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Abstract: Unusual dolomite substrates present a phenomenon known as dolomitophily, which
refers to the specificity of the flora that grows on them. Within the dolomitic flora, one of the most
widespread plants in Spain is the characteristic species Pterocephalus spathulatus (Lag.) Coult., which
forms whitish prostrate thymes. The present study focused on the knowledge about the ionome
(or elementome) of a characteristic dolomite species and some of its applications, both in terms of
its nutritional behaviour and in determining the factors that favour the rich and rare flora growing
on dolomitic soils. Soil, foliar, stem and root samples of the species studied were collected from
different locations in the south of Spain. The samples were analysed to determine their mineral
composition. The Bioconcentration Factor (BCF) and the Translocation Factor (TF) were calculated,
relating the values of the mineral contents in the soil, both total and phytoavailable, to the values
from the foliar, root and stem samples. It was found that this species was able to accumulate some
elements, including B, Cr, Cu, Ni, Ti, Tl and Zn, which can be phytotoxic in high concentrations, and
are considered to be some of the main toxic metals in soils. In addition, it was observed that the plant
can accumulate metals in the stem and leaves (TF), thus proving that it is capable of transporting
them from the root to the aerial part of the plant. The data obtained may indicate that other species
in the plant community may possess this bioindicator or even phytoremediation capacity.

Keywords: Bioconcentration Factor; dolomite; heavy metals; ionome; phytoremediation; priority
habitat; Translocation Factor

1. Introduction
1.1. Historic Context

The influence of soil on vegetation has been documented since ancient times, e.g.,
Theophrastus (371–287 B.C.) stated: “And perhaps, it is appropriate to examine the places
where each plant is born and where it is not. Because this is a conspicuous distinction and
very characteristic of plants, since they are linked to the earth and not detached from it like
animals”. This influence depends both on the chemical factors associated with it, and on
physical and biological ones.

The main studies in this field began in the 19th century with the works of Unger and
Thurmann [1,2]. Unger [1] established scientifically the existence of a relationship between
geology and plants, through his Chemical Theory of Soil [3]. According to this theory, the
inorganic contents of the soil were the main causes of plant responses [4]. However, as is
usual in science, the chemical theory proposed by Unger in 1836 was quickly countered by
another that reduced the importance of chemical composition in the relationship between
rock types and vegetation. The opposite theory, proposed by Thurmann in 1849 [2], focused
on the physical characteristics of the soil to explain this relationship. In the 20th century,
other proposals also emerged, such as Geoecology [5], which refers to the fact that plant
distribution in certain areas is, almost exclusively, determined by edaphic factors.
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Rivas Goday [6] first coined the term edaphism in 1969, in reference to those plants
closely related to a specific substrate. This term has been used in two senses, both to
describe the geobotanical phenomenon that links plants to special rocks or soils, and as a
contraction of “edaphic endemism” [4]. Whether used in one sense or another, edaphism
is caused by a number of chemical and physical drivers. The chemical (or nutritional)
factors are due to the mineral composition of the underlying rocks, which form the basis of
soil [7,8]. The chemical nature of the soil has a great influence on the vegetation, giving rise
to such a marked specificity that one can speak about typical floras of specific dolomitic
habitats [4]. Thus, specific floras from serpentines, halophilic floras, gypsophilous floras,
or any other sort of soils related to elements such as Se, Zn and other heavy metals, have
been known for a long period of time [9,10].

According to Mota et al. [8,11] and Merlo et al. [12,13], the relationship between the
contents of Ca and Mg may be a key factor when it comes to understanding the different
plant species or groups of them (flora) specifically associated with each substrate, and the
plant communities (vegetation) that develop on them. In the case of dolomite, perhaps
the most striking of all, the flora is dominated by upholstery species, endowed with a
dense sericeous indumentum, which literally covers the ground although in a dispersed
way. Interestingly, this type of vegetation is reminiscent of typical plant communities
on coastal dunes due to its appearance or physiognomy [14], with serious conservation
threats [15,16]. Coastal dunes and dolomitic soils, often also referred to as “sandy” soils,
share a coarse texture that does not have a large capacity to retain moisture. This fact
implies that, in addition to chemical characteristics, the physical conditions of the soil are
crucial to interpret this geobotanical phenomenon. One of these physical factors is the
extreme xericity conditioned also by several factors, such as topographical ones. These
factors influence the water economy of plants through evotranspiration and the amount
of light received. In addition, the micro-relief is responsible for generating heterogeneous
spaces in which the availability of water and nutrients can vary enormously [8,11–14,17].

1.2. Properties and Characteristics of Dolomitic Soils

A dolomitic rock is a carbonated rock composed of calcium carbonate and magnesium
CaMg(CO3)2. Because of their chemical composition, dolomitic rocks can be mistaken for
limestone. However, according to Chilingar [18] the difference between the two types of
rocks lies in the proportion of calcite (CaCO3) and dolomite (MgCO3). In dolomitic rocks,
the concentration of dolomite reaches 90%, with a very low proportion of calcite, whereas
in limestone the concentration of calcite exceeds 50%, with low dolomite contents. Thus,
dolomitic soils are characterised by high concentrations of Ca and Mg (3:1), slightly basic
pH, and low concentrations of N, P, K and even Fe.

The extension of dolomitic rocks covers broad areas [14], from the White Mountains
in USA, to areas in the Mediterranean Basin, where the Betic Mountain Ranges [19,20],
the Taurus Mountains [21], the Balkans [22], the Alps [23], Crete [24], etc., are worthy
of special attention, in addition to some areas of Asia, such as Anatolia, Tibet and the
Himalayas, although there are no excessively specific references [25], and in the southern
hemisphere, where their distribution extends through the southern part of Africa, Australia,
and Tasmania [26].

However, they cannot always be easily differentiated from limestones. This has
made it difficult to study the vegetation and flora associated with dolomitic outcrops [14].
Therefore, it is a complicated task, since there is a wide variety of habitats, to the point where
up to seven rocky environments can be distinguished which have vegetation associated
with dolomite presence [8]. Among these environments, cliffs may be highlighted, where
verticality is key [27]. The same happens in the stony terrains located at the foot of the
cliffs [28].

According to Mota et al. [14], there are a number of characteristics common to this type
of soil that contribute to determining the phenomenon of dolomitophily. First, dolomitic
soils are characterised by being poorly developed, and by their sandy or burdensome
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appearance due to the fragmentation and disaggregation of the bedrock. This property
results from the fact that they occur in highly tectonized terrains [11], which causes severe
stress in the area; this fact is responsible for not allowing the growth of vegetation similar
to that in the surrounding territory. Another of its important characteristics is its low water
retention capacity and, therefore, its lower capacity for nutrient accumulation, due to its
slow weathering. In addition, it extends mainly on south-facing slopes and ridges where
high insolation promotes erosion and drainage.

1.3. Dolomiticolous Flora and Vegetation

Although there is a limited variety of studies on the dolomitophily phenomenon,
some research that focused on the study of dolomitic scrubs may be highlighted, especially
regarding this vegetation found in the Betic Ranges, which has been included in the
Andryalion agardhii Rivas-Martínez ex Rivas Goday & Mayor 1966 alliance [4]. In this area,
the works of Rivas Goday and Mayor [29], Mota et al. [30], Pérez-Latorre et al. [31], Medina-
Cazorla et al. [32–34], Navarro-Fernández et al. [35] and Alonso and García-Sevilla [36]
are some of the publications that should draw attention. In more recent times, research
has focused on the study of the degree of endemicity, genetic diversity, and edaphic
and physiological analyses (e.g., Salmerón-Sánchez et al. [17,37,38]). However, although
dolomitic soils and their flora are distributed in numerous regions worldwide, most studies
have been developed in the Iberian Peninsula [11]. According to Medina-Cazorla [34], in
the Betic Ranges more than 80 associated dolomitic plant species can be found. Among
them, there are species that integrate prostrate and sericeous thymes communities [39],
of whitish or greyish colouring [30], such as Arenaria delaguardiae G. López & Nieto Fel.,
Erodium astragaloides Boiss. & Reut., Helianthemum pannosum Boiss., Pterocephalus spathulatus
(Lag.) Coult. or Convolvulus boissieri Steud.

Taken together, edaphic chemical and physical factors are responsible for generat-
ing very rare floras, rich in endemic plant species, which encompass characteristic plant
communities (or types of vegetation). Dolomitic rocks present in the Betic Ranges deserve
special attention due to their high phytodiversity [40]. They are rich in small sclerophyllous
scrubs, frequently threatened [41], unique in the Mediterranean Basin [42] and catalogued
as a priority for conservation by the European Union through the Habitats Directive [43].
Indicator or diagnostic plants species, often with a very narrow geographical distribution
(regional and local endemism), are present in these communities. Richness in endemic
plant species is not the only distinctive feature of these formations. They are easily recog-
nisable by both their physiognomic characteristics and physiological adaptations to these
ecosystems (Figure 1). In addition, it has been observed that this type of vegetation usually
presents low productivity rates compared with the communities that surround it. Addi-
tionally, they are often distributed as edaphic habitat islands [44], which allows them to
be studied from the perspective of island ecological biogeography [39]. In summary, the
characteristics of dolomitic soils and the nutritional challenges faced by these plants may
be behind the richness and diversity of these communities.

1.4. Ionomic Studies in Plants

The ionome (or elementome) is defined as the composition of mineral nutrients and
trace elements present in an organism, thus representing the inorganic component of
cellular systems. High-throughput elemental analysis technologies such as Inductively
Coupled Plasma Spectrometry-Mass Spectrometry (ICP-MS) and Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES) are often used here [45]. The resulting
knowledge often provides interesting advantages, including the possible isolation of genes
responsible for mineral transport or homeostasis in plants [46,47]. In addition, it is also
often applied in the research on the influences of phylogeny and environment on mineral
accumulation in plants [48–50]. The ionome is controlled in plants by several physiological
processes that occur in the rhizosphere; in the leaves by evotranspiration, in the movement
of ions through the xylem or phloem to and from the shoot, respectively. In this way, any
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alteration in any of the aforementioned processes, which are involved in the transport of
inorganic ions from the soil solution to the plant budding (by the transpirational current)
and which then spread them from the leaves to the rest of the plant (including the radical
system), can affect the ionic content of the whole plant. Therefore, the shoot ionome is very
sensitive to the physiological state of the plant [51].

Figure 1. Images of plant species and dolomite vegetation community. (Top left): P. spathulatus; (top right): La Peza (Sierra
de Huetor); (bottom left): Association Andryalo agardhii-Convolvuletum boissieri Quezel 1953 nom. inv.; (bottom right): Boca
de la Pesca (Sierra Nevada). (Photos by J. Mota).

Research in this field has shown that plant ionome studies are key to understanding
different ecosystems of the Earth [52,53]. These studies usually focus their attention on
several key elements and their proportions, such as C:N or N:P:K ratios. In this sense, the
N:P:K ratio has helped to understand the limitations imposed by each of these elements on
plant growth [54,55]. In dolomitic soils, this kind of research has revealed that P is usually
the most limiting nutritional element. Therefore, the affinity of dolomite flora for this type
of rock may be due to its high tolerance to low P levels [56]. In the case of Mg, there are
certain processes that can help to understand the plant’s adaptations to dolomitic soils.
These include increased sugar transportation from the leaves to the roots, thus favouring
root growth and increasing the surface area for water absorption, a fundamental aspect
due to the low water retention capacity of dolomitic rocks [57–59]. In addition, the high
Mg content in these habitats can lead to increased plant resistance to high temperatures
and light intensities, which is very common in areas where dolomites are found [60].

The usefulness of ionomic studies can be focused in a practical way towards phy-
toremediation, defined as the ability of certain plants to remove contaminants from the
environment, mostly heavy metals [61–63]. According to Brooks [64], the efficiency of a
species to be used in phytoremediation techniques can be estimated by the Bioconcen-
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tration Factor (BCF) and the Translocation Factor (TF). Furthermore, depending on the
values obtained, a plant can be classified as an indicator, accumulator or hyperacumula-
tor [65,66]. In addition, new machine learning techniques can assist in proposing more
objective thresholds when classifying plant species from this perspective [67]. In addition,
ionomic studies may also be used to understand the properties and peculiarities of plant
communities developing on particular substrates such as dolomites [14].

1.5. Species under Study

Pterocephalus spathulatus (Lag.) Coult. is an endemism of the Betic Ranges, and one of
the most predominant species of the dolomite plant communities in southern Spain. The
genus Pterocephalus ex Adans. (Caprifoliaceae) comprises about 30 species, distributed
from Kurdistan to Macaronesia, including southeastern Africa (Ethiopia and Tanzania) [68].
P. spathulatus is a perennial herb with a highly branched trunk, the stems of which can be
up to 25 cm long and are whitish in colour. The leaves are entire and spatulate and the
flowers have a rough calyx and a pink or violet corolla (Figure 2).

Figure 2. General appearance of the inflorescences and leaves of P. spathulatus (Photo by J. Mota).

Very little is known about the ionome of plants growing on dolomitic soils, although
many are rare and endemic (and even threatened), such as P. spathulatus. Thus, the current
study focused on characterising the ionomic composition of this species, and determining
the usefulness of its knowledge, first, to assess its potential value as a bioindicator species
for heavy metals or metaloids in soils (or at least to gain some insights into the potential
phytoremediation utility among the dolomiticolous flora); and, second, to determine some
reasons for the high richness and diversity of plant communities (from a nutritional point
of view). Associated with this, four specific objectives were established:

• To determine the concentrations of the elements, both total and phytoavailable, found
in the dolomitic soils where P. spathulatus is able to grow, as a reference system to
which its ionomic composition may be related.

• To identify what elements, present in the soil (total) or in dissolution (phytoavailable),
accumulate in different parts of the plant, mainly in leaves. In this way, this study
sought to establish whether total or phytoavailable elements were the best predictors of
the mineral composition of the plant, by calculating the Bioconcentration Factor (BCF).
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• To determine the relationship between the elements accumulated in leaves, stems and
roots by means of the Translocation Factor (TF), in order to establish whether they are
likely to concentrate in stems, and especially in leaves.

• To relate the influence of the mineral composition of the soil to the richness and
diversity of the plant communities where the diagnostic species P. spathulatus grows.

2. Materials and Methods
2.1. Study Area and Sampling

Samples of P. spathulatus and paired soils were collected from nine locations (Table 1).
These locations were selected to cover almost the entire range of this plant and to check for
local variations in its elementome (Figure 3). In addition, they belong to different biogeo-
graphic sectors: Granadese-Almijarese (La Maroma, Boca de la Pesca, La Peza, Navachica
and Los Alayos); Accitanian-Bastitanian (Calar del Gallinero), Alpujarrese-Gador Sierran
(Gador) and Subbetic (Calar de la Puebla and Harana). Twenty-five specimens were sam-
pled at each locality. Efforts were made to damage the plants as little as possible. Plant
vouchers were collected and deposited at the herbarium of the University of Almeria
(HUAL) (Table S1). For each sampling, permission was requested from the Consejeria de
Medioambiente (Junta de Andalucia) in the framework of the project CGL2007-63563/BOS
funded by the Spanish Ministry of Science and Innovation.

Table 1. Localities sampled with the acronyms (Cod.) used in the text.

Range Study Area Cod. Altitude (m) X Y

Sierra de los Filabres Calar del Gallinero GAL 2020 542733 4123047
Sierra deGador Gador GAD 2180 515730 4084443
Sierrade Huetor La Peza PEZ 1085 461908 4123864
Sierra Nevada Boca de la Pesca BOC 1350 451598 4103580
Sierra Nevada Los Alayos ALA 1980 451598 4103580
Sierra Harana Harana HAR 2027 456418 4130782

Sierra de Almijara Navachica NAV 1832 429674 4082412
Sierra de Tejeda La Maroma MAR 2069 406846 4084642

Sierra de la Sagra Calar de la Puebla PUE 1800 547695 4199135

2.2. Soil Analysis

At each location, three soil samples were taken from the first 10–15 cm, as these
were shallow soils. According to the World Reference Base for Soil Resources (https:
//www.isric.org/explore/wrb (accessed on 21 September 2021)) these soils are classified
as Regosols due to the presence of dolomitic material throughout the range from 20 to
100 cm from the soil surface, or between 20 cm and continuous rock, technic hard material
or a cemented or indurated layer. They were left to dry at room temperature for one
week. Once the samples were dry, the contents of each soil sample were homogenised to
make the analysis more reliable. The samples were sieved with a 200 µm aperture steel
sieve, removing any plant debris and gravel. From the sample obtained, ten grams were
separated and ground in a mixer mill (Restch MM200) for 60 s. One gram of each sample
was used for soil analysis and three grams for the analysis of phytoavailable elements.

2.2.1. Analysis of Total Soil Elements

Soil samples were analysed in the Ionomics Laboratory of the Segura Edaphology and
Applied Biology Centre (CEBAS) (http://www.cebas.csic.es/general_spain/ionomica.html
(accessed on 15 February 2020)) in order to determine the total content of each element
from the samples of each location. The method used was based on the measurement of
atomic emission using plasma spectroscopy (IPC-OES) [69]. Thus, the following elements
were analysed using this technique: Al, As, B, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, K, La, Li,
Mg, Mn, Mo, Na, Ni, P, Pb, Rb, S, Sb, Se, Si, Sr, Ti, Tl, V, Zn. In addition, by means of an
Elemental Analyser, total C and total N were calculated. The results for macroelements were
expressed in % dry weight (g/100 g), and for microelements in ppm (mg/kg). However,

https://www.isric.org/explore/wrb
https://www.isric.org/explore/wrb
http://www.cebas.csic.es/general_spain/ionomica.html
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concentrations of some elements were very low, under the limit established for their
detection, and were therefore excluded from the analysis’ results.

Figure 3. Location of the study area and sampling sites of P. spathulatus, pink grids indicate the presence of this species and
solid-coloured grids the sampling locations.

2.2.2. Analysis of the Phytoavailable Soil Elements

Different methods exist for the extraction of phytoavailable elements, but none of
them is established as a standard. Abedin et al. [70] evaluated several simple extraction
methods to assess the availability of potentially phytotoxic metals and nutrients in soils,
and thus relate them to their concentration in plant tissues. Quevauviller et al. [71] pro-
posed extraction by 0.05 M and 0.025 M ammonium EDTA, observing that the best results
for the extraction of heavy metals were obtained with the former. Therefore, the method
used in this work was ammonium EDTA (0.05 M), chosen because of its favourable char-
acteristics and because it is an extraction method with good results in basic soils such as
dolomite. However, it should be borne in mind that the phytoavailable elements found
are only in relation to the method used, and that, in reality, there is no single method that
homogeneously extracts all ions. Once the phytoavailable contents of the elements were
extracted, they were sent to the ionomics service of CEBAS for analysis.

2.3. Analysis of Plant Tissues

Samples of plant tissues from 25 specimens were collected for each locality separately.
Each sample contained 5 g of material in fresh weight, so that at least 2 g in dry weight
were obtained when dried. In the laboratory, leaves, stems and roots were separated,
and washed with plenty of distilled water to remove any residue; their fresh weight was
determined, and afterwards, they were dried and reweighed. They were dried in an oven
(Binder ED 115) at 70 ◦C with aeration, until weight stabilisation, and the dry weight of the
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sample was established. Tissues were ground in a mixer mill for one minute. Finally, 1 g of
these samples was sent to the Ionomics Laboratory of CEBAS for their analysis, as in the
case of soil and phytoavailable samples. The rest of the material is stored at the University
of Almeria.

2.4. Calculation of BCF and TF Parameters

The efficiency of a species to be used as a bioindicator can be estimated by the Biocon-
centration Factor (BCF) and the Translocation Factor (TF) [64]. The BCF is defined as the
total element concentration in the shoot tissue divided by its concentration in the soil. By
comparison, TF indicates the mobility of an element within plants, and is defined as the
total concentration of each element in the shoot tissue divided by its total concentration in
the roots. When BCF > 1, the plant species can be defined as an accumulator, and if TF > 1,
it is able to concentrate metals in the aerial parts, from which they can be easily removed
(phytoextraction) [65]. A plant can be considered as a bioindicator of an element when its
internal concentration reflects the concentration in soils [66].

The bioindicator potential of P. spathulatus was determined by both BCF (Equation (1))
and TF (Equation (2)). For this purpose, the average values of the BCFs obtained for each
locality were determined, relating the mineral contents of the foliar samples to the contents
of the soil samples, and the average values of the TFs, relating the mineral contents of the
foliar samples and the root samples. It is worth noting that for the phytoavailable elements
in the soil, the ratio (mg/kg)/(mg/L) was used; therefore, a corresponding transformation
of units had to be made. In addition, the ratio between the contents of the foliar/stem
samples, and between the root/stem samples was also calculated.

BCF =
Concentration of elements in sprout tissue

(
mg
kg

)
Soil element concentration

(
mg
kg

) (1)

Equation (1). Equation for obtaining the Bioconcentration Factor (BCF).

TF =
Concentration of elements in sprout tissue

(
mg
kg

)
Concentration of elements in the root tissue

(
mg
kg

) (2)

Equation (2). Equation for obtaining the Translocation Factor (TF).

2.5. P. spathulatus Plant Communities

In the field, a vegetation relevé (field inventory) was sampled and associated with
each soil–plant tissue sample. These vegetation surveys recorded all the species’ presences,
together with an estimate of their abundance, in a 5 m2 plot (Table S2). Different ecological
indices (Taxa_S; Individuals (vegetation cover); Dominance_D; Simpson_1-D; Shannon_H;
Evenness_eˆH/S; Menhinick; Margalef; Equitability_J) were calculated using PAST soft-
ware version 4.08 [72]. These indices were correlated with the total and phytoavailable
contents of the soils to try to reveal possible relationships that may help to understand the
structure and characteristics of these unique plant communities.

2.6. Data Analysis

For the study of the correlations between the different mineral contents, the SPSS
software version 26.0 [73] was used. Through this programme, bivariate correlations were
carried out, which highlighted as significant those that obtained results of p < 0.05 and
p < 0.01, both positive and negative. In this way, the correlations between the different
contents (foliar-total, foliar-available, total-available, total-available, etc.) could be checked.
In addition, PAST 4 software was used to calculate the different richness and diversity
indices. The data obtained were used to determine the different relationships between the
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plant communities inhabiting the dolomite soils. These correlations were also confirmed
using SPSS 26.0 software.

3. Results and Discussion
3.1. Analysis of the Mineral Contents of Soil Samples
3.1.1. Total Elements

Table 2 shows the element contents obtained from the analysis of soil samples. These
elements, mainly known as macroelements (or macronutrients), can be divided into primary
(N, P and K) and secondary (Ca, Mg and S). The highest values were for C, followed by
Ca and Mg. This was to be expected, due to the chemical nature of the soil, composed
of carbonate rocks (CaMg(CO3)2). Thus, high Ca and Mg concentrations may limit plant
growth in this type of soil. With respect to the rest of the elements analysed, low N, P and
K contents were observed, which are also typical of these soils and may be related to the
specificity of the dolomitic flora [14]. The highest values for N and K were found at GAL,
corresponding to Calar del Gallinero, and GAD (Sierra de Gador), the latter with the lowest
values for C. In all cases, Ca concentrations were more abundant than Mg, and the values
found here are very close to those found in previous research [14].

In the case of the essential microelements, Fe and Mn stood out for their high values,
with large concentrations in all the locations studied, especially in GAL and GAD. Because
these alkaline earth metals are found in such high concentrations in these soils, they can be
considered as heavy metals and, therefore, cause toxicity problems in plants. GAD also
showed higher values than other sites for several essential micronutrients such as B, Cu,
Ni and Zn, followed by GAL. This is also the case for other elements and heavy metals
such as Cr, Pb, Si and Tl. Elements such as Ni and Pb may appear in high concentrations
due to the weathering of the source rock. Other elements, such as Cr or Cu often appear as
a result of human activities in these areas. Si contents may be due to Si being present in
the source rock. In this context, the localities GAL and GAD are worth mentioning, which
showed the highest values for most of the mentioned micronutrients and heavy metals. In
fact, GAD has been a mining area since Roman times precisely due to being an interesting
area for the extraction of metals (Pb, Fe, etc.) [74]. In the case of GAL in the Sierra de los
Filabres, there was also mining activity of Fe extraction.

3.1.2. Phytoavailable Elements

Values obtained for the phytoavailable macronutrients generally followed the same
trend as the total contents. N and C were not analysed in this case because they are part
of the extraction reagents. High concentrations of Ca and Mg were found, especially
of the former, due to the composition of the soil on which the plant species grows. P
and K contents were low in these soils, both in total and phytoavailable contents, but
with small differences between localities. Table 3 shows the values obtained for essential
macronutrients, micronutrients and other plant-available elements of interest.

It was found (unpublished data) that some positive correlation was discovered be-
tween Ca and S found in the soil in plant-available form, although neither was correlated
with plant-available Mg. In this sense, it can be justified that, in most locations, when the
Ca value increased, the S value also increased, and vice versa. With regard to P, although it
is essential for the formation of nucleic acids and helps in the transport of energy, it tends
to precipitate easily, which is why the availability of this element in soils is usually low [75].
The fact that P is, of all the macronutrients, the one with the lowest values is one more
indication of its fundamental role in explaining the limitations that certain peculiar rocks
impose on vegetation [4].
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Table 2. Average values of macronutrients (g/100 g), micronutrients (mg/kg) and other elements of interest (mg/kg) concentrations obtained for soil samples, total averages (x) and their
standard deviations (SD) for each element.

Macronutrients (g/100 g) Micronutrients (mg/kg) Other Elements (mg/kg)

C N Ca K Mg P S B Cu Fe Mn Mo Ni Zn Al Cr Pb Si Tl

MAR 14.32 0.21 19.57 0.14 11.49 0.04 0.16 2.68 3.61 3702.39 708.05 0.44 4.08 24.92 0.63 20.25 20.11 163.66 9.85
GAL 13.13 0.39 15.05 0.47 8.75 0.05 0.16 11.60 10.95 15,290.77 1183.68 2.31 10.13 41.13 2.04 31.01 42.71 533.96 14.23
BOC 13.45 0.06 21.54 0.08 14.07 0.01 0.16 1.09 1.70 1247.20 697.25 1.60 2.26 34.01 0.23 6.03 24.67 126.32 7.44
PEZ 13.57 0.05 21.31 0.07 13.22 0.01 0.16 0.29 1.33 1009.78 682.71 2.24 1.54 8.80 0.19 4.64 7.75 129.76 7.46
ALA 12.97 0.08 21.08 0.08 13.19 0.01 0.16 0.90 1.85 1446.81 713.33 0.73 2.09 26.77 0.28 13.21 11.51 247.00 8.22
GAD 10.28 0.22 13.20 0.66 7.47 0.05 0.15 19.45 52.82 26,207.33 2029.63 1.90 14.36 236.86 2.40 37.79 410.92 526.98 18.18
NAV 13.63 0.06 20.61 0.05 12.75 0.01 0.16 0.00 0.99 915.32 720.44 0.88 1.47 16.38 0.17 5.45 9.26 131.66 7.59
PUE 13.84 0.23 19.29 0.20 9.09 0.02 0.19 6.76 3.84 3936.07 610.54 0.22 5.04 20.84 0.79 16.93 20.64 424.17 10.07
HAR 13.76 0.12 18.54 0.07 10.44 0.01 0.17 2.43 1.37 947.60 658.31 0.25 1.54 5.04 0.21 6.39 2.47 164.93 7.55

x 13.22 0.16 18.91 0.20 11.16 0.02 0.16 5.02 8.72 6078.14 889.33 1.17 4.72 46.08 0.77 15.74 61.12 272.05 10.07
SD 1.17 0.11 2.93 0.21 2.34 0.02 0.01 6.58 16.82 8829.94 459.61 0.85 4.56 72.44 0.86 12.03 131.71 173.84 3.75

Table 3. Average value of macronutrients, micronutrients and other phytoavailable elements of interest concentrations (mg/L), total averages (x) and their standard deviations (SD) for
each element.

Macronutrients (mg/L) Micronutrients (mg/L) Other Elements (mg/L)

Ca K Mg P S Fe Mn Zn Al Pb Si

MAR 1391.90 16.47 507.10 3.86 15.77 10.18 6.95 0.53 12.41 1.13 10.31
GAL 1487.25 37.92 295.00 4.55 19.83 14.57 20.15 0.43 16.32 1.29 13.56
BOC 1081.00 10.35 494.85 1.37 16.99 3.74 4.37 0.80 5.02 0.71 5.36
PEZ 1897.12 19.76 893.60 2.94 21.28 9.21 8.05 0.32 11.48 0.86 12.56
ALA 2217.35 23.22 979.40 2.74 22.34 8.26 9.15 1.03 12.56 1.14 12.93
GAD 792.83 28.26 291.70 2.20 13.77 14.28 23.30 1.58 13.23 20.65 7.25
NAV 2378.25 24.05 844.60 3.27 28.24 11.21 9.84 0.56 16.69 0.78 11.31
PUE 1455.07 18.86 283.97 2.94 17.97 12.02 4.08 0.24 12.53 0.80 9.06
HAR 1051.55 9.07 455.35 1.66 12.91 3.56 4.26 0.11 4.97 0.10 4.59

x 1528.03 20.88 560.62 2.84 18.79 9.67 10.02 0.62 11.69 3.05 9.66
SD 539.35 8.91 274.90 1.01 4.77 4.00 7.01 0.46 4.19 6.61 3.31
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The phytoavailable contents of the main essential microelements and other elements
of interest were also analysed. The values obtained for most of these elements were very
close to zero, thus only those with appreciable values are presented here (Table 3). This
may be due to the fact that they are usually very scarce in soils, or to the extraction method.
In this case, similar proportions to those obtained for total elements were also found in
the different localities. With the extraction method used, the highest concentrations were
observed for Fe and Mn, in addition to Al and Si, and a high Pb content in GAD. In this
sense, it is interesting to note that the presence of Fe and Al oxides in soils has favourable
effects on the availability of other elements such as P, and can also improve some physical
properties of the soil, increasing aggregate stability, permeability, friability, porosity and
hydraulic conductivity [76].

3.2. Analysis of Foliar Mineral Contents

Table 4 shows the concentrations of the main macroelements mentioned above, ob-
tained from the foliar samples. Observing the table, it can be seen from the low deviations
found between the data that this species has a fairly stable leaf ionomic composition,
regardless of the location sampled. As differences, low C and higher Mg contents of the
leaves of the samples from ALA can be highlighted.

Table 4. Average values in foliar samples of macronutrients (g/100 g), essential microelements (mg/kg) and other elements
of interest (mg/kg) concentrations, total averages (x) and their standard deviations (SD) for each element.

Macronutrients (g/100 g) Micronutrients (mg/kg) Other Elements (mg/kg)

C N Ca K Mg P S B Cu Fe Mn Zn Al Cr Pb Tl

MAR 44.15 1.46 1.65 0.47 0.54 0.06 0.11 17.35 4.46 73.66 39.39 13.98 62.98 1.33 1.20 18.42
GAL 44.70 1.33 1.13 0.67 0.22 0.04 0.09 17.27 2.60 58.15 24.14 13.84 57.31 0.18 0.64 0.64
BOC 44.81 1.56 1.15 1.10 0.23 0.07 0.10 16.00 6.22 140.01 63.67 22.88 116.25 0.34 5.68 0.57
PEZ 44.34 1.50 1.40 0.80 0.24 0.05 0.13 16.01 4.16 117.07 50.47 13.09 111.54 0.40 0.99 2.59
ALA 42.25 1.30 1.45 0.64 0.67 0.05 0.11 15.32 3.83 722.50 67.84 11.56 780.95 10.53 2.45 110.80
GAD 44.57 1.57 0.83 0.83 0.23 0.05 0.09 11.92 3.66 39.64 20.70 16.32 32.50 0.19 0.56 2.68
NAV 45.29 1.84 1.09 0.64 0.36 0.09 0.14 9.72 2.94 77.04 34.86 17.65 69.78 0.16 0.69 9.30
PUE 44.49 1.48 1.47 0.94 0.49 0.07 0.11 11.56 2.70 90.11 50.53 19.77 104.71 0.71 1.25 15.22
HAR 44.40 1.32 1.38 0.60 0.47 0.06 0.09 18.10 3.71 60.48 33.88 8.07 56.54 0.65 0.75 11.80

x 44.33 1.48 1.28 0.74 0.38 0.06 0.11 14.81 3.81 153.18 42.83 15.24 154.73 1.61 1.58 19.11
SD 0.85 0.17 0.25 0.19 0.17 0.01 0.02 2.99 1.11 215.70 16.48 4.46 236.57 3.36 1.64 35.00

Regarding essential microelements and other notable elements, zero values were
obtained for most locations for the elements Cd, Co and Mo. The highest metal concen-
trations were observed for Fe, Mn and Al, followed by B, Tl and Zn. In addition, notably
high concentrations of Fe and Mn, and of Al and Tl, were found at ALA, whose total and
phytoavailable contents in soils were the lowest.

Table 5 shows that there were no correlations between the same element in leaves and
soil, except for Mn. Foliar Ca correlated with total soil C and with microelements such as
Cu, Fe, Mn, Zn and Pb. Foliar S correlated with other macronutrients such as Ca, K, Mg
and P from the total soil contents, and with microelements like B and Cr. Foliar Mn was
positively or negatively correlated with macroelements and some essential microelements
(B, Fe) and with Al and Tl.

Table 5. Correlating elements between leaf and total soil contents (Pearson’s correlation coefficients). * Higher correlations.
(f: foliar; s: soil).

Foliar/Soil C_s Ca_s K_s Mg_s P_s B_s Cu_s Fe_s Mn_s Zn_s Al_s Cr_s Pb_s Tl_s

Ca_f 0.769 * 0.583 −0.641 0.341 −0.296 −0.614 −0.694
*

−0.680
*

−0.758
*

−0.705
* −0.586 −0.409 −0.696

* −0.589

S_f 0.472 0.741
*

−0.682
* 0.679 * −0.667

*
−0.707

* −0.53 −0.649 −0.565 −0.495 −0.692
*

−0.695
* −0.477 −0.661

Mn_f 0.395 0.820
*

−0.670
* 0.748 * −0.701

*
−0.667

* −0.579 −0.682
* −0.641 −0.489 −0.687

* −0.608 −0.520 −0.677
*
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3.3. Analysis of BCF and TF Parameters
3.3.1. BCF Values Assessment

BCFs were derived for both total soil and phytoavailable contents. In this respect, there
is no general agreement among researchers on the use of total soil contents to assess the
phytoremediation potential of a given species. As a result, there is considerable uncertainty
when calculating BCF. For example, Baker et al. [77] considered the total soil element
concentration to calculate it, whereas Poschenrieder et al. [78] considered the EDTA soil
extractable element concentration, i.e., the same extraction performed in the present study.
However, according to Buscaroli [65] it is preferable to use the phytoavailable fraction to
evaluate the phytoremediation capacity. In this study the authors compared the results
obtained for both contents.

With regard to the results derived from the total soil contents, BCF values obtained
for all the elements are shown in Figure 4. Although values >1 already indicate accumu-
lation [65], to determine the possible use of this species in phytoremediation techniques,
values >10 are interesting as they would indicate hyperaccumulation. It is possible to
observe the elements with an average BCF value higher than 1 for all locations; thus,
the plant would have the potential to accumulate those. The values >1 for C, N, K and
P were to be expected as these are essential macronutrients for all organisms, although
the last three are found in low proportion in the soils, especially in dolomite and other
unusual soils [13]. Furthermore, the high values for these essential macronutrients can be
considered regular, as plants tend to accumulate reserves of them [75]; for example, BCF
>10 obtained for N. However, the fact that they have values <1 does not mean that they
are deficient, but that they do not accumulate them in relation to their soil content. It is
possible that this may happen precisely because their contents in the soil are very high, not
because of accumulation.

Figure 4. Average values of BCFs, and their corresponding standard deviations, obtained from the total elements.

In contrast, the high BCF of B (>10) was noteworthy. This element is also essential
for plant growth [79]. However, a high concentration of this element in the soil can cause
toxic effects in plants [80]. Therefore, for a plant to be able to accumulate B in its tissues,
it must be highly tolerant to it. In this sense, as the plant species studied has a very high
bioaccumulation factor, it is assumed that it will show this tolerance and, therefore, will be
able to eliminate toxic concentrations of B in the soil. In relation to this element, a species
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growing on gypsum, Gypsophila sphaerocephala Fenzl ex Tchihat., is known to be able to
tolerate high concentrations of B in soil [81]. Given the similarities in the composition of
both substrates, this theory could be corroborated in the dolomite flora. Furthermore, the
ability to accumulate Tl and Rb (although <10) was also remarkable. This element, although
largely unknown, is considered dangerous to living beings, causing both acute and chronic
toxic effects [82,83]. Tl contamination in soils is increasing, mainly due to industrial
activities such as mining, smelting of Tl-rich ores and metallurgical production [84–86].
In this sense, the fact that the species has the potential to accumulate Tl may represent a
breakthrough in the phytoremediation field.

Regarding the results obtained from the phytoavailable contents present in the soil,
the values obtained for the BCF are shown in Figure 5. As in the previous case, there were
high BCF values (BCF > 10) for K and P, and the aforementioned B and Tl, which, in this
case, resulted in higher values. Thus, the high BCF values for these elements indicate that
the plant is capable of hyperaccumulating these elements. Regarding the remainder of
the values obtained, there were those that, with respect to the totals, had values lower
than 1, including essential macronutrients (e.g., S) and micronutrients (Cu, Fe, Ni and
Zn), and others beneficial or not (Al, Cr, Rb and Ti). Cr is an essential trace element in the
metabolism of animals and humans [87], but its high presence in the soil is toxic to animals,
potentially inducing cancer and teratism [88]. At present, Cr (IV) is considered to be one
of the major pollutants, but no cost-effective and efficient remedies have been found to
remediate Cr (IV) contamination [89]. Therefore, if this species is able to hyperaccumulate
Cr, it could contribute to the progress of studies currently underway to solve this problem.
These results may indicate that the plant-available fraction of the soil best explains the
plant’s foliar ionic composition.

Figure 5. Average values of BCFs, and their corresponding standard deviations, obtained from the available elements.

There are some hypotheses stating that toxic metal-accumulating species may employ
this technique as a protective measure against herbivores [90,91] and pathogens [92,93].

3.3.2. TF Values Assessment

In order to assess the ability of P. spathulatus to transfer metals from the roots to its
aerial tissues and, thus, to be used in phytoextraction or phytostabilisation processes,
the Translocation Factor (TF) was calculated as the ratios of leaf-to-root, leaf-to-stem and
stem-to-root (Figure 6). Only vegetal tissues data were used for this factor.
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Figure 6. Average TF values obtained from the relationship between the mineral contents of leaves, stems and roots for
each element studied for all localities. (a) Leaf/Root TFs. (b) Stem/Root TFs. Data plotted on log base 10 scale.

TFs obtained with a value >1 represent those elements with good mobility within
the plant. The elements are transported from the roots to the stem tissues of the plant via
xylem and from there they can then be incorporated into the trophic chains, or removed
by different techniques. If the TF >1 values for leaves and stems are added up, it can be
seen that most of the elements studied accumulate in the aerial part of the plant, with
the exception of Cd, Pb and Zn (Figure 6a,c). For example, TF >1 was obtained for the
Leaf/Root ratio (Figure 6a) for N, Al, B, Ca, Co, Cr, Fe, K, Li, Mg, Mn, P, Rb, Se, S, Sr, Ti, Tl
and V. It is worth highlighting the presence of B in the leaves, whose main function is the
formation of the cell wall during cell divisions, which promotes faster organ growth [75].

If the essential macronutrients and micronutrients are removed from the above list,
the high TF value obtained for Se (TF > 10 both in leaves and stems) is noteworthy. It has
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been shown that, at low concentrations, it is capable of acting as a growth stimulant and
increasing plant efficiency, as well as conferring tolerance to abiotic stress in plants and
protecting against oxidative damage [94].

From the results obtained, it can be seen that some elements can also accumulate in
stems rather than in leaves; among these, there are some elements, such as Cd and Pb, that
may be toxic if they accumulate in leaves.

The remaining elements with an average TF <1 can be used in phytostabilisation
processes, i.e., they accumulate in the soil matrix or in the plant root tissue, as in the case of
Cd, Pb and Zn. Although the values obtained for C were close to 1, this may be due to the
greater structural complexity of the root or to the fact that the root functions as a nutrient
sink [95].

The combination of BCF and TF values obtained indicate that this species shows an
accumulating or indicator strategy, rather than an exclusor strategy [66] in the case of Al,
B, Co, Cr, Fe, Rb, Sr, Ti and Tl, and, therefore, they can be eliminated by phytoextraction
processes. As an example, the BCF value of B was higher than 10 both for total and phy-
toavailable soil elements, whereas Rb and Tl show values higher than 10 for phytoavailable
but between 1 and 10 for the total. The corresponding TFs indicate that the three elements
remain accumulated, preferably in the aerial part of the plant.

This fact could predict the existence of other species in the plant community with
bioindicator or even phytoremediation potential for other elements, because the elemental
compositions should differ more among coexisting species to avoid competitive pres-
sure [53].

3.4. Influence of Total and Phytoavailable Soil Elements on P. spathulatus Communities

Regarding the various indices obtained for the communities, most of the elements
that showed significant correlations with them corresponded to their version as phytoavail-
able. Only Ca contents showed a correlation with some of the indices calculated for the P.
spathulatus communities. N was shown to be a key element in the interpretation of dolomi-
tophyly [14]; therefore, its higher abundance in the soil favours one, or a few, species, being
predominant (Figure 7), that is, the abundance of N contributes to the fact that in this
type of community (nano-chamaephytic scrub) some species become predominant while
reducing the total number of species.

Figure 7. Relationship between the total N content of the soil and the Shannon diversity (left) and Simpson uniformity
(right) indexes.

The variation observed in the Shannon index, which decreases with increasing total N
in the soil, points in the same direction. The same influence seems to be exerted by K and P,
the other two elements in the trilogy of commercial fertilisers (i.e., the NPK), al-though this
time in their phytoavailable form. Poverty in these fundamental macronutrients, therefore,
seems to be a determining factor in understanding the nutritional stress to which plants
in dolomitic outcrops are subjected and the constraints that this habitat imposes on their
growth and, consequently, on their spatial occupation of the soil. In any case, the scarcity



Land 2021, 10, 1253 16 of 22

of P in the soil, below the values considered normal, and the ratio N:P (24.8) indicate this
last element as the main limiting factor for plants in dolomite soils [4].

Total Ca contents appeared to be linked to the Menhinick richness index (Figure 8).
In its phytoavailable version, Ca showed a very similar relationship to that described for
total soil N. Considering both relationships, Ca abundance may play an important role in
maintaining the diversity of this type of shrubland, preventing the dominance of a few
species and, therefore, favouring its floristic richness.

Figure 8. Relationship between the available Ca and the Menhinick richness index.

Mg, another key element in the explanation of plant preference for dolomites, was
correlated with vegetation cover, as its increase in phytoavailability seems to favour rarer
and more dispersed communities (Figure 9) or, that is, it seems to limit their productivity.

Figure 9. Relationship between available Mg and P. spathulatus scrub cover.

Other elements (e.g., As, Co, Ti and Tl) also showed correlations with some of the
ecological indices calculated. However, the low concentration of these elements and the
scarce references to their role in plants, almost always related to their toxicity, make it
advisable not to speculate about them. The pattern is, however, that their influence is in
almost all cases as phytoavailable. Finally, B and Ni deserve a separate comment, also
in the plant-available form. Ni seems to act by limiting the occurrence of some species,
which is reflected in the Shannon index values (Figure 10). However, a firmer conclusion
on this point would require an investigation of the influence of these elements on the two
components of the Shannon index; that is, richness (number of species) and abundance [72].
Although this aspect was not the objective of this research, the relationship between Ni
and the calculated richness indices indicates that species’ richness is a key aspect.

From the results obtained, it is clear that dolomitic soils with a poor evolution (edapho-
genesis) are very oligotrophic (scarcity of N, P and K) and that this characteristic, together
with the abundance of Ca and Mg, not only influences species such as P. spathulatus, but
that its influence is even more general, also impacting the plant community of which it is a
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part. The role of Ni, B and other elements that have also been pointed out in other sections
of this work need to be further investigated.

Figure 10. Relationship between the available Ni and Shannon diversity (orange) and Menhinick
richness (blue) indexes.

4. Conclusions

The analyses of total mineral contents from the soil samples showed, in general, that
all the localities had high concentrations of C, Ca and Mg. In addition, with regard to
the essential microelements, the contents of Fe and Mn were remarkable, especially in the
localities of Gador and Calar del Gallinero. To a lesser extent, the contents of B, Cu, Ni
and Zn were also noteworthy. Furthermore, other elements such as Pb, Si and Tl were also
worth highlighting.

Regarding the phytoavailable mineral contents obtained from the soil samples, as in
the previous case, the contents of Ca and Mg were remarkable, followed by K and S. As
in the case of serpentine and gypsum soils, the abundance and proportion of Ca and Mg
stand out as key factors to understand the preference of some plants for dolomite soils.
Regarding the microelements, Fe and Mn also stood out, in addition to the data obtained
for Al and Si. Therefore, the proportions of total soil elements and phytoavailable elements
show a similar abundance pattern in most cases.

The data obtained from the foliar samples collected in the different sites indicate that
this species has a fairly stable leaf ionomic composition, regardless of the location sampled.
The elements that accumulate to a greater extent in the foliar samples are Al, B, Fe, Mn, Tl
and Zn, which were also found in high concentrations in the analysed soils.

With the exception of the BCFs obtained for some of the essential macronutrients, the
reminder of the data were not much higher than 1 when total soil elements were used.
However, the BCFs for the following elements were noteworthy: Al, B, Cr, Cu, Fe, Ni, Rb,
S, Ti, Tl and Zn. In the case of BCFs obtained using the phytoavailable contents, elements
such as B and Tl showed values well above 10.

In general, the resulting values for the TFs were higher than 1, indicating that the species
studied has a great capacity to transport mineral elements through its conducting vessels.

The combination of both BCF >1 and TF >1 for some elements indicates that the
plant species P. spathulatus can be used as a bioindicator of metaloids from the soil (B, Rb
or Tl). This fact may predict the existence of other species in the plant community with
bioindicator or even phytoremediation potential for several elements. From this point of
view, the dolomitic flora has been little explored, unlike in serpentine or gypsum.

The high concentrations of Ca and Mg, together with the scarcity of N, P and K, have a
great influence on the species under study, and on the plant community to which it belongs.
In the cases of Ca and Mg, and despite their abundance in the soil, the contents in the plant
are not remarkably high and present proportions similar to those found in other dolomite
plants. Although P and N were shown as key elements, both for P. spathulatus and for the
plant communities it inhabits, the proportion of these two elements, both in the soil and in
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the plant, point to the former as the main limiting factor. In addition, the possible impact
of other elements such as B and Ni was observed, but further study should be carried out.

To the best of our knowledge, this is the first investigation that extensively describes
the ionome of a dolomite plant species, P. spathulatus. The total and phytoavailable contents
of the soil are related both to those of the plant, and to the diversity of the typical vegetal
communities of this habitat. This is a first step to decipher and better understand the plant
adaptations to a habitat that has large amounts of Ca and Mg, is very poor in N and P, and
has striking proportions of some micronutrients.
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.3390/land10111253/s1, Table S1: Vouchers of the species P. spathulatus deposited in the herbarium
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included in the analyses. The coverage of each plant species is expressed as a percentage.
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