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Abstract
Purpose  Hypersaline environments are extremely vulnerable and important ecological niches. Because much knowledge 
has focused on the distribution of heavy metals in these areas, the detailed behavior of key major elements in hypersaline 
environments has not been elucidated in detail.
This research aims to define the distribution, translocation pathways, and mobility patterns of the major elements in hyper-
saline sediments and halophytes.
Materials and methods  Samples of Sarcocornia fruticosa plants were collected from evaporation (ES) and crystallization 
(CA) sites in the Sečovlje Salina area (Republic of Slovenia). The major element contents were measured by digestion in 
HNO3 then aqua regia and analyzed by ICP-MS for ultra-low detection limits. Rhizo-sediments from EA and CA were 
processed using sequential extraction analysis to determine the precise fractionation of Al, Ca, Fe, K, Mg, Mn, and Na. To 
determine the translocation patterns of individual major elements in S. fruticosa, two indices were calculated: bioconcentra-
tion (BCF) and translocation factor (TF). Differences and similarities between samples and elements were highlighted using 
Statistica VII and Grapher 8 statistical software and Ward’s method, respectively.
Results and discussion  The obtained results confirmed that halophyte plants take up large amounts of the essential micro-
nutrient Na due to high salinity, and that macronutrients (Ca, Mg, P, and S) are intensively translocated from the roots to 
the upper parts of the plant. The overall trend in translocation signature for major elements, distinguished by BCF and TF 
factor calculations, emphasizes that root tissues accumulate a significant amount of major elements and that accumulation 
depends on individual major elements. It also showed that the major elements Ca, Mg, Na, P, and S are highly translocated 
within plants, while the mobility of Al, Fe, and K is limited.
Conclusions  Our results suggest that the major elements are vital macronutrients for halophytes, but their accumulation in 
the roots and further translocation within the plant depend on individual elements and their dynamics. The translocation 
pattern of the major elements can be justified as follows: Ca is an essential element for plant growth, maintenance, and 
membrane integrity; Mg is a specific component of chlorophyll; Na is present because of the hypersaline environment; P is 
a key component of plant metabolic processes; S represents an important component of enzymes and other key proteins; Al 
and Fe are preferentially accumulated in roots; and plant leaves are generally undersupplied with K. The presented results 
are of great importance for the general knowledge and use/application of halophytes in agriculture and biotechnology.
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1  Introduction

Estuarine and coastal environments include hypersaline 
ecosystems, which are more saline than seawater, have 
widely varying total salinity and ionic composition, and 
differ in many other aspects, such as temperature, pressure, 
and nutrient status (Otte et al. 1993; Williams et al. 1994; 
Sundby et al. 2003; Caetano et al. 2008; Martins et al. 
2008; Caçador et al. 2009; Glavaš et al. 2017; Petranich 
et al. 2017; Kovač et al. 2018). They are also character-
ized by the appearance of anoxic conditions in sediments 
and periodic flooding, creating habitats with specific con-
ditions that severely limit their colonization (Otte et al. 
1993; Williams et al. 1994; Sousa et al. 2008). Thus, typi-
cal communities with distinct species compositions, such 
as the macrophyte community of salt marshes, are found 
in these environments. Only a few halophytic species have 
morphological, anatomical, physiological, and phenologi-
cal adaptations that allow them to thrive in hypersaline 
environments. In addition, halophytes influence the bio-
geochemistry of hypersaline ecosystems through their 
active and passive cycling of elements (Caetano et al. 
2008; Sousa et al. 2008; Caçador et al. 2009).

Because hypersaline environments and their vegetation 
play an important role in nutrient cycling, any disturbance 
to biological, chemical, and physical processes can have 
dramatic effects on the overall well-being of the area (Otte 
et al. 1993; Williams et al. 1994; Sundby et al. 2003). Of 
particular concern are the potential effects of pollutants on 
these sensitive ecosystems, especially heavy metals, whose 
diverse and widespread use in industry has caused metal 
content in many estuaries and marine coastal areas to rise 
well above background geochemical levels. Since the early 
1990s, numerous studies have investigated the presence of 
heavy metals in hypersaline sediments, salt marsh soils, 
and halophytes (Otte et al. 1993; Salguero and Caçador 
2007; Caetano et al. 2008; Sousa et al. 2008; Caçador et al. 
2009; Petranich et al. 2017). Because much of this knowl-
edge has focused on the accumulation, mobility, and bio-
availability of heavy metals in hypersaline environments, 
the detailed behavior of major elements in these environ-
ments has not been precisely emphasized. Therefore, it is 
important to define the translocation routes of major ele-
ments in hypersaline sediments and halophytes to decipher 
their signatures in these complex environments.

The Sečovlje Salina Nature Park (SSNP), with an area 
of approximately 700 ha, is located in the southwestern-
most part of Slovenia along the border with the Republic 
of Croatia in the southern part of the municipality of Piran 
(Fig. 1). The Grande Canal separates the northern part of 
the park with active salt production, called Lera, from the 
southern part of the park, Fontanigge. The salt pans of 
Sečovlje are a part of the nature park. To the north, they 

border with the St. Bartholomew Canal. To the east, most 
of the border runs along the former narrow-gauge railroad, 
while to the south, it is bordered by the Odoric Canal, 
through which the Dragonja River flows and diverts into 
the canal years ago. To the west, the dikes in Piran Bay 
protect the pans.

The area of Lera is divided into crystallization and seawa-
ter condensation areas. Lera has typical habitats for animal 
and plant species, which are limited to salt fields with dif-
ferent salinities, saline channels, and dikes. Fontanigge is 
located between the Grande Canal and the Dragonja River 
(Fig. 1). To the west, it borders with a flood dike, and to the 
east with farmland. Fontanigge has a network of canals that 
serve as seawater inflows for individual salt fields, outflows 
for sewage and storm water, and transportation waterways.

These extreme environments of high salinity and aridity 
provide shelter for rare animal and plant species. The area 
was designated as a nature park in 1990. In 1993, it became 
the first Slovenian wetland to be included in the list of 
internationally important marshes under the auspices of the 
Ramsar Convention (Kovač et al. 2018). Traditional salt pro-
duction is practiced in the northern part of SSNP. Sečovlje 
Salina is one of the few active salinas in the Mediterranean 
region. Solar salt production involves the traditional manual 
technique of gathering salt from seawater by passing brine 
through a series of evaporation ponds (evaporation area) 
until the salt is harvested in crystallization ponds (crystal-
lization area) (Kovač et al. 2013; Glavaš et al. 2015, 2018).

Thus, SSNP represents a successful model of symbiosis 
between the traditional use of Salina’s natural resources and 
the protection of exceptional cultural heritage and biodiver-
sity within the Sečovlje Salina Nature Park. In addition to 
numerous animals (brine shrimp, Mediterranean killifish, 
European pond terrapin, and more than 300 birds), salt-
resistant and salt-tolerant plants (halophytes) have also suc-
cessfully inhabited the area. Ivajnšič et al. (2017) identified 
at least five protected Natura 2000 habitat types: (1) mud-
flats and sand flats not covered by seawater at low tide; (2) 
tall rush salt marshes–communities of Juncetalia maritime 
(association Juncetum maritimi-acuti), (3) Spartina swards: 
Spartinion maritimae (association Limonio-Spertinetum 
maritimae); (4) Salicornia and other annuals colonizing 
mud (Thero-Salicornietea: Suaedo maritime-Salicornietum 
patulae and Salicornietum emericia; and (5) Mediterranean 
and thermo-Atlantic halophilous scrubs: Sarcocornetea 
fruticosi (Puccinellio-Sarcocornetum, Puccinellio-Halimi-
onetum fruticosae, and Limonio angustifoliae-Artemisietum 
caerulescentis).

Sarcocornia fruticosa is one of the most common species 
in the examined habitat. S. fruticosa (L.) A. J. Scott belongs 
to the Family Amaranthaceae. To date, the genus Sarcocor-
nia comprises 28 succulent perennial species that extend in 
saline environments, such as salt marshes, tidal mud flats, 
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coastal cliffs, inland salt pans, edges of saline lakes, and 
saline deserts (Davy et al. 2006; Kadereit et al. 2006; Alonso 
and Crespo 2008; Steffen et al. 2010, 2015; Ventura and Sagi 
2013; Custódio et al. 2021). These plants form small bushes 
(subshrubs and shrubs) that are erected or prostrate, highly 
branched, and up to 150 cm tall. The genus Sarcocornia 
is characterized by a simplified morphology with strongly 
reduced leaves and flowers (Steffen et al. 2015). In the basal 
part, they have woody stems, with the upper parts being 
fleshy and joined with opposite leaves (Costa et al. 2014). 
Individual Sarcocornia flowers are arranged in a horizontal 
row and are equal in size (Kadereit et al. 2007). Because of 
their high salinity tolerance and perennial life cycle, they can 

grow under saline conditions and can be harvested through-
out the year under a wide range of salinities (Custódio et al. 
2021). The phytoremediation potential of S. fruticosa has 
been demonstrated in several previous studies (Moreira da 
Silva et al. 2015; Ben Said et al. 2019).

Sarcocornia species are increasingly used in gourmet 
cuisine (Barriera et al. 2017), are edible, and, considering 
their nutritional properties and nutraceuticals, can contribute 
to sustainable agriculture by producing raw or minimally 
processed (or ready-to-eat) products (Custódio et al. 2021; 
Lombardi et al. 2022). They are also important as medicinal 
plants and as source material for obtaining medicines 
(Custódio et al. 2021; Al-Azzavi and Flowers 2022). For 

Fig. 1   Sečovlje Salina (Piran 
Bay, northern Adriatic) and 
sampling locations
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this reason, it is important to define and highlight the 
geochemical properties of the major elements that are of 
great importance for nutrition and medicine (Selinus 2005; 
Selinus et al. 2015; Barriera et al. 2017; Custódio et al. 
2021; Lombardi et al. 2022).

Therefore, the objectives of this study were to (1) deter-
mine the distribution of the major elements in the below- and 
above-ground tissues of S. fruticosa, (2) evaluate the bioac-
cumulation of the major elements in plants, and (3) identify 
and evaluate their mobility patterns in these systems.

2 � Materials and methods

2.1 � Sampling and analyses

Sampling took place in April and June 2020, when sam-
ples of the S. fruticosa plant were collected from a wider 
area of Sečovlje Salina (Figs. 1 and 2) at sampling site EA, 
located in the evaporation area (Piccia), and at sampling 
site CA, located in the crystallization area. To obtain a suf-
ficient number of samples, three individuals of S. fruticosa 
were collected at each sampling point and mixed to form a 
homogeneous mixed plant sample containing roots, stems, 
and leaves. All the samples were packed in pre-cleaned 
plastic bags and immediately transported to the labora-
tory for subsequent elemental analysis. In the laboratory, 
rhizo-sediment was carefully and thoroughly removed 
from the roots using distilled water, Milli-Q water, and an 
ultrasonic bath. Individual plant samples, such as roots, 
stems, and leaves, were freeze-dried with liquid nitrogen 
and ground into a fine powder. The major element contents 
were measured at Bureau Veritas Mineral Laboratories 
(Canada) using a 5 g split digested in HNO3 and aqua regia 
and analyzed by ICP-MS for ultra-low detection limits. 
Laboratory test quality and objectivity were ensured by 

using neutral laboratory tests. The accuracy and precision 
of the analysis were verified using the reference materials 
STD CDV-1 and STD V16. Precision was greater than 5%.

The preparation of rhizo-sediment samples for elemen-
tal analysis was previously reported by Rogan Šmuc et al. 
(2021). In addition, rhizo-sediment samples from sampling 
sites EA and CA were also prepared by sequential extrac-
tion analysis (Bureau Veritas Commodities Canada Ltd) to 
determine the precise fractionation of Al, Ca, Fe, K, Mg, 
Mn, and Na in the rhizo-sediment material. Samples with a 
particle size less than 0.125 mm and weighing 0.75 g were 
placed in screw-capped test tubes. All chemicals used were 
of analytical grade and the leaching procedure (1 → 5 step) 
began with the weakest to strongest leach:

1.	 Demineralized water to determine soluble constituents 
(pH 7.47),

2.	 1 M ammonium acetate to determine exchangeable cat-
ions adsorbed by clay and elements precipitated with 
carbonates (pH 5.39),

3.	 0.1 M sodium pyrophosphate to determine the elements 
adsorbed by organic matter (humic and fulvic com-
pounds) (pH 9.5),

4.	 Cold 0.1 M hydroxylamine to determine the elements 
adsorbed by amorphous Mn hydroxide and amorphous 
Fe hydroxide (pH 2.57), and

5.	 Hot 0.25 M hydroxylamine to determine the elements in 
residual, incorporated within Fe and Mn oxide crystal 
lattices (pH 0.01).

Subsequently, the contents of the analyzed elements in 
the solutions were measured using a Perkin Elmer 6000 
ICP-MS instrument. The QA/QC protocol included a 
duplicate sample, an aliquot of in-house reference material 
(STD DS12) to monitor analytical precision and accuracy 
(within ± 10%), and a reagent blank to fix the background.

Fig. 2   Sarcocornia fruticosa (a) growing at evaporation (b) and crystallization (c) Sečovlje Salina area
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Different plant species have different potentials for 
element accumulation, and the element content is usually 
higher in the roots than in the aboveground parts (Alloway 
2010). Therefore, to identify the significant translocation 
patterns of the major elements in S. fruticosa, two indices 
were used: bioconcentration and translocation factors. The 
capacity of plants to accumulate elements from sediments 
is estimated using the bioconcentration factor (BCF), 
which is defined as the ratio of the elemental content in 
the roots to that in the sediment (Maiti and Jaiswal 2008; 
Alloway 2010). The capacity of plants to translocate ele-
ments from roots to leaves or stems is estimated using the 
translocation factor (TF), which is defined as the ratio 
of the element content in leaves or stems to that in roots 
(Maiti and Jaiswal 2008; Alloway 2010).

To mark the differences between samples and disclose 
detailed elemental distributions, rotary diagrams were 
created using Statistica VII and Grapher 8 statistical 
software. Similarity and dissimilarity between objects 
were determined by calculating the Euclidean distance, 
and objects were clustered using the average linkage and 
Ward’s method (cluster analysis (CA)).

3 � Results and discussion

3.1 � Basic research area and sediment characteristics

The research area is characterized by a complex hydro-
logical regime with salinity conditions highly impacted 
by the dynamic natural process of tidal inundation and 
sea level rise (Ivajnšič et al. 2017) and the salt produc-
tion processes ongoing throughout the year. This is most 
evident during the salt production season, when seawater 
and brine salinity change owing to weather patterns, water 
movement, operational requirements, and maintenance 
needs (Sovinc 2005; Sau 2007; Kovač et al. 2013). Due 
to the resulting water regime, there are large differences 
in salinity, ranging from seawater concentration (3.5 Bé, 
i.e., 3.4% S) to hypersaline values (brine can be concen-
trated up to 20 Bé (20.1% S) (Glavaš 2013; Glavaš et al. 
2018). Therefore, monitoring the properties of brine and 
its impact on the surrounding system (sediment) is dif-
ficult because of its very variable salinity.

The grain size distribution, pH, total organic carbon 
(TOC), total nitrogen (TN), and total sulfur (TS) measured 
in the Sečovlje sediments were presented in detail in pre-
vious studies (Ogorelec et al. 1981; Glavaš 2013; Glavaš 
et al. 2017; Kovač et al. 2018; Rogan Šmuc et al. 2021).

3.2 � Sequential extraction analysis results 
(rhizo‑sediments)

The total content of major elements in the sediments and 
rhizo-sediments was already interpreted in Rogan Šmuc 
et al. (2021), when it was pointed out that the content of 
major elements is influenced by the mineralogical composi-
tion of the sediments and geological background of the area. 
Here, we disclosed the fractionation of major elements in 
two representative rhizo-sediment samples (from EA and 
CA sites) (Fig. 3) to evaluate their bioavailability and mobil-
ity potential in the studied environment. We did not observe 
any significant differences between the rhizo-sediments 
from the two locations or their elemental fractionation.

The major elements extracted in the water-soluble lea-
chate (fraction 1) are relatively labile bound components 
and are thus potentially bioavailable to the surrounding 
ecosystems (Dean 2007; Rao et al. 2008). Exchangeable 
and carbonate fractions (2) included exchangeable cations 
adsorbed by clay and elements co-precipitated with carbon-
ates. The oxidized fraction (3) consists of elements bound to 
organic matter and sulfides. The metals associated with the 
oxidizable fractions generally remain in the sediments for an 
extended period but can be mobilized by various decomposi-
tion processes (Dean 2007; Rao et al. 2008). Reducible frac-
tion (4) is generally associated with amorphous Fe and Mn 
hydroxides, which are thermodynamically unstable under 
anoxic conditions. The elements in the residual fraction (5) 
are incorporated into naturally occurring crystalline Fe and 
Mn oxide minerals and are therefore stable and highly resist-
ant to various remobilization processes under normal envi-
ronmental conditions (Dean 2007; Rao et al. 2008).

Na and P were found only in water-soluble fraction 1 
(Fig. 3), confirming that Na and P are readily translocated to 
plant tissues under normal environmental conditions, which 
is valid because these two macronutrients are essential for 
all organisms (Reimann and de Caritat 1998). In the rhizo- 
sediments of Sečovlje, Na originates from salt, and P is loosely 
adsorbed to organic material, Fe oxides, and/or carbonate 
minerals (Kovač et al. 2018; Rogan Šmuc et al. 2021).

Extremely high Ca values were found in the exchangeable 
fraction (2) (Fig. 3), and Ca was dominant among all the 
elements studied in this fraction. The presence of Ca in the 
exchangeable phase is due to the mineral composition of the 
rhizo-sediment, where calcite is the second most abundant 
mineral (Glavaš et al. 2017; Kovač et al. 2018; Rogan Šmuc 
et al. 2021). The highest proportion of Mg was also found 
in the exchangeable fraction (2) (Fig. 3), mainly due the fact 
that Mg is inorganically incorporated into calcite crystal lat-
tices, e.g., as a substitution ion for Ca2+ (Morse and Bender 
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1990; Lea et al. 1999, 2000; Bohaty et al. 2012). In addi-
tion, similarly high Mg concentrations were obtained in the 
reducible fraction (4) (Fig. 3), suggesting Mg association 

at the surfaces of Fe oxyhydroxides, such as the mineral 
goethite (α-FeOOH) (Rakovan et al. 1999), which is also 
present in the Sečovlje rhizo-sediment (Rogan Šmuc et al. 

Fig. 3   Major elements partition-
ing in chosen rhizo-sediment 
samples from evaporation (EA) 
and crystallization (CA) sam-
pling areas

Table 1   Average above- 
and below-ground biomass 
content of S. fruticosa from 
the evaporation (EA) and 
crystallization (CA) area. April 
and June indicate the sampling 
periods

Element Al Ca Fe K Mg Na P S
Content % % % % % % % %

EA April
    Leaves 0.01 0.9 0.07 0.73 0.64 5.2 0.18 0.36
    Stem 0.02 1.04 0.08 0.65 0.43 3.73 0.09 0.20
    Roots 0.04 0.27 0.17 1.12 0.42 0.68 0.08 0.15
EA June
    Leaves 0.01 0.81 0.02 0.78 0.82 5.10 0.1 0.15
    Stem 0.06 0.95 0.11 0.55 0.50 4.05 0.07 0.31
    Roots 0.02 0.19 0.04 1.15 0.47 0.14 0.06 0.17
CA April
    Leaves 0.01 0.58 0.02 1.35 0.93 5.15 0.12 0.74
    Stem 0.04 0.69 0.08 0.91 0.46 2.71 0.10 0.29
    Roots 0.03 0.38 0.06 1.50 0.42 0.43 0.09 0.28
CA June
    Leaves 0.05 0.71 0.07 0.97 1.24 5.82 0.09 0.83
    Stem 0.04 0.41 0.06 0.74 0.53 3.86 0.09 0.41
    Roots 0.13 0.25 0.19 1.23 0.48 0.67 0.06 0.40
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2021). Similarly, Mg can specifically adsorb to the surfaces 
of Fe (hydr)oxides (e.g., ferrihydrite), which have a high ion 
adsorption capacity and high affinity for binding inorganic 
ions (Mendez and Hiemstra 2020). Overall, ferrihydrite 
occurs in almost all natural systems and can be present in 
the rhizo-sediments of Sečovlje. As ferrihydrite is a nano-
particulate Fe-(hydr)oxide, we could not detect it in previous 
XRD and SEM–EDS analyses (Rogan Šmuc et al. 2021), 
mainly/probably because of its size.

Al was found in the oxidizable fraction (3) with the high-
est values (Fig. 3). Al complexation with organic compounds 
plays a fundamental role in the dynamics of organic matter, 
with Al preferentially bound to polysaccharides (Masion 
et al. 2000; Hernandez-Soriano 2012). The stabilization of 
organic matter occurs through the formation of insoluble 
Al-OM complexes, which has already been described as 
an important pathway for the formation of stable OM soils 
(Scheel et al. 2007). Glavaš (2013), Glavaš et al. (2017), 
Kovač et al. (2018), and Rogan Šmuc et al. (2021) reported 
higher TOC and TN values in sediments from Sečovlje, 
which can be attributed to the association of organic material 
with Al and also K (see below). In addition, elevated Al con-
centrations have been associated with the reducible fraction, 
where we can associate the presence of Al on the surface 
areas of Fe oxyhydroxides (Rakovan et al. 1999), indicating 
goethite (α-FeOOH) from the samples of the Sečovlje rhizo-
sediment (Rogan Šmuc et al. 2021).

K is closely related to the oxidizable fraction (3) 
(Fig. 3) because organic materials significantly increase 
the initial rapid K adsorption rate and have more acces-
sible adsorption sites for K than the mineral components 
of sediments/soils (Wang and Huang 2001). A significant 
amount of K was also found in the exchangeable frac-
tion (2) (Fig. 3), implying that exchangeable K is weakly 
bound to the outer surfaces and interlayer sites of clay 
minerals (e.g., smectite, vermiculite, and related mixed-
layer minerals) and can be rapidly exchanged by other 
cations present in the pore solution (Sparks 1987; Binner 
et al. 2017). K present in the interlayer space of smectite, 
vermiculite, and related mixed-layer minerals may be 
slowly available, depending strongly on the layer charge 
density and the chemistry of the pore solution (Sparks 
1987; Binner et al. 2017). The amount of K released from 
clays depends strongly on the mineralogical composition, 
in the following order: smectitic > illitic, kaolinitic clay 
(Binner et al. 2017; Gurav et al. 2019). The sediments of 
Sečovlje are a mixture of sandy mud, and as a result, we 
have a relatively high proportion of fine fraction in the 
sediment, in which clay minerals are naturally present 
(Rogan Šmuc et al. 2021). Therefore, exchangeable K was 
most likely derived from smectite minerals detected in the 
rhizo-sediment samples from Sečovlje (Kovač et al. 2018; 
Rogan Šmuc et al. 2021).

Fe and S were highest in the reducible (4) and residual 
(5) fractions (Fig. 3), confirming their definite presence 
in Sečovlje rhizo-sediments with amorphous Fe oxides, 
naturally occurring crystalline Fe and Mn oxide minerals 
(clay and chlorite minerals for Fe), and diagenetic pyrite 
for Fe and S (Kovač et al. 2018; Rogan Šmuc et al. 2021). 
A lower proportion of S was also found in fractions 1 and 
2 (Fig. 3).

According to the results of the elemental fractionation, 
the mobility and bioavailability potential of the major 
elements can be estimated as follows:

•	 Na, P, Ca, Mg, and K were the most mobile elements 
(defined as elements found in fractions 1 and 2) and, 
therefore, may be the most bioavailable.

•	 The dominant association of Al (with organic matter and 
Fe hydroxides), Fe (with Fe hydroxides, secondary pyrite 
and clay minerals), and S (with secondary pyrite) under 
constant, slightly oxygenated conditions demonstrates 
their low mobility potential.

•	 Some Fe is bound to aluminosilicate crystal lattices and 
is unlikely to be released into surrounding ecosystems 
under normal environmental conditions.

Fig. 4   a, b Bioconcentration factors (BCF) calculated for evaporation 
(EA) and crystallization (CA) sampling areas
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3.3 � Major elements distribution in S. fruticosa

The major elements are present in plant tissues in much 
higher contents than the trace elements and are therefore 
referred as “macronutrients”.

The Al, Ca, Fe, K, Mg, Na, P, and S contents in the above- 
and below-ground tissues of S. fruticosa are summarized in 
Table 1. There were no obvious or large differences in the 
content and distribution of the major elements depending 
on the location and sampling time. The contents of major 
elements in the aboveground tissues were generally up to 
two orders of magnitude higher than those in the below-
ground tissues of the studied plants. However, it should be 
emphasized that the Na content in the leaves is almost 7.5 

times higher than that in the roots. Na, Ca, Mg, P, and S had 
the highest nutrient contents in plant tissues (especially in 
the leaves, Table 1). Ahmadi et al. (2022) similarly reported 
increased levels of Na, Ca, and Mg in the aboveground tis-
sues of S. fruticosa. Conversely, Fe, Al, and K contents were 
lower in leaves than in roots, which is consistent with Fe 
and Al data from the studies of Caetano et al. (2008) and 
Petranich et al. (2017) and with (Selinus 2005; Selinus et al. 
2015), who reported that K is less mobile in oxidation zones 
(surficial environments) and often deficient in plant crops.

These results confirmed the sequential extraction results 
and the potential mobility and bioavailability of the major 
elements, as well as the fact that halophyte plants take up 
large amounts of the essential micronutrient Na due to high 

Fig. 5   BCF values (including both sampling areas) rotary diagram
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salinity (Chaudhary 2019; Ahmadi et al. 2022), and that 
macronutrients (Ca, Mg, P, and S) are intensively translo-
cated from the roots to the upper parts of the plant (Selinus 
2005; Selinus et al. 2015; Ahmadi et al. 2022).

3.4 � Evaluation of translocation signature of Al, Ca, 
Fe, K, Mg, Na, P, and S in plant

Figure 4 shows the BCF values of the major elements stud-
ied. K, Na, P, and S had the highest BCF values at both sites 
studied, followed by the BCF values of Mg and Ca, and 
Fe and Al. However, minor differences were observed for 
individual elements within the sampling sites and sampling 
times. BCF values for K and Na were significantly higher in 
April at the EA sampling site; conversely, BCF values for S 
were higher in April and June at the CA sampling site. BCF 
values for P were significantly higher in April at the EA and 
at the CA sampling sites, while BCF values for Mg, Fe, and 
Al were slightly higher in April at the EA sampling site, and 
the BCF values for Ca were constant. In the Sečovlje area, 
there was much more rain in April (which also affected the 
river water regime and produced more dissolved ions and 
effective uptake) than in summer, which could explain the 
higher BCF factors for K, Na, P, Mg, Fe, and Al in April. 
These differences are also highlighted in the BCF rotary dia-
gram (Fig. 5). Multivariate analysis revealed that two major 
groups clustered according to the time of sampling: April 
and June (Fig. 6). There was a strong association between 
all BCF values (EA and CA sampling sites) in April and a 
slightly outlined association between all BCF values (EA 

and CA sampling sites) in June. This suggests that there are 
no significant differences (linkage distance on the tree dia-
gram is only seven (Fig. 6)) between the sampling locations 
and the calculations of the factor BCF.

The effectiveness of elemental uptake/absorption depends 
on many factors, such as particle size, sediment pH and 
redox potential (Eh), salinity, organic matter and clay con-
tent, cation exchange capacity, the presence of bacteria-
mediated acidification processes, plant species, and develop-
mental stage (Otte et al. 1993; Williams et al. 1994; Sundby 
et al. 2003; Selinus 2005; Selinus et al. 2015; Caetano et al. 
2008; Martins et al. 2008; Caçador et al. 2009). Absorp-
tion can be selective for a particular ion and usually occurs 
at very low concentrations (Selinus 2005; Selinus et al. 
2015). Therefore, it is unlikely that the elements absorbed 
by the roots reflect the trend of element content in the rhizo-
sediment. In our case, K, Na, P, and S reflected this trend 
(BCF values > 1), as indicated by the sequential extraction 
results. It is very difficult to find exact parallels to the results 
of sequential extraction analysis for other major elements 
because the sediment-halophyte translocation system is 
very complex, and there are many interdependent factors 
that affect the mobility and bioavailability of elements from 
the sediment in a very short period (Otte et al. 1993; Caetano 
et al. 2008; Caçador et al. 2009; Petranich et al. 2017).

In general, the amount of moisture (which also affects the 
sediment pore waters) and the roots can alter the chemical 
properties of the sediment by altering redox conditions and 
consequently increasing or decreasing the availability of ele-
ments (such as K, Na, P, and S) (Selinus 2005; Selinus et al. 

Fig. 6   Tree diagram (dendro-
gram) for BCF values (includ-
ing both sampling areas)
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2015; Caetano et al. 2008). We must also emphasize that Ca, 
Mg, Al, and Fe could not be translocated from the sediment 
because they form stable complexes with carbonates (Ca and 
Mg), organic matter (Al), and oxyhydroxides (Fe) at neutral and 
alkaline pH values (Almeida et al. 2004; Petranich et al. 2017).

Figure 7 shows TF values with Ca, Mg, Na, P, and S 
above 1, indicating their intensive positive translocation 
from the roots to the leaves. Na had the highest TF values, 
followed by TF values for Ca, Mg, and S, while K, Al, and 
Fe had TF values < 1 (Fig. 7). This implies that K, A, and Fe 
accumulated from the rhizo-sediment mostly remained in the 
roots, as previously reported by (Selinus 2005; Selinus et al. 
2015) and Caçador et al. (2009), Petranich et al. (2017), and 
Ahmadi et al. (2022).

We used a rotary diagram (Fig. 8) to expose the increased 
values of the TF factor for P (EA), and K (CA) in the April 
samples and increased values of the TF factor for Ca, Na, 
Al, Fe (EA), and Mg (CA) in the June samples. Multivariate 
analysis also revealed two main groups clustered according 
to differences in the calculated TF values (Fig. 9). The tree 
diagram clearly shows the TF values for the samples from 
EA (April) and CA (April and June) as a very similar group 
(with a linkage distance of only 5 (Fig. 9)), while the TF 
values for the samples from EA in June are highlighted as an 
outline. This group consists of extremely high TF values for 

Fig. 7   a, b Translocation factors (TF) calculated for evaporation (EA) 
and crystallization (CA) sampling areas

Fig. 8   TF values (including 
both sampling areas) rotary 
diagram
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Na and Ca (Fig. 7), indicating accelerated translocation of 
Na and Ca from roots to leaves: (1) salinity is higher in June, 
and thus Na content in plants is higher, and (2) plants require 
Ca as an essential element for the growth, maintenance, and 
integrity of membranes (Selinus 2005; Selinus et al. 2015).

The general trend in the translocation signature for 
major elements (as macronutrients), distinguished by 
BCF and TF factor calculations, emphasizes that root tis-
sues significantly accumulate a large amount of major 
elements, whereas accumulation depends on individual 
major elements, and that major elements represent high 
translocation within plants for Ca, Mg, Na, P, and S and 
limited mobility for Al, Fe, and K. This is consistent with 
Selinus (2005) and Ahmadi et al. (2022): Ca is an essen-
tial element for plant growth, maintenance, and membrane 
integrity; Mg is a specific component of chlorophyll; Na 
is present due to the hypersaline environment; P is a key 
component in plant metabolic processes; S is very impor-
tant as it is a component of enzymes and other key pro-
teins; Al and Fe are preferentially accumulated in roots 
(Petranich et al. 2017); and plant crops/tops/leaves are 
generally undersupplied with K.

4 � Conclusions

This study was conducted in one of the most important 
ecological areas on the Adriatic, the Sečovlje Salina 
Nature Park. It is the first study on the content and 

extraction of major elements from rhizo-sediments and 
the distribution of major elements by plants. Our results 
suggest that the major elements are vital macronutrients 
for halophytes, but their accumulation in the roots and 
further translocation within the plant depend on the indi-
vidual elements and their dynamics, which are closely 
related to various environmental factors such as sediment 
pH, sediment moisture, grain size, mineralogical compo-
sition of the sediment, and salinity.

Thus, the sampling area in the season without salt pro-
duction (mid-September to mid-June) is mainly influenced 
by climatic factors, while in the season with salt production 
(mid-June to mid-September), it is characterized by unique 
and complex hydrological, climatic, and anthropogenic fea-
tures (salt production). Despite the higher salinity in the 
crystallization (CA) due to the effects of salt production, 
there are no major differences between the results of the 
two sampling stations (EA and CA). This is probably due to 
the complex hydrological system of the study area and the 
very dynamic, variable and individual element chemistry in 
the sediments.

The content of Al, Ca, Fe, K, Mg, Na, P, and S in the 
above- and below-ground tissues of S. fruticosa confirmed 
the results of sequential extraction for the potential mobility 
and bioavailability of the major elements, as well as the fact 
that halophyte plants take up high amounts of the essential 
micronutrient Na due to high salinity. Macronutrients (Ca, 
Mg, P, and S) were intensively translocated from the roots 
to the upper parts of the plants.

Fig. 9   Tree diagram (dendro-
gram) for TF values (including 
both sampling areas)
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The trend in the translocation signature for major ele-
ments (macronutrients) defined by BCF and TF factor cal-
culations revealed that root tissues significantly accumu-
late high levels of major elements, whereas accumulation 
depends on individual major elements. The major elements 
Ca, Mg, Na, P, and S show high translocation within plants, 
whereas the mobility of Al, Fe, and K is limited. The pat-
tern presented can be justified as follows: Ca is an essen-
tial element for plant growth, maintenance, and membrane 
integrity; Mg is a specific component of chlorophyll; Na is 
present due to the hypersaline environment; P is a key com-
ponent of plant metabolic processes; S is very important as 
it is a component of enzymes and other key proteins; Al and 
Fe are preferentially accumulated in roots; and plant leaves 
are generally undersupplied with K.
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available from the corresponding author upon reasonable request.
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