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1  Introduction 
Although rare earth elements (further denoted as REE(s)) are found in most geological 
settings, they are also present in previously mined sites, agricultural fields and 
sometimes in lean ores. Lean ores refer to low-grade ores which may either be complex 
or not economic to extract via conventional mining processes (Dinh et al., 2022). 
Furthermore, REEs are essential for many contemporary technologies, and are significant 
in producing high-technology electronics in fields like renewable energy, electromobility, 
automation technology, and military hardware (Arbalestrie et al., 2022; Ascenzi et al., 
2020). On the same note, because of their widespread use in various sectors, REEs are 
now regarded as emerging contaminants (Dinh et al., 2022). However, this surge in 
demand for REEs has resulted in the exploration and operation of more REE mines, thus 
releasing even higher concentrations of REEs in the soil and waterbodies (Tao et al., 2022; 
Yan Wang et al., 2021). Additionally, phosphate fertilisers are produced from REE-rich 
rocks (such as monazites). Increased use of such fertilisers may increase REE 
concentrations in agricultural soils too (Carpenter et al., 2015). As this may be, plant and 
human exposure to high REE concentrations threatens well-being. As a result, taking 
action to remediate REE-contaminated soils and further recovering them from secondary 
resources have become urgent environmental challenges that have lately drawn more 
attention (Dinh et al., 2022; Heilmeier, 2021; W. S. Liu, Guo, et al., 2019; W. S. Liu, Laird, 
et al., 2021; Moschner et al., 2020). 

The concept of circular economy (CE) encourages openness in shifting to more 
business endeavors that incorporate the exploration of the biosphere in its fullness.  
This ensures innovation of high-value commercial products that centrally benefit the 
economy and directly and indirectly promote sustainable and high-value products 
(Moreira et al., 2021). In this sense, the profitability of establishing a revegetation 
strategy on polluted old mine sites may be improved if the cultivated plants can extract 
commercially valuable metals from the soil (Heilmeier, 2021). Therefore, phytoremediation 
offers the opportunity to sustainably manage and promote recultivation on post-mining 
landscapes or brownfields contaminated with trace metals such as REEs (Chaney & 
Baklanov, 2017; Dang & Li, 2022; Gomes, 2012; Moreira et al., 2021). The exploration of 
phytoremediation has been ongoing for well over 65 years, using plants with high 
biomass yield and metal tolerance and various soil amendment methods to restore and 
invigorate vegetation, especially on soils with high metal contamination (Chaney & 
Baklanov, 2017). 

The evolution of phytoremediation and the associated phytotechnologies to what it is 
today began as a quest to understand and explore metal-tolerant plant species and 
various soil amendment techniques to regenerate vegetation at metal-contaminated 
sites (e.g. mine wastes or smelter wastes) (Chaney & Baklanov, 2017). This being said, 
phytoremediation (via phytostabilization and phytoextraction) offers an opportunity, 
firstly to extract or stabilize labile trace elements (such as Al, Cd, Mn and REEs) thus 
reducing their phytotoxicity, and secondly, to further extract elements of high economic 
value (phytomining) through processing the harvested biomass for bioenergy, then 
recovering the elements from the biochar produced (Mohsin et al., 2022). Phytomining 
itself is a technique in which plants are used for recovering metals from lean ores,  
for economic gain through the cultivation, harvesting, and bio-energy processing of 
metal hyperaccumulator plant species. Here, the REEs are extracted from the bio-ore, 
which is a biproduct of bioenergy processing (Kovarikova et al., 2019).  
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Of course, with the development and understanding of how these phytotechnologies 
work, one of the main objectives for phytoremediation is cultivating hyperaccumulator 
species to extract economic metals such as REEs. The concept of phytomining has been 
extensively explored when it comes to nickel (Ni) and gold (Au) (Barbaroux et al., 2012; 
Chaney & Baklanov, 2017; Dang & Li, 2022; Zhang et al., 2016).  

The geo-biochemical processes for the phytomining of REEs however, have yet to be 
fully elaborated. The main issue limiting the effectiveness of phytoextraction is thought 
to be the availability of elements in soil to plant roots rather than their overall 
concentrations. Higher plant´s roots have developed mechanisms to affect the elements’ 
availability in soils through root-soil interactions. As a result, these interactions actively 
control the availability of element pools through various physical, chemical, and 
biological processes in the area around the root, known as the rhizosphere. Since the 
efficiency of phytomining depends on the availability of the target elements to the plants, 
it is therefore essential to investigate methods that can increase this efficiency. Most 
studies have focused on the use of hyperaccumulator species (C. Liu et al., 2021; W. S. Liu 
et al., 2020; W. S. Liu, Zheng, et al., 2021) and plants with high yield. 

The work completed for this thesis focuses on how rhizosphere activities affect the 
bioavailability of rare earth elements to plants, and which methods can be used to 
enhance the availability REEs to plants. The thesis was compiled from a collective of 
experiments, conducted under controlled growth conditions in the laboratory and green 
house, as well as in the field.  

The main chapters of the thesis include an overarching literature review to understand 
the availability of REEs in the soil, and how plants can access them, interactions between 
REEs and other elements in the soil, plant species capable of accumulating REEs in their 
biomass, factors that affect the phytoextraction of REEs in the soil, as well methods that 
have been used to enhance REE phytomining. The second chapter covers the materials 
and all the methods followed for all the experiments conducted in this thesis. Finally,  
the discussion of the results, which forms the general synthesis of the thesis and the main 
conclusions and summary of the findings. 
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2 Background 

2.1 Availability of REEs in the Soil  
Rare earth elements make up a set of 15 chemically and geochemically similar elements 
from the Lanthanide group, and additionally yttrium (Y) and scandium (Sc), known to 
occur in almost all rock formations (Kabata-Pendias, 2010; Tyler, 2004). In most cases, 
REEs are classified into two groups, which differ according to their atomic weight, 
alkalinity, and solubility. The first group is the light rare earth elements (LREE) which are 
made up of lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), 
promethium (Pm), and samarium (Sm). The second group is the heavy rare earth 
elements (further denoted as HREEs, HREE), made up of europium (Eu), gadolinium (Gd), 
terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb) 
and lutetium (Lu) (Dinh et al., 2022; Tyler, 2004).  

However, despite what their names would imply, these elements are not as “rare”, 
concerning their occurrence in the Earth’s crust. The term refers to the complexity of the 
metallurgical processes involved for successfully extracting and separating individual 
REEs species (Dinh et al., 2022; W. Li et al., 2022). However, depending on the location 
and geology, the concentration of REEs in the soil might vary significantly, indicating their 
availability at considerable quantities in the Earth’s crust (Wiche, Zertani, et al., 2017).  
In terms of quantifying the amounts and concentrations of REEs available in the earth’s 
crust, La, Ce, Nd, and Tm are known to be found on average, at 35 µg g-1, 66 µg g-1, 28 µg 
g-1 and 0.5 µg g-1, respectively (Ramady, 2008; Ramos et al., 2016; Tyler, 2004). This being 
said, Ce is the most abundant REE and is available in quantities similar to those of known 
micronutrients copper (Cu) and zinc (Zn) (Haynes,2016; Dinh et al. 2022). Furthermore, 
REEs are more concentrated in areas with weathering or erosion, as the elements can be 
leached out of the parent rock and accumulate in the soil (Li, 2018). 

In the natural distribution of the REEs, the Oddo-Harkins rule can be seen, where  
even-numbered REEs (Ce, Nd, Sm, Gd, Dy, Er and Yb) are more abundant than  
odd-numbered REEs (La, Pr, Eu, Tb, Ho, Tm, and Lu) (Tyler, 2004). The affinity of REEs to 
oxygen makes them more prone to be associated with minerals such as carbonates, 
fluorides, phosphates, and silicates. Among the most known minerals, REEs are mostly 
associated with: bastnaesite ((Y, Ce, La)CO3F), monazite ((Ce, La, Y, Th)PO4), or xenotime 
(Y-Nitrate) (Ramos et al., 2016; Tyler, 2004). Furthermore, LREEs are typically associated 
with minerals like apatite rich in Ca2+ and PO42-. The highest concentrations of REEs 
among phosphatic minerals are found in monazite, with the LREEs being preferentially 
absorbed into its structure, while the HREEs are preferentially integrated in xenotime's 
structure. (Ramos et al., 2016).  

2.2 The Mobility of REEs in the Soil  
To comprehend the environmental accessibility of REEs for potential anthropogenic 
pollution in the future, multiple studies document their mobility in unpolluted natural 
soil-plant systems. Most of the studies of REE bio-geochemistry, include their content 
and concentrations in plants, chemical forms in which they are available to plants, 
distribution, transportation, and accumulation in the soil-plant system (Dinh et al., 2022; 
Heilmeier, 2021; Kovarikova et al., 2019; Wiche et al., 2015). 

The availability of REEs in the soil, just as with all elements, is not only determined by 
the parent rock, but also the bio-geochemical processes governing the weathering of 
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minerals greatly influence their availability in the soil (Brioschi et al., 2013; Kabata-Pendias, 
2010). This means, soil REE concentrations do not reflect the exact concentrations in the 
parent rock. Soil properties such as pH and cation exchange capacity (CEC) typically affect 
the adsorption of La, Y, Pr, and Gd to soil particles. Additionally, decreased pH and redox 
potential increase the availability of La, Ce, Gd, and Y (further discussed in Section 2.4) 
(Jingjing Liu et al., 2014; Ou et al., 2021). This being said, the mobility of REEs is higher at 
pH 3.5 to 5.5. Beyond that, REE mobility decreases. This is because REEs form complexes 
with carbonates, fluorides, phosphates and sulfates which restrict REE bioavailability 
(Kabata-Pendias, 2010; Khan et al., 2017; Tyler, 2004). The formation of complexes with 
carbonates leads to increased REE mobility, but is reduced when REEs are complexed with 
phosphates (Galhardi et al., 2022; Ramos et al., 2016; Tyler, 2004). Consequentially, REEs 
are demonstrated to be more water soluble as complexes with ions such as bromate 
(BrO3

−), chloride (Cl-), perchlorate (ClO4-), nitrates (NO3−), but REE complexes with 
phosphates (HPO42-, and PO43-) are said to be highly insoluble (Lima & Ottosen, 2021).  
In these complexes, REEs are more insoluble in the soil, especially at neutral pH conditions. 
However, as the pH decreases (up to pH 5) REEs are bound to Fe-oxyhydroxides, and a 
further decrease in pH would result in the dissolution of REEs (Chen et al., 2022). Iron and 
sulfate in particular, are more prone to form secondary minerals which are closely 
precipitated with REEs, as well as other metals such as Al and Cd and in such conditions 
increased sulfate concentrations would lead to accelerated REE sorption (Chen et al., 2022). 
Additionally, in terms of binding in the soil, REEs form complexes with Fe, Al, and Mn, 
showing that at decreased pH conditions the Mn-, Fe-, and Al- oxides are the main available 
compounds to bind with REEs (Lima & Ottosen, 2021; Tyler, 2004). 

Heavy REEs are said to have a high affinity towards chelates and ligands, compared to 
LREEs, which normally causes the high LREE/HREE ratio in the soil solution (Marsac et al., 
2021; Miao et al., 2008). Factually, at circumneutral to partially alkaline pH the 
concentrations of Al3+ and Fe3+, (competing with REEs for binding sites on the soil organic 
matter, SOM), decrease. This allows REEs to form complexes with chelates and ligands. 
Because they are more mobile than HREEs, which form highly stable complexes in the 
soil, LREEs are reported to be enriched in the shoots of some plant species, increasing 
their chances of being extracted from the soil (Brioschi et al., 2013). The formation of 
complexes with carbonates in alkaline conditions leads to increased REE solubility, where 
these REE-carbonate complexes (REECO3+ and REE[CO3]2−) are significantly higher in 
concentrations than organic substances in the soil solution – thus outcompeting the 
organic matter for REE binding. Contrarily, in acidic conditions, the competitive cations 
Al3+ and Fe3+ are more abundant, increasing their capacity to bind to the chelates and 
ligands, leaving carboxylic as the only site free for binding with REE. Similarly in these 
acidic conditions, dissolved REEs and REE-sulfate complexes (REE-SO4+) are the most 
dominant, which are of reduced REE-mobility; this also corresponds to REE-phosphate 
complexation (Galhardi et al., 2022; Marsac et al., 2021; J. Tang & Johannesson, 2003).  

2.3 The Uptake, Distribution and Contents of REEs in Plants 
Effective phytoextraction and accumulation of REEs depend highly on the bioavailability of 
metals. This means that the concentration and speciation of REEs in the soil, the most 
significant determinants of plant absorption of these elements than the plant itself. 
Although REEs can be available in high concentrations in some soils, the main challenge is 
the available fraction of these elements that can be extracted and accumulated in plant 
biomass. For instance, Wiche et al. (2017) demonstrated that only up to 30% of the REEs in 
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soil could be accessed by plants. From sequential extraction, it has been shown that only 
the water-soluble, exchangeable and carbonate-bound REE fractions are easily accessible 
to plants (F. Li et al., 1998; Wiche, Zertani, et al., 2017). The characterisation of REEs has 
been linked to the potential to select organic and inorganic ligands which enable both REE 
complexation and effective phytoextraction of REEs from the soil (Grosjean et al., 2019).  

Rare earth elements are taken up in plants through the exact mechanisms responsible 
for nutrient influx in plants. In this sense, the bioavailability, absorption, transportation, 
and accumulation of REEs in plants cannot necessarily be separated from other elements, 
especially micro- and macronutrients (Kovarikova et al., 2019). Although REEs are not 
recognised as essential nutritional elements for plants, their uptake occurs through Ca, 
Na, K and Al channels (W. S. Liu, Zheng, et al., 2019; Rengel, 1994). Heavy REEs and Al3+ 
are taken up through the same pathways, whereas LREEs are absorbed by the roots via 
Ca-ion channels (Chen et al., 2022; Kabata-Pendias, 2010; Yuan et al., 2017). This suggests 
that plants generally take up REEs and nutrients almost indiscriminately through the 
roots; translocating and depositing them in the leaves (Gu et al., 2002).  

The uptake and transportation of REEs occur passively through the apoplastic 
pathways, where they are transported by mass flow against the diffusion gradient.  
In other cases, REEs can be taken up actively through symplastic pathways as solutes, 
where they are carried through the plasmalemma. where the ions enter through the 
cytoplasm (Brioschi et al., 2013). When uptake occurs, the REEs initially have to cross 
through the Casparian strip, which can constrict REE translocation into the central 
cylinder and the transpiration stream, thus reducing the amounts of REEs deposited in 
plant shoots (Brioschi et al., 2013; Ozaki & Enomoto, 2011; Ramos et al., 2016). According 
to Li et al. (1998) and Brioschi et al. (2013), the sequence of REE contents in various plant 
sections was root > leaf > stem > grain, as demonstrated in Hordeum vulgare (barley). 

The absorption of REEs can also occur through direct application on the leaves. In such 
cases, the apoplastic barriers still act as constricting factors, at such limiting REE 
distribution to other plant tissues, which would lead to REEs being highly concentrated 
in leaves, followed by stems > roots > fruits (Brioschi et al., 2013; Ramos et al., 2016). 
The rhizosphere plays a significant role for REE uptake in plants as most of the crucial 
element-plant root-microbe interactions occur therein. This leads to physico-chemical 
alterations of the elements available in the soil increasing their bioavailability for plant 
uptake (Semhi et al., 2009). Rare earth element concentrations are often lower in the 
plant biomass compared to soil concentrations, indicating that these concentrations are 
not dependent on the soluble forms. This can be evaluated through the translocation 
factor, which is the ratio of the elements in plants to the concentration in the soil.  
The concentrations of REEs in plants usually depend on their radii and atomic  
numbers. Generally, REEs can be found in plant tissues at modest concentrations in 
quasi-contaminated environments even though they are not essential to plants (F. Ding 
et al., 2022). The concentrations of REE in plants can range from less than 1 g/kg to more 
than 15 mg/kg (D.W) (S. Ding, Liang, Zhang, Wang, & Sun, 2006; Gu et al., 2002;  
Kabata-Pendias, 2010; Tyler, 2004). In plant leaves, REE concentrations have been found 
at 0.0011 (Lu), or 0.33 mg/kg DW (Ce) and even as high as 5 mg REE/kg DW (S. Ding, 
Liang, Zhang, Wang, & Sun, 2006; Fehlauer et al., 2022; Wiche, Székely, et al., 2016). 
Furthermore, LREEs show a higher enrichment in plants as compared to HREEs  
(Kabata-Pendias, 2010; Semhi et al., 2009). This separation of LREEs relative to other REEs 
may reflect the function of ligands in the complexation of LREEs, causing an increased 
LREE mobility compared to HREEs, which can be complexed in the soil (Semhi et al., 2009). 
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2.4 Interaction of Rare Earth Elements with other Elements in the 
Rhizosphere 
In most cases, REEs can have synergistic or antagonistic relationships with other 
elements, especially nutrients. Although REEs are not recognised as essential nutritional 
elements for plants, their uptake occurs through Ca, Na, K and Al channels (W. S. Liu, 
Zheng, et al., 2019; Rengel, 1994). Several of the REEs can compete with Ca (especially 
La and Ce). Rare earth elements have trivalent charges, hence a higher charge density, 
which compete with and replace Ca at Ca-binding sites in biological molecules,  
resulting in an antagonistic relationship between them (Thomas et al., 2014; Tyler, 2004). 
In this sense, La is capable of replacing Ca on the cell wall binding sides, substituting  
the biochemical function of Ca and other Ca-mediated processes, while inhibiting  
Ca translocation and efflux in plants (Diatloff et al., 2008). Therefore, these interactions 
can account for part of REE phytotoxicity (Kovarikova et al., 2019; Thomas et al.,  
2014).  

Similar to REEs, Al also inhibits Ca2+, which was observed on the Amaranthus  
tricolor, as it also competes for binding sites with Ca2+ on the plasma membrane.  
Rengel (1994) investigated the interaction between Al and REEs (La, Gd, Ce, In, and Sc) 
and how they affect Ca2+ uptake in A. tricolor. The findings demonstrated that firstly,  
the pH plays a key role in these interactions. At low pH (pH 4.5), Al was antagonist 
towards Gd, as it also increased Ca inhibition. However, Al also behaved in an  
antagonist way towards La, and alleviated Ca inhibition that occurred due to the La 
treatment (Rengel, 1994). This suggests that Al and La ions get bound to the same binding 
site.  

Liu and colleagues (2021) investigated the co-accumulation of REEs and Al and Si in 
Dicranopteris dichotoma. The results from this study indicated the involvement of Si, in 
the uptake of Al and REEs in plants. Furthermore, there was a positive correlation 
between the accumulated Si and Al, as well as Al and REEs, suggesting similar 
accumulation behaviour for these elements (W. S. Liu, Laird, et al., 2021). Similar results 
have been reported for Phytolacca americana¸ which accumulated high concentrations 
of Al, REEs and Mn, showing a positive correlation between REEs and Al and Fe (C. Liu et 
al., 2021). Furthermore, because REEs and Al have identical charges (3+), the use of REEs 
to investigate the phytotoxicity of Al has become common (W. S. Liu, Zheng, et al., 2021; 
Yuan et al., 2017). 

Some plant species that are well able to respond to nutrient deficiency, especially P-
and Fe-deficiency. For instance, leguminous forbs such as Lupinus albus and Lupinus 
angustifolius release increased amounts of carboxylates or develop cluster roots in 
response to P-deficiency (Lambers, 2022; Lambers et al., 2013; Ligaba et al., 2004).  
The released carboxylates release both organic and inorganic P (Po and Pi), which are 
further sorbed onto soil particles. In this process, the carboxylates replace phosphate in 
the soil, rendering it more soluble and mobile, which is further hydrolysed by 
phosphatase and taken up to the roots via P-transporters (Lambers et al., 2013). While P 
is mobilised, other micronutrients (especially Fe, then Cu and Mn) are also chelated as 
they are mostly bound to P-compounds. The chelated Fe3+ migrates to the root surface, 
becomes reduced (Fe3+ to Fe2+) in the plasma membrane, and further transported to 
other plant tissues via Fe-transporters (Honvault et al., 2021; Lambers et al., 2013).  
As this may be, the release of carboxylates can therefore not be limited to the increased 
mobility of P and Fe, but to the alteration of the solubility of other non-essential elements 
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such as REEs, Cd and Pb. Cicer arietinum (chickpea) is also known to release carboxylates 
as a response to P-deficiency, which can result in the mobilisation of REEs via complexation 
with ligands (Pang et al., 2018; Wiche, Székely, et al., 2016).  

2.5 Effects of REEs on Plants 
Although not regarded as essential for plants, REEs can be beneficial for the growth and 
development of plants, and this varies depending on the plant species (Tao et al., 2022). 
At low concentrations (<0.5 mg REE kg-1 soil) REEs can promote seed germination and 
enhance seedling development, but at high concentrations the effects become 
detrimental (Thomas et al., 2014). For instance, the administration of La and Ce at  
0.5 mg kg-1 was reported to promote root developments of Arabidopsis thaliana but did 
not further increase the overall plant yield as the plants grew further (He & Loh, 2000).  
According to Diatloff et al. (2008), plant treatment with La and Ce to corn (Zea mays) or 
mungbean (Vigna radiata) cultivated in a hydroponic system did not improve plant 
growth and even showed growth restriction at Ce doses higher than 5 µmol L-1. 
Moreover, it has been shown that REEs boost the growth of crops like wheat and rice (Hu 
et al., 2004). However, the beneficial effects of REEs on plant development may be 
limited to certain growth phases or soil conditions (Tao et al., 2022). Other benefits of 
REEs in plants include speeding up photosynthetic activity, improving enzyme activity, 
and increasing nutrient uptake. These results imply that REEs have potential benefits for 
plants and agriculture. 

2.6 Factors Affecting the Uptake and Accumulation of REEs in Plants  
The concept of phytoextraction, a subprocess of phytoremediation, through which plants 
extract and translocate elements from the soil to the (above-ground) plant biomass, has 
been explored since its introduction by Chaney and Hornick (1977). The investigation of 
REE uptake has been conducted on multiple plant species (Brioschi et al., 2013; Carpenter 
et al., 2015; S. Ding, Liang, Zhang, Huang, et al., 2006; C. Liu et al., 2021; W. S. Liu, Laird, 
et al., 2021; Wiche & Heilmeier, 2016). To achieve a successful phytoextraction or 
accumulation of rare elements, it is crucial to take note of the constant transformation 
of soil conditions, and plant morphological changes which also influence how REEs are 
available to plants. Figure 1 (p.19) highlights the factors that can affect the bioavailability 
and accumulation of REEs in soil-plant systems. 

Soil physical and chemical properties play a major role in the uptake of elements 
(Wiche et al., 2015). Soil pH significantly affects element mobility and availability from 
the soil to plants. Cao et al, (2002) demonstrated that the higher the soil pH was,  
the lower were REE concentrations in Triticum aestivum L. (wheat). Similarly, Gu et al 
(2002) also confirmed that at pH 6.7, LREEs were adsorbed, contrariwise at pH 4, only 
HREEs were absorbed in wheat roots. This is because at low pH REE leaching occurs in 
the rhizosphere, releasing the insoluble fraction of REEs, making them available to plants 
(Cao et al., 2002). Alongside pH, the redox potential also influences REE bioavailability, 
in that, with decreasing redox potential, the mobility of REEs is increased (Cao et al., 
2001). Cation exchange capacity (CEC) influences the adsorption and desorption of 
elements from the soil solution to the plant biomass (Kovarikova et al., 2019). Cation 
exchange capacity acts as a direct indicator of the soil's cation buffer capacity. High CEC 
results in enhanced cation retention, which reduces the absorption of those metals by 
plants (Cheng et al., 2015; Xiao-ping Wang et al., 2004).  
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Another factor related to the soil properties are humic acids, the bioavailability of REEs 
increases when humic acid is relatively low in the soil, whereas increased humic acid 
concentrations will lead to decreased REE bioavailability (Gu et al., 2002; Kovarikova  
et al., 2019; Xueyuan et al., 2001). This is because top-soils are usually rich in organic 
matter derived from decomposed plant material which eventually gets bound to clay 
minerals’ surfaces (Ou et al., 2021).  

Soil organic matter (SOM) also plays a role in the bioavailability of REE. According to 
Miao et al. (2008), dissoluble SOM can interact with REEs to generate dissoluble organic 
ions, which are subsequently transported by subterranean drainage, altering how REEs 
behave chemically in the topsoil. The organic matter forms strong chemical bonds with 
cations (including the trivalent REE3+, Al3+ and Fe3+ from clay minerals) resulting in diverse 
organic-inorganic colloidal compounds (Marsac et al., 2021). Therefore, with increased 
concentrations of organic matter in the soil, more of these organic-inorganic compounds 
are formed further polymerising via adhesion, forming aggregates with multiple 
negatively charged groups. These agglomerates have a high propensity to form complexes 
capable of adsorbing or chelating REEs (depending on the pH), thus having a significant 
role in the distribution of REEs (Ou et al., 2021).  

Organic soil amendments also regulate the microbial activity in the soil, as they can 
act as sources of energy and carbon for microorganisms. The microorganisms would then 
contribute towards the biogeochemical cycling of REEs, either by releasing them in the 
soil or immobilising them sorption or precipitation (Davranche et al., 2015). Schwabe  
et al. (2021) indicated that plant growth promoting rhizobacteria (PGPR) such as 
Arthrobacter oxydans and Kocuria rosea are able to secrete secondary metabolites which 
mobilise and increase the bioavailability of REEs. Shan et al. (2003) reported that REE 
uptake, especially LREEs, can be highly influenced by the presence of histidine and 
organic acids. In D. linearis, an increase of up to 78% for LREE concentrations was 
observed in the presence of histidine and organic acids. In this case, the key role of 
histidine was predicted to be the stimulation of LREE sequestration in the soil forming 
histidine-REE complexes (RE(His)(NO3)3· H2O). Alternatively, organic acids mainly 
enhance the mobilisation of LREEs, making the elements readily available for uptake in 
plant roots (Han et al., 2005; Shan et al., 2003). 
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One of the most fundamental steps in establishing methods for the phytoextraction 
of REEs includes the identification of suitable species, based not only on their 
hyperaccumulation capabilities but also their ability to mobilize and accumulate 
elements that are often associated with REE availability. Plant species that have the 
ability to specifically accumulate high concentrations of specific elements, are called 
hyperaccumulators. For a plant to be considered as a REE hyperaccumulator, a threshold 
concentration of up to 1000 μg g−1 has been established (Wei et al., 2001).  

Among the pool of hundreds of plant species that have been identified as metal 
hyperaccumulators, 20 of these species are said to be REE accumulators. These species 
include Phytolacca americana and P. icosandra, D. linearis, Blechnum niponicum, 
Woodwardia japonica), Carya cathayensis, C. glabra, C. tomentosa, Pronephrium 
simplex, P. triphyllum (Dang & Li, 2022; Khan et al., 2017; W. S. Liu, Zheng, et al., 2019). 
In a study by Chao and Chuang (2011), both D. linearis and D. dichotoma were found to 
not only hyperaccumulate REEs at highly contaminated soils but also on soils with 
average REE concentrations, accumulating up to 660 µg g-1 in leaves. Another species of 
interest that has been discovered is Pronephrium simplex, capable to accumulate  
1.2 mg g-1 REE per dry weight (Lai et al., 2005). Additionally, Wiche and Heilmeier, (2016), 
also highlighted that forbs such as Brassica napus, Lupinus albus, Lupinus angustifolius, 

 

Figure 1 Factors affecting the uptake of REEs. 
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and grasses such as Zea mays can be potential REE accumulators, especially due to their 
ability to mobilize Fe and P in the soil-root interface. Especially Z. mays has been used to 
investigate the phytoaccumulation of REEs (Heilmeier & Wiche, 2020). Xiao et al. (2003) 
also reported that Blechnum orientale showed to accumulate REE concentrations of 
1022 µg g-1 in the plant leaves. Similarly, Cyperus rotundus also was shown to have 
significant capabilities to transport REEs, particularly LREEs, from the soil to the root and 
roots to the other plant organs, when cultivated on an shut down mining area (Khan et al., 
2017).  

2.7 Approaches to Enhance the Bioavailability and Phytoextraction of 
REEs 
It should be noted that, in some instances, REEs are available in trace concentrations and 
therefore ways to accelerate the bioavailability and mobilisation of REEs even in minute 
quantities are required. The most common ways include the application of synthetic 
aminopolycarboxylic acids such as ethylenediaminetetraacetic acid (EDTA), glutamic 
acid, ethylenediamine disuccinate (EDDS), histidine, citric acid, and malic acid (Marsac  
et al., 2021; Meers et al., 2005; H. Tang et al., 2017, 2017). When applied, EDTA and EDDS 
increase the acid extraction fraction of heavy metals (Heilmeier, 2021). The complexation 
of REEs with these ligands renders them more accessible to plant roots, thus increasing 
their concentrations in plant tissues (Ali et al., 2013; Gmur & Siebielec, 2022). 
Additionally bioinoculants (such as bacteria and mycorrhiza) contribute significantly 
towards element absorption in plants (Gmur & Siebielec, 2022; Heilmeier, 2021;  
J.-W. Wu et al., 2013). Wu et al. (2009) reported a positive correlation between high 
glutamic concentrations and the concentrations of La and Y accumulated in Phytolacca 
americana. According to Shan et al. (2003), histidine and organic acids promote the 
desorption of LREEs from the soil, increasing their availability in the soil solution thus 
having high concentrations transferred to the plant biomass. From these results it was 
reported that the addition of histidine led to increased LREE concentration by up to  
34% compared to reference plants (Shan et al., 2003). Citric acid together with 
desferrioxamine B (DFO-B) enhanced the desorption of REEs in the soil solution thus 
increasing their uptake in Phalaris arundinacea. This was related to the formation of  
REE-citric acid soluble complexes, which increase REE mobility, enhancing their potential 
in the phytoextraction of REEs (Wiche, Tischler, et al., 2017), Table 1, p.24.  

Naturally, plants adapt to the constantly changing soil conditions by interacting with 
already present microorganisms in the soil, resulting in a soil environment that is 
conducive for effective nutrient acquisition and/or accumulation of other elements. 
Arbuscular mycorrhizal (AM) fungi are capable of enhancing plant tolerance towards 
biotic and abiotic stress. The availability of AM in the soil also increases not only nutrient 
uptake but REE transport too (Kovarikova et al., 2019). Similarly, plant growth promoting 
bacteria (PGPR) improve element bioavailability and mobility through several processes, 
including the release of chelating agents which induce rhizosphere acidification (Jalali & 
Lebeau, 2021; Okoroafor, Mann, et al., 2022). In a field experiment, Okoroafor et al. 
(2022) investigated the effects of bioaugmentation with Bacillus amyloliquefaciens 
FZB42 on the accumulation of REEs and other trace elements in Z. mays and Helianthus 
annus, and the result indicate increased accumulation of REEs, especially in H. annus, 
Table 1, p.24. 
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Besides these interactions with microorganisms, plants also acidify the rhizosphere 
through the secretion of natural chelates, low molecular weight organic acids such as 
phytosiderophores and carboxylates (e.g., citric, fumaric, and maleic acid) (Lambers, 
2022). These carboxylates can mobilize nutrients as well as REEs in the rhizosphere 
(Gmur & Siebielec, 2022). For instance, citric acid and malic acid are said to stimulate the 
accumulation of La in barley (Han et al., 2005). Carboxylate secretion results in increased 
hydrogen ions in the rhizosphere, which reduce the pH of the soil. At reduced pH levels, 
the metal ions bound to soil particles are replaced causing them to be readily available 
for plant uptake (Lambers et al., 2013). Leguminous plants such as Lupinus species are 
capable to release citric and malic acid, which increase the availability of sparingly 
available nutrients (especially P) through the release of carboxylates (Lambers et al., 
2013; Lambers et al., 2015). Phosphorus acquisition has been closely related to the 
uptake of REEs in plants (Lambers, 2022; Wiche, Székely, et al., 2016).  

This being said, the low availability of REEs in the rhizosphere also opens an avenue to 
explore agronomic practices applied to improve the phytoextraction of not only REEs but 
even other trace elements. It is not only application of artificial soil amendments that can 
influence the uptake of REEs in plants, but agronomic methods such intercropping and 
crop- rotation can increase the mobility of trace elements, including REEs in plants 
(Heilmeier & Wiche, 2020).  

This suggests selecting species with unique nutrition strategies for elements such as 
P-acquisition, Fe-strategies, and Si-accumulation as these may be competitive in terms 
of acquiring and accessing REEs in the soil along with these nutrients (Heilmeier, 2021). 
Lupinus albus (white lupin) was found to be one of the species able to accelerate 
phytoextraction of trace metals in either crop rotation or intercropping systems. 
Fumagalli et al. (2014) assessed seasonal crop rotation of hemp (Cannabis sativa L.,  
a heavy metal accumulator) with white lupin (as a potential green manure) on increasing 
the phytoextraction capacity of copper (Cu), lead (Pb), nickel (Ni), chromium (Cr) and zinc 
(Zn) on alkaline soils. The findings proved that this crop rotation system may be beneficial 
in term of enhancing phytoextraction, as the lupin increased the availability of the trace 
metals (Egle et al., 2003; Fumagalli et al., 2014). Furthermore, in a field study, Wiche et 
al. (2016), demonstrated that intercropping Avena sativa L. (oats) with P-efficient species 
L. albus can increase REE uptake. This is mainly because white lupin is able to release 
organic acids such citrate and malate, as well as other protons in the root-soil profile thus 
boosting phosphorus and trace element (such as REEs and Cd) mobility and availability 
(Lambers, 2022; Wiche, Székely, et al., 2016).  

Okoroafor et al, (2022) investigated the effect of liming and of organic fertiliser (cow 
and horse dung) and the results thereof indicated organic fertiliser leads to increased 
REE concentrations in L. albus and Z. mays. This was attributed to the hypothesis that 
REE recycling is more rapid in organic soils (Okoroafor, Kunisch, et al., 2022). Liming on 
the other side led to the reduction of the accumulation of REEs in plants, indicating that 
liming increases Ca in the soil, further increasing the soil pH and the chances of the 
formation of REE precipitates, which in turn reduces the mobility and availability of REEs 
to plants (Okoroafor, Kunisch, et al., 2022). 

While not yet shown to be a plant-essential element, silicon (Si) is widely recognised 
as a beneficial element for plant growth and development. Si may reduce both biotic and 
abiotic stress, with abiotic stresses including stressors such as drought, heat, cold, metal 
toxicity, and nutritional imbalance (Greger et al., 2018; Pavlovic et al., 2021). The use of 
Si for the alleviation of metal toxicity, and increasing plant tolerance, has been explored 
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and reviewed, including its interaction with other elements such as P, Ca, Cd, and Al 
(Adrees et al., 2015; Brackhage et al., 2013; Jian Liu et al., 2013). However, only a few 
studies highlight the interaction between Si and REE (W. S. Liu, Zheng, et al., 2019). Wang 
et al. (2004) demonstrated that Si increased Al -tolerance in Zea mays, inferring that this 
may be a result of Si and Al forming hydroaluminosilicates (HAS) (Hodson & Evans, 2020; 
Yunxia Wang et al., 2004). Since REEs and Al are trivalent, it can be hypothesised that 
they behave in a chemically similar way. Therefore, when exposed to Si, REEs will also 
form complexes with Si, further resulting in increased concentrations of REEs in plants 
(W. S. Liu, Zheng, et al., 2019).  

Since the main issue affecting the phytoextraction of target elements (in this case 
REEs) is their bioavailability, it is worth exploring other processes that can improve REE 
bioavailability towards plants. Furthermore, it would be beneficial to assess the role of 
other factors including plant nutrition strategies, interactions between elements in the 
rhizosphere, substrate properties and the application of fertilisers on the the solubility 
and bioavailability of REEs. 
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Plant Species Substrate Amendment/ Outcome References 

Phalaris arundinacea Road construction site, silty 
loam pH 7.8, Germany Compost ↑REEs with compost Moschner et al. (2020) 

Post mining site pH 6.6, 
Germany ↑ REEs 

Phalaris arundinacea Clayey-silt with high REEs, 
Germany Citric acid and desferrioxamine ↑REE sorption ↑REE 

dissolution Wiche et al. (2017) 

Triticum aestivum Black Soil, China Fluvic acid ↑ REE bioavailability Zhimang et al. (2001) 

Triticum aestivum Red soil, China Humic Acid ↑ REE in roots than 
shoots Xueyuan et al. (2001)  

Triticum aestivum Black Soil and Yellow soil, 
China EDTA ↑REE accumulation in 

shoots Lihong et al. (1999) 

Triticum aestivum Clayey-silt, Germany Intercropping with L. albus ↑ REE  Wiche et al. (2016) 
Zea mays and 
Helianthus annuus 

Agricultural Fields, 
Germany 

B. amyloliquefaciens FZB42
(Rhizovital)

↓ΣREEs (17%) 
↑ΣREEs (15%) Okoroafor et al. (2022) 

Zea mays 
Lupinus albus 
Brassica napus 

Soil from TU Bergakademie 
Campus, Freiberg, 
Germany 

Cow dung + horse dung as 
organic fertiliser 

↑REEs in L. albus (53%) 
and Z. mays (46%) 
↓ ΣREEs 35% in B. napus 

Okoroafor et al. (2022)  

Liming ↓ΣREEs in all species 

Dicranopteris dichotoma REE ore deposit (China)
 

Histidine, malic 
acid, and citric acid ↑REEs (La, Ce, Pr, Nd) Shan et al. (2003) 

Table 1 Previous studies that investigated the effects of different soil amendment and treatments on the accumulation of REEs in plants. 
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Aims of this Thesis  
The present thesis is a synthesis of detailed research in the field of bioremediation, 
focusing on the phytomining of rare earth elements. Since most publications have 
reported ways in which soil amendments and chelators may affect the efficiency of the 
uptake of REEs in plants, most of them focused on plant species that have already been 
identified as REE hyperaccumulators. However, the most significant factor for successful 
phytomining of REEs is bioavailability. Therefore, it is crucial to understand processes in 
the rhizosphere that influence the availability of REEs to plants. The aim of this thesis is 
to investigate rhizosphere processes and element interactions affecting the bioavailability 
of rare earth elements in phytomining. Furthermore, to explore the effects of plant 
nutrition acquisition strategies affecting the availability and accumulation of rare earth 
elements in plants, the application of P-fertiliser and Si fertiliser, as well as assistive 
revegetation strategies such as intercropping. The data analysed in the specific studies 
was acquired through laboratory controlled and field studies to identify and further 
understand how these nutrition acquisition strategies and the absorption efficiency of 
essential elements may affect the bioavailability of REEs in plants.  
 
 Research Questions 

1. What influence do substrate properties have on the uptake and availability of 
REEs? 

2. What are the main interactions between phosphorus acquisition strategies and 
the uptake of REEs in plants? 

3. What is the role of the release of carboxylates on the uptake of REEs? 
4. What influence does soil amendment with Si have on the uptake of REEs in 

plants with different nutritional strategies? 
5. How are REEs distributed in plants tissues? 
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3 Methods and Materials 
To explore strategies for phytomining and the rhizosphere interactions that support 
successful uptake of rare earth elements and nutrients and trace elements in plants, this 
thesis is based on three different case-studies (Publication I, Publication III, Publication 
IV, and Manuscript I). Each of the experiments followed is thoroughly explained in the 
respective Publications. 

3.1 Plant Cultivation 
The first experiment (Publication I) is based on a field experiment carried out at the Bauer 
Umwelt Business Hirschfield (Saxony, Germany). Hordeum vulgare L. cv. Modena (barley) 
was cultivated in an intercropping system with Lupinus. albus cv. Feodora (white lupin) 
and L. angustifolius cv. Sonate (narrow leaf lupin) in a replacement model as illustrated 
in Figure 2 and further described in Publication I. The plants were cultivated on two 
different substrates, Substrate A (pH = 7.8, in yellow on the diagram), and Substrate B 
(pH = 6.6), both classified as silty loam. The plants were treated with the Hoagland 
solution with either 200 μmol L-1 P (NPK) or 20 μmol L-1 P (NK). 

Figure 2 Experimental setup for intercropping Hordeum vulgare with Lupinus albus and Lupinus 
angustifolius on two different substrates, Substrate A (yellow) and Substrate B (orange), treated 
with NK and NPK.  



27 

In addition to the field experiment, a separate greenhouse experiment was conducted 
to further characterize the root exudates released from L. albus and L. angustifolius. 
The plants were treated with a nutrient solution with 20 μmol L-1 K2HPO4 (Low P, 
reference) and 200 μmol L-1 K2HPO4 (high P) explained in detail in Publication I. 

For Publication III, a split-root technique was explored to investigate how the 
phosphorus nutrition status affects the accumulation of rare earth elements (REE) in 
roots and shoots of plant species that exhibit different P-acquisition strategies. In this 
study, six plant species (Triticum aestivum cv Arabella, Brassica napus cv Genie, Pisum 
sativum cv Karina, Cicer arietinum cv Kabuli, Lupinus albus cv Feodora and Lupinus 
cosentinii) were cultivated on two sand substrates (quartz sand and a mixture of quartz 
sand (Q) and river sand (M)) Figure 3, the substrate properties are further explained 
under the substrate characterisation section. 

In Manuscript I, we investigated the relationship and interactions between essential 
and non-essential elements in plants with different nutritional strategies and silicon 
absorption capacities. The experiment was a semi-hydroponic experiment, where a peat 
substrate was used. The five species cultivated were rape seed, (Brassica napus L. cv 
Genie), white lupin (Lupinus albus L. cv Feodora), pea (Pisum sativum L. cv Karina), maize 
(Zea mays L. cv. Badischer Gelber) and cucumber (Cucumis sativus L. cv Paksa). Two 
weeks after germination, the plant species were first treated with the Hoagland solution, 
prepared according to Hoagland and Arnon (1950), and the contents are presented in 
Table 2. Four weeks after germination, the respective treatments were applied, 
represented in Table 3. The treatments applied were aluminum (Al), rare earth elements 
(La, Nd, Ce, Gd and Er, further denoted, REE), and Al+REE. Furthermore, the mixture of 
Al+Cd+REE (Trace elements, further denoted TE) was applied as a differentiation 
from the plants treated with TE and Silicon (TE+Si) at concentrations of 10 µmol L-1 and 

Figure 3 A demonstration of the experimental setup for the split root experiment using Triticum 
aestivum, Brassica napus, Pisum sativum, Cicer arietinum, Lupinus albus and Lupinus cosentinii 
cultivated on quartz sand and a mixture of the quartz sand with river sand. 



28 

100 µmol L-1, respectively, for each element. Silicon was applied at 1.5 mmol L-1. The 
Hoagland solution was prepared, with the components and applied in a 1:5 strength as 
represented in Table 2. 

Concentrations Hoagland Stock 
solution 

Concentration Stock solution 
[g/L] 

Amount of stock 
solution/ 1 Litre 

1M NH4NO3 80 1 
2M KNO3 202 2.5 
2M Ca(NO3)2 · 4H2O 236/0,5 2.5 
1 M KH2PO4 136 1 
2M MgSO4 · 7H2O 493 1 
H3BO3 2.86 1 
Fe-EDDHA 5 1.5 
MnCl2 · 4H2O 1.81 1 
ZnSO4 · 7H2O 0.22 1 
CuSO4 · 5H2O 0.051 1 
H2MoO4 · 2 H2O 0.09 1 

Treatment Elements 
Treatment 
Concentration  
[µmol L-1] 

Plant 
species Replications 

AL Al 10 µmol L-1 
100 µmol L-1 

B. napus
L. albus
P. sativum
Z. mays

3 

REE La, Ce, Nd, 
Er and Gd 

10 µmol L-1 
100 µmol L-1 

B. napus
L. albus
P. sativum
Z. mays

4 

Al + REE Al, La, Ce, 
Nd, Er, Gd 

10 µmol L-1 
100 µmol L-1 

B. napus
L. albus
Z. mays

4 

Trace elements 
(TE) 

Al, Cd, La, 
Ce, Nd, Er, 
Gd 

10 µmol L-1 
100 µmol L-1 

B. napus
C. sativus
L. albus
P. sativum
Z. mays

5 

Trace elements 
(TE + Si) 

Al, Cd, La, 
Ce, Nd, Er, 
Gd, Si 

10 µmol L-1 
100 µmol L-1 

B. napus
C. sativus
L. albus
P. sativum
Z. mays

5 

Table 2 Treatment Solutions administered and the corresponding species. 

Table 3 The experimental structure for Manuscript I. 
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3.2 Plant Analysis 
The plant biomass harvested to complete the studies from (Publications I, II and III and 
the Manuscripts) were all harvested at 1cm above the soil. The harvested biomass was 
dried at 60 °C for 24 hours, and there after ground to fine powder and further stirred in 
centrifuge in preparation for microwave digestion. The microwave digestion (Ethos plus 
2, MLS) for all plant species was conducted according to the method by (Krachler et al., 
2002). Firstly, a 100 mg subsample of the plant material was weighed in digestion tubes. 
The weighed samples were then moistened with 0.2 ml of deionised water, then 1.9 ml 
of 65% nitric acid (HNO3) was added for sample processing. This process was left to react 
up to four hours. Additionally, CELERY, NCS ZC73032, used as certified reference 
material, and a blank sample, were digested similar to the plant samples as reference 
and control. Subsequently, 0.6 ml of 4.8% hydrofluoric acid was added, and the tubes 
were inserted into the microwave segments. The tubes were heated to 200 °C for  
25 minutes, kept at a constant temperature for 5 minutes, and then cooled down for  
30 minutes until the samples reached 75 °C. For inductively coupled plasma mass 
spectrometry (ICP-MS), in a 1:10 dilution ration, the digested solution was diluted with 
deionised water and 100 µL rhodium-rhenium internal standard solution was added. 

3.3 Soil Characterisation and Analysis 
To characterise and determine the distribution of the elements in all the substrates used 
for the Publications I, III and IV, as well as Manuscript I sequential extraction was applied 
following the method in Wiche et al. (2017). The extraction process follows six fractional 
steps undertaken in sequence. The first fraction involves shaking the sample in 1 M 
ammonium acetate (at pH 7) for 24 hours to determine exchangeable elements.  
In Fraction 2, acid-soluble elements are determined by shaking the sample with 
ammonium acetate (pH 5). Following this is Fraction 3, where elements that are bound 
to organics are determined by heating the sample with continuous addition of small 
quantities of H2O2 until a total volume of 10 ml is reached. Fraction 4 involves the 
isolation of non-crystalline components (Fe, Mn and Al- oxides) using 0.2 M ammonium 
oxalate (pH 3.2) by selective dissolution. Fraction 5 is mainly for the dissolution of 
crystalline components (Fe and Al-sesquioxides) where samples were shaken after being 
mixed with 0.2 M ammonium oxalate and 0.1 M ascorbic acid. Each step was followed 
by a collection of supernatants from the centrifuged sample and later analysed by  
ICP-MS for determining the concentration of Ca, Cd, Al, Si , Mn and REEs (La, Nd, Ce, Gd 
and Er) represented in Publication I (Table 1), Publication III (Table 1) and Manuscript I 
(Table 1), Publication IV (Table 4). 

The soil samples were further characterised, where 50 g samples were collected 
randomly from the bulk and dried in an oven at 60 °C for 24 hours. A sample size of 10g 
from the dried sample was soaked and shaken in 100 ml of deionised water to determine 
the pH, specific electrical conductivity and cation exchange capacity (CEC). The respective 
parameters were measured using the Seven Excellence Multiparameter electrode, 
InLab® 731-ISM electrode, and the Expert InLab® Pro-ISM electrode, which are all from 
METTLER TOLEDO.  

The cation exchange capacity was determined using a barium chloride (BaCl2) solution, 
where 1 g of sample from the dried substrate was soaked with 30 ml 1 M BaCl2 and 
further shaken for one hour. The mixture was centrifuged at 10 000 rpm for 10 minutes 
to decant the supernatant. This step was repeated three times to ensure that barium was 
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fully attached to all possible exchangeable binding sides on the substrate. The sample 
was further soaked in 0.25 M BaCl2, where it was then decanted and then mixed with 30 ml 
from 0.02 M MgSO4 solution. The mixed samples were shaken overnight, followed by 
centrifuging and decantation. The supernatant was collected, and element concentrations 
were determined through inductive coupled plasma-mass spectrometry (ICP-MS, XSeries 2, 
Thermo Scientific).  

3.4 Statistical Methods 
In this thesis the main elements of interest were concentrations of Ca, P, Fe, Mn, Si, Al, 
Cd and REEs. The concentrations of rare earth elements were classified as the sum of 
light rare earth elements LREEs (La, Ce, Nd) and heavy rare earth elements HREEs (Gd, 
Er), with the groups separated according to (Tyler, 2004). All elements were measured 
from the shoots of H. vulgare (leaves and tillers), L. albus and L. angustifolius 
(Publication I), the full shoot biomass of B. napus, C. sativus, L. albus, P. sativum and 
Z. mays (Publication II), and for Publication III from the shoots of Triticum aestivum, 
Brassica napus, Pisum sativum, Cicer arietinum, Lupinus albus, and Lupinus cosentinii. 
The statistical calculations were applied for plant yield, concentrations and contents 
(calculated as concentration × biomass) in all the experiments. 

In Publications I and III, a t-test with Bonferroni adjustment of p-values was used to 
compare significant differences between means of element concentrations in soil 
fractions, carboxylate concentrations of P+ and P0 plants, and element concentrations in 
plant parts cultivated with different P-supply. For the one-way ANOVA, Duncan’s post 
hoc test was used for significant effects (p < 0.05). Additionally, Multivariate analysis of 
variance (MANOVA) using a type III model was used to assess the means of plant yield, 
element concentrations and contents in various plant parts from both the monocultures 
and mixed cultures with different lupins (Publication I). In Publication II, Bartlett’s test 
was used to verify the homogeneity of variances preceding the analysis. In Publication II, 
Fishers LSD post-hoc test (LSD-test) was used to indicate significant effects between the 
different treatments and the reference plant and between low and high concentrations 
of the treatments. In Publications III, one-way analysis of variance (ANOVA) followed by 
Tukey's HSD post-hoc test was used to compare the different groups. In cases where the 
ANOVA assumptions (homogeneity) were violated, the data were log+1 transformed. If 
the assumptions were still violated, significant differences between means were 
identified using Welch's ANOVA at α = 5%. All statistical calculations were conducted 
using IBM SPSS Statistics 25. The software R Studio (R-Tools Technology Inc. 2020) was 
used for visualisation with the ggplot2 package (Wickham, 2016). 
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4 Results  
This chapter focuses on the results obtained from the laboratory and field experiments 
conducted within the scope of this work to understand how REE bioavailability and 
uptake in plants is influenced. This chapter aims to highlights of the results obtained from 
the Publications and Manuscripts. The complete data (graphs and tables) are fully 
described and discussed in the appended publications. The main points elaborated in the 
results focus on the uptake of rare earth elements and nutrients, being influenced by 
substrate properties, mixed culture systems and P-supply, carboxylate release as a 
response to P-supply and P-deficiency, microorganism activity, the application of silicon 
fertilizer, as well as the interaction of REEs with other elements such Al and Cd. 

4.1 Plant Nutrition and Growth as Affected by Substrate Properties 
In Publication I the plants were cultivated on Substrate A (pH = 7.9) and Substrate B  
(pH = 6.8). MANOVA results showed that the substrate significantly influenced nutrient 
concentrations, P (p < 0.1), Ca, Fe, and Mn (all p < 0.001), Table 3, Publication I. Leaf 
concentrations on Substrate B were 13% (P), 45% (Ca), 213% (Mn) and 44% (Fe) higher 
than those on Substrate A. In the same manner, stem concentrations of plants cultivated 
on Substrate B were 43% (P), 31% (Ca) and 220% (Mn) higher than those on Substrate A. 
In terms of P treatment application, the biomass of H. vulgare was higher in plants 
treated with NK (1. 5 g P m-2) than NPK (3 g P m-2) by 195%. Intercropping with  
L. angustifolius and L. albus and applying P fertiliser led to higher P, Ca, Mn and Fe in  
H. vulgare cultivated on Substrate B than on Substrate A. Furthermore, mixed cultures 
with L. angustifolius increased Ca in H. vulgare when cultivated on Substrate A.  

The shoot contents were calculated from the biomass and respective element shoot 
concentrations. MANOVA calculations determined that the effects of the substrate on 
contents of the micro and macronutrients were intertwined with culture types that were 
used and the P-treatment (Table 4, p.32). In this case, in the plants cultivated on 
Substrate A, shoot P, Fe, and Mn contents increased in the mixed cultures under low  
P-supply compared to the monocultures. In the contrary, in Substrate B, shoot P and Mn 
contents decreased with no changes in Fe, compared to the barley monocultures 
(Figure 1, Publication I).  

4.2 Effects of Substrate Properties, Intercropping and P-supply on REE 
Concentrations and Contents 
The experiments conducted in Publication I aimed at exploring the effects of substrate 
properties and P treatment on REE uptake when intercropping H. vulgare with L. albus 
and L. angustifolius. Considering REE concentrations, the growth substrate strongly 
affected REE shoot concentrations and had a more strongly pronounced effect on LREE 
(p < 0.001) than on HREE (p = 0.05), Table 4, Publication I. 

Although P treatment had no significant influence on the concentrations of REEs in 
the mixed cultures in Substrate B, in barley monocultures there was a decrease in shoot 
LREE and HREE concentrations in Substrate A. Interestingly, the effect of high P treatment 
was observed in the mixed cultures with L. angustifolius, indicating a significant increase 
in LREE and HREE in the shoots of H. vulgare. Unfortunately, in this study (Publication I) 
L. albus was solely cultivated on the two substrates with higher dosing of P fertiliser, thus, 
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further evaluation of the responses in mixed cultures to different P availabilities is not 
possible.  

In terms of REE contents (calculated from the biomass and concentrations) (Figure 4), 
the contents of REEs were highly influenced by the substrate they were cultivated on  
(p < 0.01, Table 4, Publication I), also showing higher REE contents, which were higher in 
Substrate A than Substrate B. Intercropping with L. albus and cultivating the plants on 
Substrate B led to decreased LREE and HREE in the shoots of barley, compared to the 
barley monocultures when treated with NPK (3 g P m-2). These effects were not observed 
when cultivating on Substrate A, showing that P-treatment and mixed cultures with 
L. albus had no effect. Since L. angustifolius was only cultivated on plants treated with 
NK, the effects of intercropping and P application could not be assessed, but generally 
mixed cultures with L. angustifolius led to a decrease in barley shoot LREE (44%) and 
HREE contents in Substrate B, Figure 4. 

Plant tissue Source of variation P Ca Mn Fe LREE HREE 
Shoots Substrate (*) (*) *** (*) * (*) 
 Fertiliser NS NS NS NS NS NS 
 Culture NS NS NS NS NS NS 
 Substrate*Culture ** * ** (*) ** ** 
 Fertiliser*Culture NS NS NS NS NS NS 
 Substrate*Fertiliser*Culture * NS * * NS NS 

(*) p < 0.1; * p < 0.05; ** p < 0.01; NS not significant. 

Table 4 Multivariate ANOVA based on shoot contents (µg m-2) of barley plants exploring for effects 
of the growth substrate, fertiliser addition (3 g m-2 P or 1.5 g m-2 P, respectively) and culture form 
(mono and mixed cultures).  
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4.3 Carboxylate Release in Response to P-supply 
A laboratory experiment was designed to investigate carboxylate release in Publication I 
when L. albus and L. angustifolius were supplied with P-treatment, low P (20 µmol L-1) 
and high P (200 µmol L-1). The results demonstrated that the main carboxylates released 
were citrate and malate, which at higher concentrations compared to fumarate which 
was at times below detection limit (as shown in Table 2 in Publication I). Under low  
P-supply L. albus released high citrate whereas malate did not change. On the contrary, 
when P was supplied at 200 µmol L-1, L. angustifolius responded with increased malate 
(224% and 243%, respectively) per unit of dry mass, which were higher than at low  
P-supply. The two species did not differ in terms if carboxylate release under low P-supply. 
However, increasing the P-supply showed that L. angustifolius released significantly high 
concentrations of exudates, up to 1100% citrate and 140% malate (p < 0.05), compared 
to L. albus.  

Another carboxylate analysis experiment was conducted in Publication III, however in 
the study 6 species were cultivated in a split-root experiment to evaluate carboxylate 
release in P treated B. napus, T. aestivum, P. sativum, C. arietinum, L. albus and 
L. cosentinii. The results demonstrated that similar to Publication I, the main carboxylates 
released were also citrate and malate, Figure 5. Generally, the species reacted differently 
to P deficiency according to their nutrient strategy. At low P-supply Brassica napus and 
P. sativum responded with a decrease in carboxylate release by 20% and 44%, respectively 

 

Figure 4 Total LREE and HREE uptake in stems, leaves and shoots (represented by total height of 
bars) accumulated in barley monocultures (L0) and mixed cultures with white lupine (Lan) or narrow 
leaf lupine (Lal) on Substrate A and Substrate B. Representing mean ± sd, for 5 replicates. Significant 
differences calculated with MANOVA, and Duncan’s post-hoc test, where small letters represent 
differences between the monocultures and mixed cultures, and capital letters differences between 
substrates and P-treatment (Publication I). 
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(Figure 5A). In contrast, the reduction of P-supply significantly increased total carboxylate 
release in the lupines, by 159% (p < 0.01, L. albus) and 115% (p = 0.03, L. cosentinii), 
showing an increase of both malate and citrate. Furthermore, in the split roots, 
carboxylate release per unit time (Figure 5B), was higher in the roots cultivated in mixed 
sand treated with low P-supply (P0) than in quartz sand in all species. The addition of  
P-supply (P+) led to increased carboxylate release per unit time in B. napus and 
C. arietinum, cultivated on quartz sand. On the contrary, in B. napus, L. albus and 
L. cosentinii carboxylate release decreased when cultivated on quartz sand (Figure 5). 
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Figure 5 A representation of carboxylate release in plants (A) Total carboxylate release per plant, 
(B) carboxylate release from root halves growing in quartz sand (Q) and mixed sand (M) (µmol h-1), 
(C) exudation rates (µmol g-1 h-1) from the different root halves, and (D) rhizosphere pH depending 
on treatment of plants with 100 µmol L-1 P (P+) or no P (P0) from the root half growing in quartz 
sand (Publication III). 
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4.4 Effects of P-supply on Element Uptake in Split-Root Experiment 
Brassica napus had highest shoot Cd concentrations compared to T. aestivum, P. sativum, 
C. arietinum, L. albus, and L. cosentinii. Pisum sativum had highest REE concentrations 
compared to all the other species. However, B. napus, C. arietinum and L. albus had 
higher HREE than to T. aestivum and L. cosentinii. When treated with P, low P treated 
L. albus had lower Cd compared to the plants treated with the high P treatment. 
Additionally, LREE and HREE concentrations decreased in L. albus and P. sativum (42% 
and 44%, respectively) when treated with low P-supply. Under P-deficient conditions, 
LREE concentrations in B. napus and T. aestivum were the highest, but there was no 
effect on the HREE concentrations due to P-supply (Table 4, Publication III). 

The shoot element contents several plant species were calculated as biomass 
multiplied by the respective element concentration, represented in Figure 6, Publication III. 
Brassica napus had the highest Cd, Al, and REE contents, especially when supplied with 
P, while Triticum aestivum had the lowest content. Low P-supply did not significantly 
affect the shoot REE content of some species, but in B. napus, LREE and HREE contents 
tended to be lower. In L. albus and P. sativum, LREE and HREE contents were significantly 
lower at low P-supply, and Al and Cd contents were also lower in L. albus. However, Al 
and Cd contents in P. sativum, C. arietinum, and L. cosentinii were largely unaffected by 
P-supply, Figure 6. 

The effects of P-supply (low P and high P, 200 μmol L-1) were also assessed on roots 
split into two different substrates, quartz sand and mixed quartz sand. In all the plant 
species cultivated (B. napus, T. aestivum, P. sativum, C. arietinum, L. albus, and L. cosentinii) 
LREE and HREE concentrations were higher in roots growing on the quartz sand than on 
the mixed sand, irrespective of the P treatment applied, Figure 6. Aluminium was higher 
in B. napus and Cd concentrations higher in P. sativum when treated with low P, cultivated 
on quartz sand compared to mixed sand. In quartz sand, P-supply had no influence on Al, 
Cd, and REE in the roots of T. aestivum, C. arietinum, L. albus and L. cosentinii. Pisum 
sativum responded with increased Cd and decreased HREE root concentrations, but no 
effect is seen on Al and LREE when exposed to P-deficient conditions. 

The concentrations of Al in the roots of all species were not affected by sand type or 
P-supply. In B. napus, Cd, LREE, and HREE concentrations were significantly higher at low 
P-supply. In P. sativum, the concentrations of all elements were not affected by P-supply. 
In T. aestivum, Cd concentrations were not changed, while LREE and HREE concentrations 
were lower at low P-supply. The LREE/HREE ratios were highest in L. albus and C. arietinum 
and lowest in L. cosentinii. The ratios were higher in roots grown in quartz sand than 
those in mixed sand, except for T. aestivum and P. sativum. In T. aestivum, the ratios 
were higher in roots grown in mixed sand of P-supplied plants than in corresponding 
roots grown in quartz sand. Adding high P to the quartz sand decreased the ratio in  
P. sativum. Similarly, in L. albus, P addition decreased the LREE/HREE.  
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Figure 6 Root and shoot concentrations of split-root plants treated without phosphorus (Low P, P0) 
or with 100 µmol L-1 P (P+) at the root half growing in quartz sand and mixed sand. Means ± sd,  
n = 5. Asterisks in shoots indicate significant differences between P-treatments, while averages with 
the same capital letters across plant species within a P-treatment were not statistically different at 
α = 5%. Differentiation between plant species within a certain root half and P-treatment is 
represented by capital letters. Differences between P-treatments on the root side and within a 
species are represented by lowercase letters. Asterisks also show significant changes between root 
sides within a certain P-treatment at p < 0.05 in the case of roots (Publication III). 
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4.5 The effects of B. amyloliquefaciens on the Accumulation of 
Elements  
In Publication IV, the effects of soil inoculation using plant growth promoting bacteria 
(PGPR) B. amyloliquefaciens were investigated on F. esculentum and Z. mays. Inoculating 
the soil with PGPR led to increased biomass yield for F. esculentum (8%) and Z. mays 
(18%), compared to the reference plants(Figure 2, Publication IV). Interestingly the 
application of PFPR did not influence nutrient uptake in Z. mays. The F. esculentum plants 
cultivated on soils inoculated with PGPR, Fe contents decreased by 15%, and Ca 
increased by 40% (Figure 3, Publication IV). Furthermore, the application of B. 
amyloliquefaciens did not influence REE uptake in Z. mays, but significantly increased in 
F. esculentum (Figure 4, Publication IV). 

4.6 The Effects of Silicon Treatment on the Uptake of Nutrients and 
REEs in Different Species  

4.6.1 Element Concentrations in Plants as Affected by Silicon Treatment 
The plants treated with a mixture of Al, Cd and REE (TE) without silicon had no influence 
and did not change the biomass of L. albus and B. napus at 10 µg g-1TE. However, 
C. sativus responded with decreased biomass at both TE treatment concentrations  
(by 48% and 49% at 10 and 100 µg g-1, respectively) (Table 4, Manuscript I) while Z. mays 
only had increased biomass at high TE treatment with up to 40%. The plants showed 
different responses when it comes to nutrient uptake when treated with TE. Brassica 
napus responded with increased Ca and P only at low TE treatment, but at high TE Only 
Ca increased. Lupinus albus had increased Ca, P, Mn and Fe when treated with low TE, 
but at high TE only Ca, P and Mn increased. Cucumis sativus responded with increased 
Ca and decreased Fe, while there was no effect on Si, P and Mn. However, at high TE 
supply C. sativus had significantly increased Ca, P and Mn. In Z. mays, only Ca increased 
(by 200%) while other elements were not influenced by low TE application, and high TE 
application only increased P and Si, (Table 4, Manuscript I).  

In the same light the application of low TE led to increased LREE and HREE in all 
species, where LREE concentrations were higher than HREE in all species, compared to 
the reference plants. Light REE and HREE concentrations increased in B. napus, C. sativus, 
L. albus and Z. mays significantly when TE+Si was applied. At high TE a similar trend was 
also observed, where all REEs increased in all species Table 5. The application of high 
TE+Si (100 µg g-1) significantly increased the concentration of both LREE and HREE in all 
species, compared to the reference plants, however, there were no significant 
differences between TE and TE+Si in B. napus and L. albus, Table 5. The highest REE 
concentrations were found in C. sativus when treated with TE+Si, especially at high doses. 
Similar to other TE and TE+Si treatments, the concentrations of LREE were higher than 
HREE in all species.  
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Species  Treatment Cd (µg g-1) LREE (µg g-1) HREE (µg g-1) 
B. napus Reference 0.3 ± 0.1c 0.18 ± 0.09c 0.04 ± 0.02b 
 TE(10)  7.9 ± 4.6bB 2.1 ± 1.3b 1.4 ± 0.9b 
 TE+Si(10) 4.3 ± 0.5bB 0.89 ± 0.41c 0.6 ± 0.3b 
 TE(100)  24 ± 7aA 17 ± 13a 12 ± 8a 
 TE+Si(100) 38 ± 12aA 12 ± 4.8a 10 ± 4a 
L. albus Reference 0.11 ± 0.04b 0.05 ± 0.01c  0.01 ± 0.004c  
 TE(10)  0.17 ± 0.12B 0.6 ± 0.2b 0.4 ± 0.1b 
 TE+Si(10) 0.06 ± 0.04B 0.5 ± 0.3b 0.3 ± 0.2b 
 TE(100) 2.3 ± 0.82bA 8 ± 3aA 6.8 ± 2.5a 
 TE+Si(100) 4.3 ± 3.0aA 8 ± 2aA 5.4 ± 2.7a 
C. sativus Reference 0.07 ± 0.01c 0.10 ± 0.02d 0.03 ± 0.01d 
 TE(10)  1.0 ± 0.24aB 1.8 ± 1.1c 0.8 ± 0.3c 
 TE+Si(10) 0.5 ± 0.1bB 0.7 ± 0.3d 0.5 ± 0.3c 
 TE(100)  5.8 ± 1.3bA  6.3 ± 3.9b 5 ± 3b 
 TE+Si(100) 9.5 ± 1.1aA 22 ± 5a 18 ± 5a 
Z. mays Reference 0.02 ± 0.01e 0.08 ± 0.04d 0.02 ± 0.004c 
 TE(10)  6.0 ± 1.8cB 1.2 ± 0.4a 0.8 ± 0.2b 
 TE+Si(10) 3.8 ± 1.5dB 0.4 ± 0.1b 0.2 ± 0.1b 
 TE(100)  13 ± 3.1bA 2.9 ± 1.6b 2.2 ± 1.3b 
 TE+Si(100) 24 ± 5.6aA 6.9 ± 1.3a 5.6 ± 1.4a 

4.6.2 Element Contents as Affected by Silicon Treatment 
The study evaluated the effect of a treatment containing aluminium, cadmium, and rare 
earth elements (TE) at 10 µmol L-1 and 100 µmol L-1 on the uptake of Cd, Al and REE in 
four plant species. At a dose of 10 µmol L-1, TE increased the uptake of Cd and REE in all 
species, indicating higher LREE than HREEs in the plants. The addition of TE at 100 µmol L-1, 
also increased the uptake of Cd, LREE and HREE in all species, with B. napus having the 
highest LREE and HREE compared to L. albus and the Si-accumulators Z. mays and  
C. sativus.  

The inclusion of Si in the TE (Al, Cd and REE) treatment resulted in an increase in Cd 
uptake across all species, as observed in Figure 7. Additionally, the uptake of REE 
increased in B. napus and C. sativus when treated with high doses of TE+Si. Notably,  
C. sativus showed the highest uptake of LREE (67 µg), while B. napus showed the highest 
uptake of HREE (37 µg). Compared to the reference plants and the TE treated plants, all 
species demonstrated higher LREE and HREE uptake when treated with high TE+Si.  
On the other hand, the introduction of Si to low TE concentrations led to a 2-fold increase 
in Al uptake in B. napus and Z. mays, while no significant differences were observed 
between TE at 10 and 100 µmol L-1. Meanwhile, there was no significant difference 
between 100 µmol L-1 TE and TE+Si in terms of Al uptake.  

 

Table 5 The results of the greenhouse experiment representing concentrations of LREE and HREE in 
plants treated with TE (Al, Cd and REE) and TE+Si (Al, Cd, REE with Si) varying treatment 
concentrations between 10 µmol L-1 and 100 µmol L-1. Data represent mean ± sd (5 replicates). 
Small letters indicate statistical difference between each treatment with the reference plants within 
the same species at α = 5%, (Manuscript I). 
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Figure 7 Total uptake of Al, Cd, LREE and HREE in in plants treated with TE (Al, Cd and REE) and 
TE+Si (Al, Cd, REE with Si) varying treatment concentrations between 10 µmol L-1 and 100 µmol L-1, 
Ref = reference. The values are means of 5 replicates and error bars show standard deviation. Small 
letters indicate statistically significant differences between each treatment within the same species 
at α = 5% (Manuscript I). 
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5 Discussion 
In this thesis the focus is placed on the rhizosphere activities that may affect phytomining 
of REEs. The experiments conducted in Publications I, III, and IV as well as Manuscripts I 
serve as a contribution towards the understanding of plant-soil processes associated 
with the phytomining of rare earth elements (REEs) utilising potential bioenergy crops 
with different nutritional strategies. The application of phytoextraction fully depends on 
the bioavailability of elements in the soil, which makes it imperative to understand  
plant-soil interactions, element interactions in the soil solution, as well as plant 
adaptation towards rhizosphere chemical changes. Generally, not all elements present 
in the soil occur in plant-available forms, necessitating plant adaptation and changes in 
the rhizosphere to increase the possibility of REE uptake.  

This chapter forms the synthesis of all the findings from the different experiments 
conducted. To understand the factors influencing the efficiency of the phytomining of 
REEs, it is important to understand how soil properties (mainly soil pH), the application 
of phosphorus treatment, and intercropping influences REE uptake in plants. 
Additionally, the effects of silicon (Si) on the accumulation of rare earth elements, and 
the chances of REE co-accumulation with other elements such as Cd and Al. Lastly,  
the preferential accumulation of REE in plants and their distribution in plant organs, must 
be understood as they are relevant for determining which plants to harvest in 
phytomining. 

5.1 The Relationship Between Substrate Properties, P-Supply and 
Intercropping on REE Uptake 

5.1.1 Effects of Substrate Properties and Application of P on REE Uptake in 
Plants 
Substrate properties influence nutrient availability in plants, which can be used as an 
indicator for plant growth and development (Kovarikova et al., 2019). Furthermore, it is 
widely accepted that similar to other elements, REE availability, mobility, speciation and 
uptake are greatly influenced by the interaction between the plants and the substrate, 
especially in the rhizosphere (Pourret et al., 2019).  

 The field experiment in Publication I varied substrate properties, evaluating how the 
soil properties, especially pH would influence the availability and uptake of nutrients and 
REEs. Substrate A was characterised with a relatively high pH (7.9), while Substrate B had 
a relatively lower pH (6.8). The results showed that higher shoot nutrient concentrations 
(P, Ca, Fe, and Mn) were observed in monocultures of H. vulgare cultivated on Substrate B 
(pH = 6.6) compared to those cultivated on Substrate A (pH = 7.9). The barley plants 
showed nutrient deficiency, in terms of Mn and P (P < 2 mg g-1 and Mn < 50 µg g-1) when 
the plants were treated with 1.5 g P m-2 and cultivated on the more alkaline Substrate A.  

The addition of P-fertiliser alone had no effect on P uptake in barley, even when 
cultivated in mixed cultures with the lupines. This could have occurred because the 
concentration of the treatment applied was not high enough to influence plant reliance 
on the treatment as a source of P. The transfer of P from the soil through the roots to 
the shoots depends highly on the P-status in the soil (El Mazlouzi et al., 2022). 
Furthermore, fertilisation often is of limited efficiency because roots only absorb a small 
portion of the applied P, causing a substantial amount of P to remain in the soil as 
unavailable P (Campos et al., 2018). 
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From literature, there is an understanding that REEs have similar chemical properties 
as with other elements, including Ca and Al, and can also be influenced by the presence 
of P and Fe (W. S. Liu, Guo, et al., 2019; Rengel, 1994; Wiche, Tischler, et al., 2017). This 
is because a) REEs are chemically similar to nutrients, and b) phosphates, organic matter 
and Fe-oxyhydroxides play a significant role in the availability of REEs as they act as hosts 
for these elements (Cao et al., 2001; Tyler, 2004; Tyler & Olsson, 2005; Wiche et al., 
2015). Furthermore, the substrate characterisation (Table 1, Publication I) using sequential 
extraction showed that the REEs were mainly available in soil fractions 3–5 (where, F3: 
elements in oxidizable matter, F4: amorphous oxides and F5: crystalline oxides). At low 
pH, there are high concentrations of dissolved organic matter, which can influence the 
solubility and mobility of REEs (Cao et al., 2001; Kovarikova et al., 2019; Tyler, 2004). 
Compared to alkaline soils, acidic soils typically have higher concentrations of REEs 
because the desorption on soil particles is reduced, resulting in lower retention of REEs 
in the soil and higher mobility and bioavailability. (Tyler, 2004). This can be attested by 
the results from Publication I, where LREE and HREE concentrations were lower in the 
alkaline Substrate A than in the slightly acidic Substrate B, especially when the P- fertiliser 
was supplied. This suggests that in acidic conditions, the insoluble REE fraction would be 
displaced from their binding sites on soil minerals and released into the soil solution, 
making them available to plants (Cao et al., 2002). 

In alkaline conditions REEs are said to form complexes with calcium carbonates 
(Okoroafor, Kunisch, et al., 2022; H. Tang et al., 2016). This is because REEs have a higher 
valency (3+) compared to Ca (2+), which allows REEs to bind strongly to soil components, 
including Fe- and Mn-oxides, soil organic matter, or even to surfaces of root cells. When 
bound to the aforementioned components, REE mobility in the soil solution is highly 
limited, and as such, not available for plant uptake (Cao et al., 2002; Marsac et al., 2021; 
Pourret et al., 2019; Wiche et al., 2015). It should also be mentioned that REEs are 
typically taken by the roots of most plant species as free ions, which are soluble in water. 
Yet, due to their poor solubility in neutral or alkaline soils, free REE ions cannot be taken 
up by plants in high quantities (Ramos et al., 2016; Tyler, 2004). 

The application of P in REE rich soils is considered effective in immobilising REE 
through the formation of REE-phosphate complexes, which are then fixed in the soil. This 
complexation can occur either through precipitation with phosphates or through cation 
exchange between free K+ (in KH2PO4) and REEs bound to soil particles, making them 
inaccessible for plant uptake (H. Tang et al., 2016). Turra et al (2019) reported that the 
application of phosphate fertiliser increased REE concentrations in Citrus limonia, 
indicating high REE concentrations in the leaves compared to branches. This contradicts 
the results from Publication I, where the application of P fertiliser on the barley 
monocultures decreased REEs significantly, especially on the alkaline Substrate A, while 
this treatment had no effect on the slightly acidic Substrate B. This is possibly because 
there were insoluble REE-phosphate precipitates formed, reducing REE accessibility to 
the plants as reported by Jin et al. (2019). 

5.1.2 The Effects of Intercropping and P-Supply on REE Uptake  
In intercropping, nutrient acquisition strategies play a significant role in how plants 
accumulate different elements (Dissanayaka & Wasaki, 2021). Following this, the lupines 
have a higher nutrient acquisition efficiency (especially P) compared to barley, which 
explains the high nutrient concentrations in the lupines, as seen in Publication I, see also 
Nobile et al. (2019). Furthermore, intercropping with L. albus and L. angustifolius and 
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applying P fertiliser led to higher P, Ca, Mn and Fe (by 13%, 45%, 213% and 43%, 
respectively) when cultivating on the slightly acidic Substrate B compared to the more 
alkaline Substrate A. Legumes help intercropped cereals acquire P, primarily in alkaline 
and neutral soils where rhizosphere acidification in response to N2 fixation increases P 
availability (Xue et al., 2016). Linking these effects on the results from substrate 
properties, it shows that substrate properties and nutrient status (P- status) contribute 
significantly to successful intercropping (Schwerdtner & Spohn, 2021; Xue et al., 2016).  

Two factors in which plants interact with each other in intercropping have been 
highlighted, namely complementarity and interspecific facilitation (Schwerdtner & 
Spohn, 2021). In complementarity, competition for resources between intercropped 
species is reduced, as plants take up nutrients or other elements through separate 
mechanisms, at different rates or from separate fractions of the soil (Dissanayaka & 
Wasaki, 2021; Xue et al., 2016). Resource facilitation, on the other hand, refers to 
mutually beneficial interspecific relations between plant species, where resource 
allocation and rhizosphere conditions are improved to benefit both intercropped species 
(L. Li et al., 2007; Xue et al., 2016). These interspecific root relations between intercropped 
plants have also been reported to improve plant biomass yield, and the acquisition of 
macro and micronutrients (Ca, Fe, Mn, and P) as well as non-essential trace elements 
such as Cd, in plants growing in their proximity (Cu et al., 2005; Egle et al., 2003; L. Li et al., 
2021; L. Li et al., 2004; Muler et al., 2014; Wiche, Székely, et al., 2016). Possible 
mechanisms involved when intercropping for interspecific resource facilitation include: 
a) rhizosphere acidification, which increases the solubility and availability of inorganic P 
compounds such as FePO4, AlPO4 and even REEPO4 and b) carboxylate release (as a result 
of P-deficiency), resulting in the chelation of Fe and REEs, further increasing the mobility 
and availability of P to neighbouring plants, also summarised in Figure 8,p.45 (C. Liu et al., 
2022; Zhou et al., 2009).  

From what is observed in Figure 8, it is possible that while intercropping can be 
beneficial for the mobilisation of micro and macronutrients as well as micronutrients 
such as Fe and Mn, REE availability can also be influenced, especially considering the  
P-status in the soil (Honvault et al., 2021). Interestingly, in Publication I, although REE 
uptake was mostly influenced by substrate properties independent of the mixed cultures 
and P-supply, intercropping with L. albus led to a significant decrease in REE 
accumulation, especially at the application of high P. Thus, in these mixed culture plots, 
the high P present in the substrate can immobilise REEs. On the contrary, high P- supply 
(P+) on the mixed cultures between H. vulgare and L. angustifolius led to increased REE 
concentrations especially under alkaline conditions. This can be attributed to carboxylate 
release in L. angustifolius as a result of high bicarbonate (further explained in section 
5.1.3). 

These results highlight that under P abundant conditions, intercropping with L. albus 
would decrease REE uptake in the neighbouring species, limiting the available REEs to 
the root system of L. albus. However, mixed cultures with L. angustifolius under high  
P-supply led to high REE concentrations in H. vulgare shoots. Intercropping can therefore 
be expected to yield or extend positive effects towards the uptake not only of nutrients 
but also of REEs when the nutritional status (especially P) in the soil is moderate or low 
(Lambers et al., 2015).  
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5.1.3 Accumulation of REEs Due to Carboxylate Release and P-Supply  
Although P, Mn and Fe are present in the soil, plants usually do not readily access them, 
which can be a limiting factor towards plant growth as they are also essential for plant 
growth. This is because P and Fe are found primarily in complex and semi-insoluble 
compounds in the soil, making them not readily available (Wiche, Székely, et al., 2016). 
In such cases plants, adapt to such conditions through altering their root morphology, 
and physiological processes (Lambers et al., 2013; Pavlovic et al., 2013). Increased root 
surface accompanied by the development of lateral roots, root hairs in the apical zone, 
and transfer cells are among the root morphological alterations (Pavlovic et al., 2013). 
Additionally, plants respond with the release of carboxylates, protons and siderophores, 
which in turn assist plants in nutrient acquisition (Lambers et al., 2015; Xing Wang et al., 
2013). 

In a controlled experiment in Publication I, Lupinus albus and Lupinus angustifolius 
were studied, to evaluate how their root morphology and the release of carboxylates in 
response to P-deficiency change and how these changes can influence nutrient and REE 
accumulation. This experiment was conducted on the basis that lupine species generally 
respond with the formation of cluster roots and the release of citrate and malate when 
exposed to P-deficient conditions (Lambers et al., 2013; Lambers et al., 2015; Xing Wang 
et al., 2013; Wiche, Székely, et al., 2016). To explore this phenomenon further, Hordeum 
vulgare, reported to have an inefficiency towards P-acquisition (Wiche, Székely, et al., 
2016) was intercropped with the two lupines to evaluate how the P-acquisition strategies 
exhibited by L. albus and L. angustifolius would influence not only the uptake of P and 
other nutrients, but also of REEs in H. vulgare.   

The results reveal that H. vulgare accumulated high concentrations of Ca, Mn and Fe 
in mixed cultures with the lupines, when exposed to low P-supply, which can be 
attributed to the effective nutrient efficiency of the lupines. Furthermore, the results 
showed that the mixed cultures had a significant influence on REE uptake, which can  
be attributed to the release of carboxylates in lupines (Table 2, Publication I). This 
demonstrates that the release of carboxylates to promote P-acquisition cannot be 
limited to a specific element, but can influence other elements too, such as REEs which 
are always associated with the elements such as P, Mn, and Fe, and are similar in terms 
of chemical properties (Pearse et al., 2007; Wiche, Székely, et al., 2016). It is worth noting 
that the carboxylate experiment for the lupines was conducted in a controlled 
greenhouse experiment, to have a clear picture of how the plants would respond to  
P-supply. This was necessary because root samples cannot be liberated from field soils 
without damaging them. Damaging the roots would lead to obtaining unreliable results 
(Tyler, 2004). The results obtained were then used to infer the performance of the 
lupines in terms of carboxylate release, as well as to further explain the interactions 
between carboxylate release and the uptake of elements in neighbouring species. 

Furthermore, since carboxylate release was reduced in the barley with increased  
P-supply (Table 2, Publication I), it is possible that the fraction of REEs that was available 
was only limited to the root system of the lupines. A such, REEs would not be made 
available to the neighbouring barley plants. A reduced carboxylate release when REEs 
have formed REE-phosphate complexes with P would implicate that the REEs remain 
immobile and inaccessible for plant uptake (C. Liu et al., 2021). Ding et al. (2005) also 
reported that the complexation of REEs with P (especially at high P conditions) to form 
insoluble precipitates in the root cells of T. aestivum significantly contributes towards the 
restriction of the translocation of REEs from the roots to the shoots. 
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 On the contrary, P-supply on the mixed cultures between H. vulgare and  
L. angustifolius led to increased REE concentrations especially under alkaline conditions. 
This can be attributed to root exudation and proton release in L. angustifolius, as affected 
by the high bicarbonate in the alkaline substrate. Lupinus angustifolius is less tolerant 
towards bicarbonates (usually present in high pH) compared to L. albus (W. Ding et al., 
2020). The presence of bicarbonates or calcareous conditions inhibits root growth in  
L. angustifolius, which would respond with the release of carboxylates to overcome the 
stress, inevitably mobilising P-bound REEs for plant uptake (W. Ding et al., 2020). This 
then would explain why intercropping with L. angustifolius led to increased carboxylate 
release, consequently increasing REE concentrations and content in H. vulgare, when P 
was added (as mentioned in section 5.1.2). 

In Publication III, the phenomenon of carboxylate release was explored more, 
observing the direct influence on REE uptake. In B. napus, the concentrations of Al, LREE, 
and HREE did not change under low P, with reduced biomass. Consequently, reduced 
biomass would lead to low contents of Al, LREE and HREE. It is also emphasised that B. 
napus responded with decreased carboxylate release in the plants exposed to P-deficient 
conditions. As Ca, K, and Na channels are the primary ionic transporters for REEs, 
carboxylates and other chelating substances would modify the chemical speciation and 
subsequently the absorption and accumulation of REE, also influencing the LREE/HREE 
ratio (Han et al., 2005; Wiche, Tischler, et al., 2017). Furthermore, B. napus released high 
malate. Generally, malate has low complexation constants towards REEs, however since 

 

Figure 8 Possible ways in which insoluble REEs are liberated from soil particles and taken in up in 
plants when intercropping. Ligands (L), released from plants (as carboxylates and/or siderophores) 
and from microorganisms in the rhizosphere. The addition of exogenous P towards an intercropping 
system with P-efficient species in alkaline soils, can lead to increased release of ligands and protons, 
which can in turn increase the mobility of REEs, even Fe and Mn. This describes the interspecific 
interactions between the species, as the REEs are made more available for uptake in the 
neighbouring species. 
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it has been released in high quantities, complex formation with REEs should be favoured, 
as well as element exclusion from the roots, hence the decreased REE accumulation  
(S. Ding et al., 2005; Wiche, Tischler, et al., 2017).  

This is supported by a recent study by Liu et al. (2023) which demonstrated how the 
cultivation of Phytolacca Americana (pokeweed) under P-deficient conditions induced 
the release of root exudates. The increased release of organic acids was reported to 
accelerate the mobilisation of P and REEs, further increasing plant REE uptake. 
Additionally, introducing exogeneous carboxylates (more specifically citrate), led to 
similar results to those of naturally released carboxylates. This highlights the significance 
of carboxylates in P-mobilisation under limited P conditions. Furthermore, it implies that 
P-efficient plants apply the upregulation of citrate and malate as a response to  
P-limitation (C. Liu et al., 2021). It is also important to acknowledge that soil microbes 
are associated with ligand secretion, thus contributing towards increasing REE 
mobilisation and bioavailability (C. Liu et al., 2023; Schwabe et al., 2021). These reports 
significantly correspond to the findings in Publication III, where L. albus released 
carboxylate under P-deficient conditions, consequently increasing shoot REE uptake. 
Furthermore, in Publication III, the presence of B. amyliloquefaciens led to increased REE 
accumulation in F. esculentum compared to the reference plants (Figure 4, Publication IV). 
This can also be attributed to the organic acids released (carboxylic acids and siderophore) 
by the bacteria as well as the root exudates from plants which increase the solubility of 
the elements in the rhizosphere leading to increased uptake (Alemneh et al., 2020).  

These findings therefore, suggest that P-acquisition strategies, especially the response 
with carboxylate release and rhizosphere acidification are inevitably involved in 
increasing the mobilisation of target elements (in this case REEs) (Lambers, 2022) when 
plants are undergoing nutrient deficiency stress. This is incongruency with the results 
obtained in Publication I, Publication III, and Publication IV, as well as those reported by 
Wiche et al. (2016).  

5.2 Co-Accumulation of REEs with Cd and Al influenced by Silicon 
The benefits of Si include the ability to alleviate toxicity stress (Cd, Al, Zn) or nutrient 
deficiency (Fe) from different elements in various plants (J. Ma et al., 2015; Pavlovic et al., 
2021; Pavlovic et al., 2013; Ye et al., 2012). Although the toxic effects of Cd and Al have 
been extensively reported, toxicity of REEs is limited and has no detrimental effects 
towards plants or the environment (Kovarikova et al., 2019; Tyler, 2004). Plants have 
developed ways to adapt towards element toxicity by releasing ligands (such as 
phytosiderophores and organic acids) (Kabata-Pendias, 2010; Peñaloza et al., 2004; 
Piñeros et al., 2005). The ligands play a significant role towards enhancing root element 
accumulation, tolerance, and reducing the toxicity of elements such as Al, Cd and Ni. 
Generally, plants take up Si as monosilicic acid (H4SiO4), which is accumulated in plant 
roots and shoots (W. S. Liu, Zheng, et al., 2019). Furthermore, Si has been reported to 
form stable complexes with REEs (REE3SiO42+), which are more stable than complexes 
formed with ligands (Akagi, 2013). 

In this thesis, the experiment in Manuscript I differentiated between treating the 
plants with trace elements Al, Cd and REE (TE) and TE with Silicon and evaluated how the 
plants would respond to low trace TE (10 µg g-1) and high (100 µg g-1) TE application, with 
Si kept constant at 1.5 mmol L-1. The reason the treatment included Al, Cd and REE was 
to mimic multi-elemental soil conditions where Al, Cd and REE can be present at similar 
concentrations. This applies especially to soils contaminated as a result of mining activity 
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(Gwenzi et al., 2018; Q. Li et al., 2020). Several studies have reported the co-accumulation 
of REEs with Al, Mn and Si, especially in REE hyperaccumulators such as Dicranopteris 
linearis and Phytolacca americana (W. S. Liu, Zheng, et al., 2019; W. S. Liu, Zheng, et al., 
2021). As a result, this phenomenon was investigated on known Si-accumulators Zea 
mays (maize) and Cucumis Sativus (cucumber), as well as Brassica Napus (rapeseed, a 
heavy element accumulator) and Lupinus albus (white lupin, an excluder plant).  

The results from Manuscript I clearly demonstrated that nutrient efficiency plays a 
significant role towards plant tolerance against toxicity of elements such as Al and Cd. 
For instance, when the TE treatment with Al, Cd and REE was applied, the plants had 
significantly increased concentrations of these elements in their shoots. Brassica napus 
and C. sativus responded with decreased shoot growth when exposed to TE, possibly due 
to multi-element intoxication and dysregulation of nutrient homeostasis (Kubier et al., 
2019; Page et al., 2006). The same species also had reduced nutrient concentrations as a 
result of the presence of toxic elements. Lupinus albus responded with increased 
accumulation of the nutrients Ca, P, Fe and Mn, despite the presence of the toxic TE.  
This can be attributed to the effective nutrient acquisition in L. albus (Lambers et al., 
2015; Neumann, 2000). The acquisition of nutrients is crucial for plant growth and 
development, and efficient nutrition enables plants to develop tolerance against toxicity 
(Sarwar et al., 2010). This also helps plants to tolerate toxicity from the toxic elements, 
including Al and Cd, thereby mitigating their impact on the plant (Pavlovic et al., 2021; 
Sarwar et al., 2010). From these results it can therefore be stipulated that although REEs 
can be beneficial to plants, if co-accumulated with Al and Cd, their benefits towards 
plants are minimised. 

The application of Si expectedly increased Si concentrations and contents in the  
Si-accumulators, Z. mays and C. sativus. This effect further increased with increasing TE 
treatment concentrations added to the growth substrate. Interestingly, B. napus and 
L. albus also responded with increased Si concentrations, especially when Si was applied 
with high TE but with no effect on Si content (Figure 3 in Manuscript I). The content of 
elements in plants is a product of plant biomass and element concentrations, and in most 
of these plants, Si had no effect on the biomass, hence no influence on element content. 
It is however possible that for the Si-accumulators, the presence of the toxic elements 
triggered the upregulation of Si transporters, further increasing Si uptake in their tissues 
(Bhat et al., 2019; J. Ma et al., 2015).  

The application of Si and the influence it may have on the accumulation of essential 
and non-essential elements appeared to be species-specific, indicating that plant innate 
response towards metal toxicity also plays a role in how they behave when exposed to 
Si-rich environments (Liang et al., 2007). For instance, in L. albus, the concentrations of 
nutrients and those of Al, Cd and REEs were not influenced by the presence of Si. On the 
contrary, the Si-accumulators and B. napus responded with decreased concentrations of 
Cd and REEs when treated with Si and TE at 10 µg g-1. Additionally, nutrient uptake was 
also not affected by the addition of Si. This is possibly because plants such as B. napus 
can accumulate Si in the roots, but since they lack Si-transporters, the Si is limited to the 
roots and not transported to the shoots. Furthermore, the Si can form barriers around 
the roots. This would lead to a restricted movement of cations through the roots, thus 
preventing root-shoot translocation of Cd, REEs and even nutrients (Jian Liu et al., 2013; 
W. S. Liu, Zheng, et al., 2019). 

The plants treated with high TE treatment and Si also responded differently in terms of 
nutrient uptake, where the Si-accumulators C. sativus and Z. mays interestingly responded 
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with increased Fe and Mn uptake. Two possible reasons are proposed for this cause:  
a) Z. mays released phytosiderophores that led to the mobilisation of Fe in the soil, thus 
increasing the mobility of Fe, and b) the presence of Si possibly upregulated the 
acquisition and mobilisation of Fe and Mn, for instance by liberating them from Fe-P/Mn-P 
complexes, thus increasing their uptake in the Si-accumulators (Da Cunha & do Nascimento, 
2009; Hernandez-Apaolaza, 2014; Pavlovic et al., 2013).  

Calcium concentrations in C. sativus and Z. mays differed. The concentration of Ca 
decreased in C. sativus, but a substantially increased in Z. mays. It is commonly accepted 
that REEs are transported via Ca channels in plants. However, the varied physiological 
reactions to Si supply with regard to nutrient accumulation do not appear to have a 
significant influence on REE accumulation mediated by Ca transporters since REE 
concentrations in the growth media were orders of magnitude lower than Ca (Han et al., 
2005).  

Additionally, Si application with high TE treatment (100 µmol-1) increased Al, Cd and 
REE in the Si-accumulators. It is possible that Si improved tolerance against metal toxicity, 
through the chemical modification of the apoplast. This therefore led to an increased 
release of metal chelating compounds, increasing the mobility of Cd and REEs and their 
radial transport within the plant (Keller et al., 2015). Another possible mechanism by 
which Si can promote element transport is by enhancing the formation of inorganic  
Si-REE or Si-Cd complexes, which could be transported from the roots to the shoots and 
stored in silicified structures (Guntzer et al., 2012; J.-F. Ma, 2004).  

The main processes behind the interaction between Si and REEs, Cd and Al have not 
been explored in the experiments completed within the scope this thesis but opens room 
for deepened research to verify whether Si could have formed complexes with Cd and 
REEs. These results therefore indicate that plant functional properties pay a significant 
role in terms of the co-accumulation of REEs with other elements such as Cd and Al under 
the influence of Si – especially Si-accumulators as they are able to benefit significantly 
from Si application.  

5.3 Preferential Uptake of REE in Plants 
How individual REEs are distributed in the soil and their different binding states depends 
highly on the soil type and its associated properties (Ramady, 2008; Tyler, 2004). Many 
characteristics of plants, particularly those connected to the existence of apoplastic 
barriers, have an impact on REE root to shoot distribution. Rare earth elements initially 
encounter apoplastic barriers in the roots as the main restricting factor during 
transportation to the xylem, which hinders their transfer to other plant organs (Yu et al., 
2012). Rare earth element concentrations are usually higher in plant roots compared to 
other plant organs (Tyler, 2004; Yuan et al., 2017). Owing to this, the order of REE contents 
in various plant organs is as follows: roots > stems > leaves > flowers > fruit > seeds 
(Brioschi et al., 2013; S. Ding, Liang, Zhang, Huang, et al., 2006; Gmur & Siebielec, 2022; 
Ramos et al., 2016). It also corresponds to the findings from Publication III where most 
species had higher REE concentrations in in the roots compared to the shoots (Figure 4, 
p. 33). The rate of REE absorption from the soil to the roots is substantially higher than 
the rate of translocation from the roots to the shoots (Hu et al., 2006). 

Other studies have reported a different pattern where REE contents follow the 
decreasing order: leaves > stems > roots > flowers > fruit > seeds. This is especially 
reported for cereals such as oat and rice (Brioschi et al., 2013; Wiche, Kummer, & 
Heilmeier, 2016; Wiche, Székely, et al., 2016; Yuan et al., 2017). It is in congruency with 
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the results in Publication I, where the H. vulgare plants had higher REE accumulation in 
the leaves compared to the stems, agreeing that the REE accumulation in the barley 
reflects patterns in cereals (Kovarikova et al., 2019; Wiche, Kummer, & Heilmeier, 2016). 
This therefore reflects specie-specific mobility of REEs within plants, which can also be 
influenced by other soil-plant interaction factors (Kovarikova et al., 2019). 

Apart from the REE distribution within the plants, the general REE uptake 
demonstrated higher LREEs than HREEs accumulated in plants (Publication I, Publication II 
and Manuscript I). In Manuscript I, the plants exposed to P-deficient conditions showed 
increased LREE, especially B. napus. Similarly in Publication I, H. vulgare also had higher 
LREE accumulated in the plant shoots compared to HREE. A similar trend has been 
reported in REE accumulating ferns such as Dryopteris erythrosora, Athyrium filix-femina 
and A. niponicum (Grosjean et al., 2020). This pattern of REEs in plants reflects the natural 
abundance of the REE in the soil (Tyler, 2004). This can be attributed to two things:  
1) preferential uptake of LREEs compared to HREEs, further translocating them in the 
plant shoots (Grosjean et al., 2019), and 2) HREEs tend to form insoluble complexes with 
low molecular weight organic acids (LMOWAs), in this case possibly citrate (Grosjean et al., 
2020; Grosjean et al., 2019; Ozaki & Enomoto, 2011). Yuan et al. (2017) demonstrated 
that the preferential accumulation of LREEs in the leaves of P. americana can be linked 
to oxalic acid, which formed insoluble complexes with HREEs, inhibiting their translocation 
to the shoots. In this thesis these effects were observed regardless of the treatment 
regime applied to the plants. Furthermore LREE/HREE ratios can be influenced by the 
distribution of REEs in the growth substrate (Yuan et al., 2017). From the substrate 
characterisation in this thesis, all the substrates had higher LREE concentrations than 
HREEs.  

On the contrary, from the split experiments, L. albus and L. cosentinii (Publication III) 
responded with low LREE concentrations and content when exposed to P-deficient 
conditions, although they had increased citrate and malate exudated. Lupinus cosentinii 
further had low LREE/HREE ratios, compared to L. albus, indicating that L. cosentinii 
accumulated higher HREE than B. napus. Since L. cosentinii acidifies the rhizosphere,  
the formation of carboxylic acids is accelerated, which can prohibit the formation of HREE 
complexes in the soil. This therefore means HREE are liberated in the soil and not bound 
to the organic acids (W. Ding et al., 2020; Pearse et al., 2007). Ding et al. (2006) reported 
that root to shoot REE translocation inclined more to a prominent fractionation toward 
HREE, indicating that REE complexation with organic compounds in the xylem could have 
been involved in the translocation of REEs in wheat.  
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6 Conclusions 
This thesis focused on rhizosphere processes and element interactions affecting the 
bioavailability of rare elements in phytomining. The results provided insight into how REE 
mobility and retention in the soil are influenced by their interactions with soil particles 
and organic substances such as root exudates. The chemical characteristics of the organic 
molecules and REEs, and soil pH, have an impact on the strength of these bonds formed 
with REEs. Therefore, these conclusions are made: 

1. The results from this thesis demonstrated that substrate properties, especial soil 
pH and fractions in which REEs are available has a significant influence on REE 
availability and accumulation towards plants. Plants cultivated on soils with 
acidic pH had higher REEs accumulated, compared to alkaline soils. 

2. High P-supply reduces the availability of REEs towards plants, possibly through 
formation of insoluble REE-P complexes leading to decreased REE accumulation 
in plants. 

3. The mobilisation of REEs in the rhizosphere of lupines and their transport to 
neighbouring plants depends on the species-specific ability to respond to 
different levels of phosphorus supply with carboxylate release, while also 
influenced by substrate properties such as soil pH. 
• Intercropping with L. albus under similar conditions led to decreased 

accumulation of REEs in the neighbouring species, indicating decreased 
carboxylate release, which led to the adsorption of the REEs on the roots 
of the L. albus and therefore reducing availability in the neighbouring 
species. This would be useful in mixed cultures when plants are cultivated 
on agricultural soils rich in REEs to stabilize the REEs in the soil, to avoid 
phytotoxicity. 

• Intercropping with L. angustifolius on alkaline soils that are characterised 
with low REE availability and supplying the plants with P leads to increased 
mobility and availability of REEs for uptake in neighbouring plants. This can 
be a powerful tool for the phytomining of REEs. 

4. Plants employ carboxylate release as a strategy to access P in P-deficient 
conditions, as a result, they mobilise other trace elements including REEs.  
Such a strategy includes rhizosphere acidification (through the release of H+ 
alongside carboxylates), enabling the formation of soluble REE-ligand complexes 
available for plants uptake. Additionally, carboxylates can interact with other 
elements in the soil, such as aluminium and iron, to release bound REEs. 

5. Microorganisms also play a significant role in terms of the release of organic 
ligands that mobilise REEs and thus making them available towards plants. Soil 
inoculation using B. amyloliquefaciens possibly facilitated the solubilisation of 
REEs in the soil, making them more available for uptake by Fagopyrum esculentum 
(buckwheat).  

6. The supplementation of Si reduced the accumulation of Cd and REE when 
available at moderate concentrations. However, when available under high Al 
and Cd stress, Si enhanced the accumulation of REEs and Cd in the shoots of  
Si-accumulators Z. mays and C. sativus. This indicated that Si plays a significant 
role in the alleviation of metal toxicity, while promoting coaccumulation of these 
elements in Si-accumulators. 
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7. In terms of the application of phytomining and phytoremediation it is crucial to 
understand in which plant organs are REEs accumulated, since in some plants 
REE accumulation is high in the roots compared to the above-ground plant 
organs. It therefore would be useful to choose plant species that are able to 
accumulate high concentrations of REEs in their shoots. 

Overall, the most important link between microorganisms and plant root exudates 
influencing the bioavailability of rare earth elements in plants is still not clear. This 
necessitates further research into these processes; characterizing the chemical forms 
in which REEs exist in the rhizosphere as well as their interaction with carboxylates, 
to fully explain the dynamics of the processes facilitating the bioavailability of REEs in 
phytomining. 
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siderophores) and from microorganisms in the rhizosphere. The addition of exogenous P 
towards an intercropping system with P-efficient species in alkaline soils, can lead to 
increased release of ligands and protons, which can in turn increase the mobility of REEs, 
even Fe and Mn. This describes the interspecific interactions between the species, as the 
REEs are made more available for uptake in the neighbouring species. ........................... 45 
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Abstract 
Phytomining of Rare Earth Elements: Dynamics of 
rhizosphere processes and element interactions in the soil 
Most elements available in the soil are, apart from geogenic origin, also a product of 
anthropogenic activities. Among these elements, there are rare earth elements (REEs), 
which are not only prevalent in most geologic environments, but may also be found in 
some lean ores, abandoned mining sites, and agricultural areas. REE became key to many 
modern industries including chemicals, consumer electronics, clean energy, 
transportation and in agriculture. Due to increasing demand, REE are of increasing 
relevance as raw materials. Besides other conventional extraction methods of elements 
from the soil, phytoextraction, using hyperaccumulator plants, is known as a feasible way 
to either extract metals from contaminated soils (through a technology called 
phytoremediation) or to extract economically valuable metals (via phytomining). The 
concept of phytomining has been applied specifically focusing on other economic 
elements such as nickel and gold. The application of phytoextraction depends fully on 
the bioavailability of elements in the soil, which makes it imperative to understand plant-
soil interactions, element interactions from when they are absorbed in plants, as well as 
plant adaptation towards these changes. Generally, not all elements present in the soil 
are in plant-available forms, necessitating plant adaptation and changes in the 
rhizosphere to increase the possibility of uptake.  

In this thesis, experimental work under field conditions as well as controlled 
laboratory and greenhouse experiments were conducted with the aim to understand 
rhizosphere processes and element interactions affecting the bioavailability of rare earth 
elements in phytomining. The studies focus on: a) the effects of substrate properties and 
P-supply in mixed culture crops on the accumulation of rare earth elements 
(Publication I), b) the relationship between carboxylate-based nutrient-acquisition 
strategies, phosphorus-nutritional status, and rare earth element accumulation in plants 
(Publication III), c) the impact of soil inoculation with Bacillus amyloliquefaciens FZB42 
on the phytoaccumulation of rare earth elements and potentially toxic elements 
(Publication IV), and d) the relationships between essential and non-essential elements 
in plants with different nutritional strategies and silicon absorption capacities 
(Manuscript I).  

Plants cultivated on a slightly acidic (pH = 6.8) substrate accumulated higher 
concentrations of nutrients and rare earth elements than on an alkaline substrate  
(pH = 7.9). Cultivating Hordeum vulgare in mixed culture crops with Lupinus angustifolius 
on the alkaline substrate and supplying the plants with P-fertilizer, showed that 
H. vulgare accumulated high nutrient and REE concentrations. Conversely, in the mixed 
cultures with Lupinus albus cultivated on the slightly acidic substrate, REE accumulation 
in H. vulgare decreased significantly. This emphasises that interspecific root interactions 
between species with different P-acquisition strategies in combination with plant 
nutrient supply influences REE fluxes between the plants. The results also demonstrated 
that plants that respond to P-deficiency with carboxylate release as way to access 
sparingly soluble P in the rhizosphere also increase the solubility and mobility of other 
elements, including REEs. This occurs due to the H+ ions released alongside carboxylates 
which acidify the rhizosphere. Therefore, this indicates that rhizosphere acidification and 
P-acquisition strategies positively influence REE bioavailability.  
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The results also demonstrated that soil inoculation with Bacillus amyloliquefaciens 
FZB42 significantly increased the accumulation of REEs in plants while reducing the 
accumulation of potentially toxic elements such as cadmium. Similarly, plants with high 
silicon absorption capacities (Si-accumulators, such as Zea mays and Cucumis sativus), 
tend to accumulate high concentrations of essential and non-essential (REEs, Al and Cd) 
elements in their shoots. This indicates that Si mobilizes REEs in the soil, increasing their 
uptake in plants. Furthermore, Si increases plant tolerance against multielement toxicity, 
allowing Si-accumulators to accumulate high concentrations of Al and Cd without any 
detrimental effects towards plant nutrition and growth. 

Overall, the findings from this thesis emphasise that rhizosphere modification has the 
potential to improve the efficiency of phytomining while mitigating environmental risks 
associated with toxic element accumulation through phytoremediation. In terms of 
practical application, the results of this thesis contribute towards sustainable mining 
practices (remediation and revegetation strategies on post mining and contaminated 
landscapes) and promoting the restoration of environmental integrity.  
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Lühikokkuvõte 
Haruldaste Muldmetallide Fütokaevandamine: risosfääri ja 
Geokeemiliste Protsesside Dünaamika Pinnases 
Enamik mullas leiduvatest elementidest on peale geogeense päritolu ka 
antropogeensete tegevuste tulemus. Nende hulgas on haruldased muldmetallid (REE-d), 
mis on levinud enamikes geoloogilistes keskkondades, kuid võivad esineda ka 
madalakvaliteedilistes maakides, hüljatud kaevandusaladel ja põllumajandusmaadel. 
REE-d on muutunud väga olulisteks mitmetes kaasaegsetes tööstusharudes, sealhulgas 
keemia-, elektroonika-, puhta energia, transpordi- ja põllumajandustööstuses. Nõudluse 
suurenemise tõttu kuuluvad REE-d kriitiliste toormete hulka. Lisaks tavapärastele 
elementide eraldamise meetoditele pinnasest on tuntud ka fütoekstraktsioon, mis 
kasutab hüperakumuleerivaid taimi metallide eemaldamiseks saastunud pinnasest 
(fütoremediatsioon) või majanduslikult väärtuslike metallide kättesaamiseks biomassi 
põletamist (fütokaevandamine). Fütokaevandamist on rakendatud mitmete majanduslikult 
oluliste elementide, nagu nikkel ja kuld, kontsentreerimisel. Fütoekstraktsiooni 
rakendamine sõltub täielikult elementide biosaadavusest pinnases ning seetõttu on vajalik 
mõista taimede ja pinnase vastasmõjusid, elementide käitumist nende imendumisel 
taimedesse ning taimede kohanemist muutustega. Üldiselt ei esine kõik mullas leiduvad 
elemendid taimedele kättesaadavas vormis, mis nõuab taimede vastavat kohandumist ja 
muutusi risosfääris, et suurendada imendumise efektiivsust. 

Käesolevas doktoritöös viidi läbi eksperimentaalsed uuringud välitingimustes, samuti 
kontrollitud labori- ja kasvuhoonekatsed, eesmärgiga mõista juurestiku protsesse ja 
elementidevahelisi seoseid, mis mõjutavad haruldaste muldmetallide biosaadavust 
fütokaevandamisel. Uurimus keskendus: a) substraadi omaduste ja fosforisisalduse 
mõjule haruldaste muldmetallide akumuleerumisel segakultuurides (Publikatsioon I),  
b) karboksülaadil põhinevate toitainete omandamise strateegiate, fosfori kättesaadavuse  
ja haruldaste muldmetallide akumuleerumise seostele taimedes (Publikatsioon III),  
c) mulla Bacillus amyloliquefaciens FZB42-ga nakatamise mõjule haruldaste muldmetallide 
ja potentsiaalselt mürgiste elementidie fütoakumulatsioonis (Publikatsioon IV) ning  
d) oluliste ja mitteoluliste elementide vahelistele seostele erinevate toitumisstrateegiate 
ja räni akumuleerimisvõimega taimedes (Käsikiri I). 

Nõrgalt happelisel substraadil (pH = 6,8) kasvatatud taimed omandasid suuremaid 
toitainete ja haruldaste muldmetallide kontsentratsioone kui aluselisel substraadil (pH = 
7,9) kasvatatud taimed. Kultiveerides Hordeum vulgaret segakultuuris Lupinus 
angustifoliusega aluselisel substraadil ning varustades taimi fosforväetisega, täheldati, 
et H. vulgare omandas suures koguses toitaineid ja REE-sid. Samas segakultuurina L. 
albusega, mida kasvatati nõrgalt happelisel substraadil, vähenes H. vulgares REE-de 
akumulatsioon oluliselt. See näitab, et liigisisene juurte vastasmõju erinevate fosfori 
omandamise strateegiatega liikide puhul ja taimede toitainetega varustamine mõjutab 
REE-de jaotumist taimede vahel. Tulemused näitasid ka, et taimed, mis reageerivad 
fosfori defitsiidile karboksülaatide vabastamisega, omastamaks raskestilahustuvat 
fosforit risosfääris, suurendavad ka teiste elementide, REE-de lahustuvust ja liikuvust. 
See juhtub koos karboksülaatidega vabanevate vesinikioonide tõttu, mis muudavad 
risosfääri happelisemaks. Seetõttu osfori hankimise strateegiad, mis muudavad risosfääri 
happelisust, tõstavad ka haruldaste muldmetallide bio-kättesaadavust. 

Doktoritöö tulemused näitasid ühtlasi, et mulla inokuleerimine Bacillus amyloliquefaciens 
FZB42-ga suurendas märkimisväärselt REE-de akumuleerumist taimedes ning vähendas 
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potentsiaalselt toksiliste elementide (nt kaadmium) esinemist mullas. Samamoodi 
kipuvad taimed, millel on kõrge räni omandamisvõime (räniakumuleerijad, näiteks Zea 
mays ja Cucumis sativus), koguma oma lehtedesse kõrgeid nii oluliste kui ka mitteoluliste 
elementide (REE-d, Al ja Cd)  kontsentratsioone. See näitab, et räni mobiliseerib mullas 
esinevaid haruldasi muldmetalle ja suurendab taimedel toksiliste elementide taluvust.  

Kokkuvõttes rõhutavad käesoleva doktoritöö tulemused, et risosfääri mõjutamine 
võib parandada fütokaevandamise efektiivsust ning vähendada keskkonnariske, mis on 
seotud toksiliste elementide akumulatsiooniga pinnases(fütoremediatsioon). Töö 
tulemused aitavad kaasa jätkusuutlike kaevandamistehnoloogiate väljatöötamisele 
(taastamis strateegiad kaevandamisjärgsetel ja saastunud maastikel) ning 
looduskeskkonna taastamisele. 
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Appendix 1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication I 
Monei, N., Hitch, M., Heim, J., Heilmeier, H., Wiche, O. (2022). Effect of substrate 
properties and phosphorus supply on facilitating the uptake of rare earth elements (REE) 
in mixed culture cropping systems of Hordeum vulgare, Lupinus albus and Lupinus 
angustifolius. Environ Sci Pollut Res, 29, 57172857189. doi: 10.1007/s11356-022-19775-x 
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Publication III  
Wiche, O., Dittrich, C., Pourret, O., Monei, N., Heim, J., & Lambers, H. (2023). Relationships 
between carboxylate-based nutrient-acquisition strategies, phosphorus-nutritional status 
and rare earth element accumulation in plants. Plant and Soil, 1–22. doi: 10.1007/s11104-
023-06049-9 
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Appendix 2 (Other Publications) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Jati, H. A., Monei, N., Barakos, G., Tost, M., & Hitch, M. (2021). Coal slurry pipelines: a 
coal transportation method in Kalimantan, Indonesia. International Journal of Mining, 
Reclamation and Environment, 35(9), 638–655. 
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_]_a\]falmnop

qrsnt
uvw
xyoz{ |}~�opsyo�}s�o

}s��s� ��i
�
�iihYcX[̂b]cf b_Z ��������� ��������� ���������iZ\aZj\a
̂cZ\ b_Z ��������� ��������� ����������]ebZf̂a �̀ ��g�� ��g�� ��g���cf̂afbYZb]cf
cd
ec\]Xe
jW
�a]��b �� �g�� �g�� �g���cZ\
Ya\Zb]�a
Xafe]bW ie �g�� �g�� �g���]�[]X
Ya\Zb]�a
Xafe]bW id �g�� �g�� �g���cf̂afbYZb]cf
cd
ec\]Xe
jW
�c\[̀ a �� �g�� �g�� �g��i_â]�̂
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