extract samples, however, followed similar trends. For example, linear relationship was highlighted between soil
extractability (i.e., soil water-extract/soil concentration ratio) and soil solution/soil concentration ratio (Figure 8A), including a signi�cant range in
the REE distribution, despite Eu and Tb discrepancies. Considering now soil extractability as a potential proxy of element bioavailability and
effective soil–plant transfer (TFsoil–plant), we notice a more heterogeneous element distribution compared to the previous plot (Figure 8B). Even if
the most extractable elements were generally the most transferred elements from soil to plant, some exceptions occur: Ba, Cd, and V presented a
relatively lower transfer compared to their extractability, while Ti and Sr showed the opposite trend. Unlike in the soil extractability vs
soil/solution relationship, REE highlighted distinct patterns between LREE (higher extractability range) and HREE (higher TFsoil–plant range). Also,
Ce and Eu depicted diametrically opposed relative soil extractability (Ce << Eu) despite no TFsoil–plant difference. These contrasts highlight two
distinct indications: (1) the Ce/Eu ratio (or Ce and Eu anomalies) is mainly in�uenced by the soil–solution element mobility, and (2) the
LREE/HREE ratio is in�uenced by the bioavailability of elements. Yet, in both cases, interaction with mineral or organic colloids present in the
solution may modify these patterns. Further research should thus compare contrasted soils, including in terms of mineral and organic content,
for characterizing the effect of colloids in soil solutions.

5. Conclusions
This paper aimed at evaluating to what extent the REE monitoring allows identifying preferential pathway of trace elements in the soil–plant
continuum comparing geochemical signatures in the different compartments (soil, water, plant). For this purpose, we conjointly analyzed trace
element and REE concentrations in soils, roots, shoots, soil water-extracts, and soil solutions in an intercropping cover crop. Results showed
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increasing soil–plant transfer of trace elements (from Ti, V, Pb, and Co to Zn, Cu, and Sr) relative to their biological roles or substitution potential.
The main �ndings are that REE patterns were similar in soil, root, and shoot compartments showing the large in�uence of soil REE composition
on plant one and the low plant species effect. However, HREE were slightly more transferred to plants than LREE, resulting from higher soil
extractability and occurrence in soil solutions. Also, Ce and Eu presented different extractability than their neighboring elements and an
increasing Ce/Eu ratio was observed from root to shoot resulting from distinct transfer processes. Soil solution and soil water-extract samples
presented distinct geochemical signatures compared to soil and plant for both trace elements and REE. This demonstrates that they are not
representative of the fraction that can be uptaken by plants (soil solution might also include gravitational water fraction). However, LREE/HREE
and Ce/Eu ratios in soil solution and soil water-extract samples can be used as indicators of environmental conditions (such as colloid
adsorption or organic matter complexation).
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Figures

Figure 1

Transfer factors from soil to plant (TFsoil-plant; A) and from root to shoot (TFroot-shoot; B) of trace elements and sum of rare earth elements
(ΣREE) in Persian clover (Trifolium resupinatum) collected at three sampling dates at the centre de Marbaix. Letters indicate statistically
signi�cant differences between sampling dates.

Matrix n Ba Cd Co Cr Cu Mn Pb Sr Ti V Zn ΣREE

    mg kg−1

Soil 0–30
cm

3 230
 (10.3)

0.33
 (0.03)

9.01
 (0.64)

58.0
 (3.65)

13.7
 (1.33)

315
 (21.3)

21.4
 (1.20)

37.7
 (2.15)

2030
 (399)

64.3
 (5.28)

45.8
 (0.94)

111
 (14.2)

30–
50
cm

3 226
 (9.29)

0.18
 (0.03)

9.31
 (1.57)

62.8
 (2.83)

12.2
 (1.49)

263
 (87.5)

15.1
 (1.18)

32.0
 (6.07)

2606
 (419)

64.5
 (7.41)

36.0
 (2.71)

106
 (10.4)

Plant shoot 27 20.4
 (12.0)

0.08
 (0.09)

0.51
 (0.39)

6.70
 (4.80)

8.25
 (2.38)

44.5
 (21.2)

1.36
 (1.16)

18.0
 (7.47)

114
 (108)

3.74
 (4.02)

40.1
 (12.8)

7.93
 (6.84)

root 27 61.2
 (25.2)

0.41
 (0.18)

1.83
 (0.75)

26.1
 (27.5)

15.8
 (5.64)

101
 (39.5)

4.99
 (3.40)

27.4
 (7.26)

301
 (227)

15.6
 (6.26)

56.5
 (36.6)

28.9
 (12.4)

Earthworm 3 2.61
 (0.56)

6.47
 (0.78)

3.50
 (0.79)

0.68
 (0.08)

7.16
 (0.17)

19.7
 (11.0)

0.47
 (0.20)

8.46
 (3.06)

13.7
 (1.04)

0.71
 (0.01)

335
 (9.15)

1.07
 (0.19)

    µg kg−1

Soil
water-
extract

0–30
cm

3 136
 (109)

0.08
 (0.03)

0.28
 (0.17)

1.82
 (1.04)

8.31
 (1.11)

13.0
 (10.3)

1.21
 (1.52)

11.8
 (1.34)

20.8
 (12.0)

9.44
 (2.08)

87.2
 (79.7)

4.95
 (3.86)

30–
50
cm

3 62.3
 (67.2)

0.04
 (0.02)

0.46
 (0.21)

3.49
 (1.34)

4.11
 (1.12)

16.8
 (14.2)

1.21
 (0.97)

9.62
 (1.97)

59.8
 (18.2)

5.49
 (3.35)

26.9
 (32.7)

13.2
 (10.3)

    µg L−1

Soil solution 15 22.6
 (7.05)

0.02
 (0.00)

0.16
 (0.04)

0.47
 (0.12)

5.00
 (2.04)

2.46
 (2.13)

0.08
 (0.13)

79.4
 (9.48)

0.82
 (0.85)

2.90
 (0.55)

160
 (85.5)

0.40
 (0.32)

Snow 1 1.69 0.03 0.10 0.66 2.75 9.73 1.24 1.48 1.84 0.43 33.7 0.86
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Figure 2

Principal component analysis of log-ratio transformed trace element concentrations in samples collected at the centre de Marbaix (A) and trace
element relationship (Cd/Mn vs Cu/Mn; B).

Figure 3

UCC-normalized pro�les of rare earth elements (REE) from soil samples collected at the centre de Marbaix (A) and soil-normalized pro�les of REE
from soil water-extract samples (B). Three composite replicates, corresponding to different sub-areas, were performed for each depth (0–30 cm
and 30–50 cm).
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Figure 4

Soil-normalized (A) and snow-normalized (B) pro�les of rare earth elements (REE) from soil solution and snow samples collected at the centre de
Marbaix.

Figure 5

Soil-normalized pro�les of rare earth elements (REE) from plant (shoot and root) and earthworm samples collected at the centre de Marbaix:
bean (Vicia faba; A), Persian clover (Trifolium resupinatum; B), spelt (Triticum spelta; C), and earthworms (D).
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Figure 6

Principal component analysis of log-ratio transformed rare earth element concentrations in samples collected at the centre de Marbaix (A) and
rare earth element relationship (Ce/Eu vs La/Lu; B).

Figure 7

Synthesis of rare earth element (REE) transfer in an intercropping cover crop soil–plant system.
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Figure 8

Relationship between soil extractability (soil water-extract/soil concentration ratio, 0–30 cm soil depth) and soil solution/soil concentration ratio
(A) and between soil–plant transfer (TFsoil–plant) and soil extractability (B) of trace elements (red) and rare earth elements (REE, from green for
LREE to blue for HREE), as well as the average REE (open circle), in an intercropping cover crop soil–plant system.
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