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ARTICLE INFO ABSTRACT

Edited by Dr Muhammad Zia-ur-Rehman The objective of this study was to investigate the potential of native and invasive plant species for the uptake and

accumulation of lithium (Li) and strontium (Sr) along the Sava River, focusing on their bioindication and phy-

Keywords: toremediation capabilities. Sampling was carried out in riparian zones exposed to different pollution sources in
]SJth‘“m Slovenia, Croatia, and Serbia. Plant samples of native (Salix alba, Populus alba, Populus nigra, Ulmus glabra, Juglans
trontium

regia) and invasive (Amorpha fruticosa, Reynoutria japonica, Solidago canadensis, Impatiens glandulifera) species
were collected. The content of Li and Sr was analyzed in the soils, roots, and leaves of the selected plants, as well
as physical and chemical soil properties. Both Li and Sr content in the soils increased from the source to the
mouth of the Sava River. The native species showed significant potential for Li and Sr accumulation based on the
metal accumulation index. The highest Sr accumulation was measured in the leaves of Salix alba and the roots of
Juglans regia, while the highest Li accumulation was measured in Ulmus glabra. Native species, especially Salix
alba, proved to be better bioindicators of Li and Sr. Invasive species, especially Amorpha fruticosa and Impatiens
glandulifera, showed a remarkable ability to translocate Sr and Li, respectively, to leaves. These results provide
valuable insight into the suitability of plants for biomonitoring soil contamination and potential applications in
phytoremediation strategies. In summary, the study shows the importance of native species in the context of the
accumulation and bioindication of soil pollution.

PTE accumulation
Remediation
Native species
Invasive species

1. Introduction agricultural activities and biological processes related to eutrophication

are the main sources of these elements. Downstream, in the lower rea-

The Sava River, a major waterway flowing through the Balkans,
hosts diverse riparian ecosystems that play a critical role in regional
biodiversity and environmental health. Ecosystems in the riparian zone
of the Sava River face environmental problems resulting from the in-
fluence of anthropogenic factors, settlements and industrial facilities,
the expansion of agricultural land, and the development of a complex
flood control system that protects fertile agricultural land (ISRBC,
2009). Pollution of rivers and riparian areas is one of the problems that
researchers have been paying increasing attention to lately. Much of the
research focuses on studying the harmful effects of potentially toxic
chemical elements (PTEs) that remain in river sediments and in the soil
of riparian areas long after they have been accumulated.

The presence of PTEs in the upper reaches of the Sava is due to the
decomposition of carbonate-bearing source rocks. In the middle section,
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ches of the Sava River, the increased content of PTEs is largely due to
pollution from industrial activities and discharge of untreated industrial
and municipal wastewater (Markovics et al., 2010; Séancar et al., 2015).
As a result of these factors, the Sava River has been classified as a
moderately polluted European river in terms of water and sediment
pollution (Vidmar et al., 2017; Markovi¢ et al., 2018). There are previ-
ous findings of elevated Sr content in soils on the banks of the Sava River
in the narrower area of the city of Zagreb (> 200 mg kg™!; Vertacnik
et al., 1995). On the other hand, to our knowledge, there are no studies
on Li content in soils on the banks of the Sava River. It is expected that
elevated Li content can be found in this area, considering that the Sava
River is located in the metallogenic lithium-boron zone of the Western
Balkans (Borojevi¢ Sostari¢ and Brenko, 2023). In addition to natural
sources of Li, anthropogenic sources include inadequately disposed
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municipal waste, which often contains batteries of various compositions
and uses, including lithium-ion batteries, as well as waste generated
during the production of plastics, glass, ceramics, various alloys, etc.
Transportation is also one of the sources of Li, as this element is used in
the production of a variety of lubricants in the automotive industry
(Yalamanchali, 2012). Coal mining and combustion in thermal power
plants is one of the most important anthropogenic sources of Li (Adeel
et al., 2023), and the largest thermal power plant in Serbia is located on
the banks of the Sava River. Strontium also occurs in soil from the
release of coal ash and industrial waste (Gad, 2014).

Both lithium (Li) and strontium (Sr) may be beneficial elements for
plants in trace amounts, but elevated levels of these elements can be
toxic. Lithium toxicity can lead to impaired root and shoot growth,
decreased photosynthetic activity, and altered nutrient uptake (Baran,
2019). Similarly, Sr toxicity can impair uptake of essential nutrients,
disrupt enzyme activities, and negatively impact overall plant health
(Burger and Lichtscheidl, 2019). Understanding toxicity levels and
mechanisms of tolerance to these elements is critical to assessing the risk
they pose to plant species and the surrounding environment; therefore,
the question of remediation of these elements arises.

The remediation of PTE contaminated areas is of economic impor-
tance because it requires a large amount of energy and hazardous
chemical reagents to remove the contaminants (Santos et al., 2022).
Phytoremediation is a promising alternative that uses plants to remove
PTEs. This technique uses the metabolic capacity of plants to remediate
contaminated sites. Plants can immobilize contaminants in the soil
through phytostabilization or extract them from the soil and store them
in plant biomass through phytoremediation. This process ultimately
improves the overall quality of contaminated ecosystems (Matakala
et al., 2023). This is also a sustainable and cost-effective approach to
metal pollution control, including remediation of Li and Sr in soils. Due
to their genetic and physiological potential, some plant species can
accumulate, translocate, and tolerate high concentrations of metals and
are used for phytoremediation (Hasanuzzaman et al., 2015). The se-
lection of appropriate plant species is critical to phytoremediation.
Native plant species are well adapted to the local environment, which
can increase their tolerance to native contaminant sources. Their in-
clusion in remediation projects promotes ecological restoration and
supports regional biodiversity (Pavlovic et al., 2004; Yoon et al., 2006;
Gajic et al., 2016). On the other hand, invasive plant species tend to have
higher pollutant uptake rates due to their competitive growth and
adaptability. These species often have rapid growth, broad adaptability,
large biomass, and robust heavy metal accumulation and tolerance ca-
pabilities (Rai and Kim, 2020; Kumar Rai and Singh, 2020; Xue et al.,
2022). These traits, which enable successful invasion, are also respon-
sible for the effective phytoremediation capacity of invasive plants. As a
result, the appropriate use of invasive plant species has become a topic
of concern as well as a research interest (Fu et al., 2017; Prabakaran
et al., 2019; Xue et al., 2022).

The term bioindicator generally refers to any organism that provides
quantitative information about the quality of the environment (Markert
et al., 2003; Birke et al., 2018). The use of plants as bioindicators is a
useful tool for long-term information in ecological research, especially
for assessing negative impacts of anthropogenic activities (Wojtun et al.,
2018). Positive correlations between the content of PTEs in soils and
plants indicate the potential of plants for bioindication and monitoring
of soil contamination (Pavlovic et al., 2016; Alexandrino et al., 2020).
However, the correlation of PTE content in soils and plants is not always
clear and linear due to the physicochemical properties of the soil and the
specificity of plant species (Banuelos et al., 2020). Certain plant species
can accumulate many times higher amounts of elements in their
aboveground parts than in the soil solution. In this way, plants can also
be used to indicate very low PTE contents in the soil, which cannot al-
ways be easily determined by measuring total content and sometimes
not even by chemical methods of element extraction (Madejon et al.,
2017).
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Previous studies on the uptake of Li and Sr in different plant species
have been conducted in different environments such as urban and
mining areas and under experimental conditions (Seregin and Kozhev-
nikova, 2004; Necemer et al., 2008; Sasmaz and Sasmaz, 2017; Kava-
nagh et al., 2018; Burger et al., 2019; Torok et al., 2021; Sasmaz et al.,
2021; Bolan et al., 2021; Liang et al., 2023). However, these studies did
not focus on the specific plants investigated in this study. Experimental
studies have shown that toxicity of Li and Sr in plants depends on the
plant species, concentration of Li and Sr in treatments, as well as
duration of treatment (Shahzad et al., 2016; Dresler et al., 2018; Burger
et al., 2019; Srikhumsuk et al., 2023).

To our knowledge, the specific interactions of these elements with
plant species along the Sava River have not yet been studied. Therefore,
this study fills a significant knowledge gap and provides region-specific
information that is critical for understanding the unique dynamics of Li
and Sr uptake in the Sava River ecosystem.

The objective of this study is to determine Li and Sr content in ri-
parian soils, define soil properties that could influence uptake of Li and
Sr by plants, and to determine the uptake rates of these elements in the
roots and leaves of 8 plant species, native and invasive to the Sava region
(Salix alba, Populus nigra, Juglans regia, Ulmus glabra, Amorpha fruticosa,
Reynoutria japonica, Solidago canadensis, and Impatiens glandulifera). The
application of accumulation factors to the measurements obtained will
help evaluate the potential of plants for phytoremediation of Li and Sr,
while the correlation of levels in plants and soils will help determine the
potential of plants for the bioindication of these elements in soils in river
basins. Results will provide insights into the phytoremediation and
bioindication potential of the selected native and invasive plant species,
based on their ability to accumulate Li and Sr in riparian soils.

2. Materials and methods
2.1. Study area and sampling

To study the changes and patterns from the source to the mouth of
the river, field research was conducted in areas exposed to various
sources of pollution. These areas include: Slovenia (Mojstrana (MOJ),
Radovljica (RAD), Litija (LIT), Vrhovo (VRH), and Catez (CAT)), Croatia
(Zagreb (ZAG), Jasenovac (JAS), Slavonski Brod (SLB), and Zupanja
(ZUP)), and Serbia (Sremska Mitrovica (SRM), Sabac (SAB), and Bel-
grade (BEO)) (Fig. 1). The criterion for selection of the sampling sites
was that they contained riparian habitats under the direct influence of
various types and intensities of anthropogenic pollution and degrada-
tion. Site selection was coordinated with the research program under the
European Commission FP7 project Managing the effects of multiple
stressors on aquatic ecosystems under water scarcity’ (GLOBAQUA) to
ensure the collection of a high-quality environmental dataset (Nav-
arro-Ortega et al., 2015). For more details on the types of anthropogenic
pollution sources at each sampling site, see previously published articles
on this project, such as Mataruga et al. (2020).

The following plant species were selected as model species for these
studies: native species - Salix alba, Populus alba, Populus nigra, Ulmus
glabra, and Juglans regia - and invasive species - Amorpha fruticosa,
Reynoutria japonica, Solidago canadensis, and Impatiens glandulifera. The
criteria for the selection of the above species were their presence in more
than 50% of the selected sites, their high abundance, and their acces-
sibility for sampling.

Soil samples were collected from river floodplains where soils exhibit
considerable spatial and vertical variability within a given soil profile.
This variability includes differences in structure, granulometric
composition, potential for contaminant accumulation, and other prop-
erties. Samples were collected at depths of 0-30 cm and 30-60 cm, with
the exception of the MOJ (0-10 cm) and VRH (0-30 cm) sampling sites.
Aggregate samples were formed from 5 soil samples taken in the root
zone of the studied plant species at each site. The samples were air dried,
ground in a stainless steel mill (Polimix, Kinematica AG), passed through
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Fig. 1. The Sava River with the sampling sites marked.

a sieve with an aperture size of 2 mm and stored in clean polypropylene
bags until analysis. After measuring hygroscopic moisture, samples were
dried in an oven (Binder, Tuttlingen, Germany) at 105 °C until constant
weight.

Thirty grams of leaves were collected from the aerial parts of three to
five selected individuals and root samples were collected from the
rhizosphere. Composite samples were formed from these samples for
each species at each sampling site. Sampling was conducted in the
beginning of the September, at the end of the growing season, to allow
sufficient time for all plant species to accumulate maximum amounts of
Li and Sr. The root and leaf samples were washed with distilled water
and dried in an oven at 75 °C until constant weight. After grinding in a
laboratory mill (Polimix, Kinematica AG), the samples were passed
through a stainless steel sieve with an aperture size of 1.5 mm and
further processed for analysis.

2.2. Physical and chemical properties of the soil

To determine the general physical and chemical properties of the soil
at the sites studied, these properties were determined from the aggregate
sample for each sampling site. The granulometric composition of the soil
samples was determined by the sedimentation method using the com-
bined pipetting technique in 0.4 M tetrasodium diphosphate (Na4P207)
(Atterberg, 1911). The classification of soil texture classes was based on
the texture triangle (Soil Science Division Staff, 2017) in relation to the
measured content of sand (2-0.06 mm), silt (0.06-0.002 mm), and clay
particles (<0.002 mm). Hygroscopic soil moisture was determined by

drying the soil samples at a temperature of 105 °C to constant weight.
Active (pH in H20) and substitutional acidity (pH in 0.1 M KCl) were
measured using a pH meter (WTW, inoLab 7110, Germany). Soil carbon
(C%) and nitrogen (N%) contents were determined by burning the
samples at 1150°C using a CNS analyzer (Vario EL III, Germany) ac-
cording to the method described by Nelson and Sommers (1996). CaCOs
content was determined quantitatively using a Scheibler calcimeter.

2.3. Li and Sr content

To determine the content of the elements, 0.5 g of soil was prepared
using the wet digestion method with aqua regia (3 ml HNO3 and 9 ml
HCI) in a microwave oven (CEM Mars 6). The content of Li and Sr was
measured using the method of optical emission spectrometry for
simultaneous multi-element analysis (ICP-OES, Spectro Genesis). The
accuracy of the results was checked by analyzing the standard reference
material for soil (clay soil - ERM-CC141, IRMM certified by EC-JRC). The
recovery values found were 95% for Li and 106% for Sr.

To determine the total content of the elements in plants, 0.3 g of
plant material was prepared for analysis using the wet digestion method
with a mixture of nitric acid (concentrated HNOs, 9 ml) and hydrogen
peroxide (30% H203, 3 ml) in a microwave oven (CEM Mars 6). The
content of elements was determined using ICP-OES (Spectro Genesis).
The accuracy of the results was checked by analyzing standard reference
material (Beach leaf - BCR-100, IRMM certified by EC-JRC), and the
recovery values found were 94% for Li and 109 for Sr%.

All measurements were performed in 5 replicates of each species and
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soil sample per sampling site, and reported as mean values. The content
of elements is given in mg kg~! dry weight. The detection limits of the
analyzed elements in the samples were 0.037 mg kg™! (Li) and 0.00116
mg kg™ (S).

2.4. Statistics

To evaluate the potential of the studied plant species for the accu-
mulation of PTEs, the enrichment coefficients for roots (ECR) were
calculated as the ratio between the element contents in the roots of the
plants and the total content of elements in the soil (Chen et al., 2005;
Sasmaz and Sasmaz, 2017). Plants with higher metal content in their
roots alone (ECR > 1, TF < 1) are considered excluders (Wei et al., 2002;
Deepika and Haritash, 2023).

The accumulation of PTEs in leaves was determined using the
enrichment coefficients for leaves (ECS), calculated by dividing the
plant leaf content for each plant by the soil content. This parameter
shows a plant’s capacity for the accumulation of PTEs directly from the
soil (Sasmaz and Sasmaz, 2017). Plants are considered to have a phy-
toextraction potential when the ECS is > 1 and an excluders when the
ECSis <1 (Wei et al., 2002). If the ECR and ECS values are close to 1 (e.
g., 0.90 or 0.80), then the plants may be classed as good remediation
plants (Sasmaz et al., 2016; Sasmaz and Sasmaz, 2017).

Translocation factor (TLF), as defined by Yoon et al. (2006) and
Sasmaz and Sasmaz (2017), is calculated as the ratio of element content
in leaves to that in roots. This ratio was used to evaluate the efficiency of
element uptake in aboveground plant parts and the transfer capacity of
the plant from roots to leaves. Plants with a TLF > 1 are considered to
have a phytoextraction potential (Baker and Brooks, 1989). The TLF is
an important factor for phytoremediation since it represents the ability
of a plant to absorb the element from the soil and transfer it into
aboveground parts that might be harvested (Yu et al, 2008).

The metal accumulation index (MAIL; Liu et al., 2007) was used to
evaluate the overall performance of the selected plants in terms of
element accumulation in leaves. The MAI was calculated as:

MAI_(l/N)ZN:Ij

where N is the total number of elements analyzed and Ij = x/dx is the
subindex for variable j obtained by dividing the mean (x) of each metal
by its standard deviation (dx). In this particular case, the MAI was
calculated as follows:

MAI = (ILi + ISr)/2 = (xLi/dLi + xSr/dSr)/2

The MAI was calculated for each plant at each sampling site and
presented as the average MAI value for every plant species.

The relationship between the content of the studied elements in the
soil, root and leaf samples was evaluated using the nonparametric
Spearman correlation (the normality test showed that there was no
normal distribution). To determine statistically significant differences
between the measured contents of the elements in the root and leaf
samples, a one-way ANOVA with least significant difference (LSD) post-
hoc test was used. The level of statistical significance of the ANOVA test
and Spearman’s correlations are marked with * for p < 0.05, ** for
p < 0.01, and *** for p < 0.001.

Descriptive and multivariate statistical analyses were performed
using Statistica 12.0 software (StaSoft Inc, 2013). The attached map was
created using ArcGis program ArcMap 10.6.1 (Esri Inc, 2018).

3. Results and discussion

3.1. Physical and chemical properties of the soil

The physical and chemical properties of the soil affect the
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availability of PTEs to plants. Overall, soil pH plays a critical role in
regulating the availability of elements by influencing cation exchange
processes and sorption of elements to clay particles and surfaces of
organic matter (Adriano, 2001). Therefore, when assessing the ecolog-
ical condition of soil, it is important to understand the influence of these
physical and chemical properties on element availability. In addition,
plant root exudates contribute significantly to element availability
(Alloway, 1995).

The soils analyzed in this study were classified as slightly to
moderately alkaline in terms of pH and neutral to slightly alkaline in
terms of substitution acidity (Table 1). The granulometric composition
of the soil in the study area varied along the length of the river. The
proportion of total sand in the soil decreased downstream, while the
proportion of silt and clay increased and dominated in the middle and
lower courses of the river. Such variations are typical of soils in river
reaches (Jerolmack and Brzinski, 2010). In the upper and middle sec-
tions, soils fell into three textural classes: sand (LIT), loamy sand (RAD,
ZAG, JAS), and sandy loam (MOJ, VRH, CAT, ZAG). In the lower course,
the proportion of slit and clay increased, while the sand fraction
decreased, leading to loam (SLB, ZUP, SRM), silty loam (ZUP, SRM, SAB,
BEO), and silty-clay loam (BEO) soils (Table 1).

Sandy soils in the upper and middle sections of a river experience
greater leaching of particles and elements during precipitation and
flooding due to their higher water permeability (Dvorak and Novak,
1994). Consequently, the studied sites with higher sand content had
lower hygroscopic moisture contents (HM %) (Table 1). In contrast, soils
with higher clay content have a larger adsorptive surface area, which
allows them to bind more hygroscopic moisture and PTEs. Organic
matter also contributes to higher moisture retention (Antic et al., 1982),
as observed in sites with higher carbon content (Table 1).

In addition, carbon and nitrogen contents in soil samples were found
to be low, most likely due to leaching during flooding and precipitation.
Favorable carbon to nitrogen (C:N) ratios for organic matter decompo-
sition (<20; Esmaeilzadeh and Ahangar, 2014) were calculated for MOJ
in the upper course and for ZUP, SRM, SAB and BEO in the lower course
of the river (Table 1). In contrast, RAD, LIT, ZAG and JAS had higher C:N
ratios, which may lead to nitrogen immobilization and lower nitrogen
availability, negatively affecting plant growth and development
(Esmaeilzadeh and Ahangar, 2014; Hagemann et al., 2016).

3.2. Li and Sr content in soils

The average content of Li in soils of the world is 13-28 mg kg~ *, with
the highest values measured in those with heavier mechanical compo-
sition and the lowest in sandy soils (Kabata-Pendias, 2011). In the Foregs
Geochemical Atlas of Europe, the average Li content of floodplain sed-
iments is reported to be 27.5 mg kg*1 (Salminen, 2005). Soil Li content
values measured at all sampling sites except MOJ and RAD were higher
than global averages for soils and values reported in the Foregs
Geochemical Atlas of Europe (Table 2). The Li content in the studied
soils exhibited an increasing trend from the source to the river mouth.
Lithium has been reported as phytotoxic at soil in concentrations above
50 ppm (Franzaring et al., 2016). Since the results of Li content in soils
show that Li is present at concentrations greater than 50 mg kg™! at
most sampling sites, possible toxic effects on plants are expected to occur
(Table 2).

Strontium content in soils is estimated to range from 87 mg kg~! to
210 mg kg~! worldwide (Kabata-Pendias and Mukherjee, 2007). Ac-
cording to the Foregs Geochemical Atlas of Europe, the average Sr
content in topsoil is 130 mg kg~!, while the value in subsoil increases to
143 mg kg™! (Salminen, 2005). The analyzed soils had a relatively
uniform Sr content, except for the soils in the upper course of the river
(Table 2). The maximum Sr content was measured in Zagreb
(205.10 mg kg™1). The most of the measured Sr content in soils were
above the values given in Foregs Geochemical Atlas of Europe (Table 2).
Calcium content in soils largely determines the chemistry of Sr and a Ca:
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Table 1
Physical and chemical characteristics of soil.
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Site Depth cm pH (H20) pH (KCD C% N% C:N CaCO3q, HM % Sand (%) Silt (%) Clay (%) Texture class
MOJ 0-10 7.37 6.92 24.09 1.34 15.37 28.88 5.5 58.54 37.26 4.20 Sandy loam
RAD 0-30 8.06 7.64 9.72 0.12 41.90 39.23 1.5 79.24 16.75 4.01 Loamy sand
30-60 7.44 7.48 8.60 0.07 48.89 31.06 1.3 82.84 13.42 3.74 Loamy sand
LIT 0-30 8.17 7.96 5.74 0.08 35.20 23.77 0.9 90.09 9.29 0.62 Sand
30-60 8.02 7.81 5.29 0.05 51.73 25.66 0.8 91.82 7.28 0.90 Sand
VRH 0-30 7.87 7.49 5.68 0.14 25.51 16.63 0.7 69.99 25.69 4.32 Sandy loam
CAT 0-30 7.98 7.44 5.38 0.16 20.91 16.23 2.6 55.34 37.94 6.72 Sandy loam
30-60 7.53 7.08 5.26 0.14 24.38 15.16 3.7 48.93 43.82 7.25 Loam
ZAG 0-30 8.00 7.69 6.33 0.08 39.89 25.56 1.8 76.75 18.41 4.84 Loamy sand
30-60 7.70 7.36 6.08 0.08 41.59 22.24 2.2 71.35 22.86 5.79 Sandy loam
JAS 0-30 8.03 7.75 5.87 0.06 40.72 27.61 1.7 80.76 14.99 4.25 Loamy sand
30-60 7.70 7.53 5.48 0.04 58.05 26.19 2.3 80.44 8.73 2.75 Loamy sand
SLB 0-30 7.92 7.37 4.60 0.13 20.83 16.62 2.7 42.70 42.10 15.20 Loam
30-60 7.68 7.17 4.26 0.11 21.10 16.63 3.5 49.59 39.56 10.85 Loam
ZUP 0-30 7.88 7.29 3.68 0.14 15.09 12.94 3.5 26.08 56.68 17.24 Silty loam
30-60 7.81 7.15 3.08 0.11 13.89 12.73 3.6 29.50 49.13 21.37 Loam
SRM 0-30 7.88 7.42 3.41 0.15 11.00 11.09 3.6 22.26 55.57 22.17 Silty loam
30-60 7.78 7.25 3.37 0.13 12.25 14.96 3.7 43.94 43.61 12.45 Loam
SAB 0-30 7.86 7.32 3.34 0.15 12.72 11.82 3.2 20.49 63.15 16.36 Silty loam
30-60 7.74 7.06 3.20 0.14 12.51 11.39 4.5 19.80 61.09 19.11 Silty loam
BEO 0-30 7.82 7.21 4.28 0.23 11.17 10.77 4.2 7.91 64.75 27.34 Silty-clay loam
30-60 7.70 7.07 3.04 0.17 11.13 9.53 4.4 10.80 63.47 25.73 Silty loam
Table 2 Considering that investigated soils have relatively high percent of the
able

The content of Li and Sr in soil; mean with standard deviation in parentheses; in
-1
mg kg™ .

Site Depth Li Sr Site Depth Li Sr
(cm) (em)
MOJ  0-10 12.42  63.23 SLB 0-30 52.09 180.76
(0.89) (4.23) (0.08) (1.92)
RAD  0-30 19.92 105.01 30-60 63.66 184.49
(1.29)  (6.53) (0.81) (1.78)
30-60 27.53 196.41 ZUP  0-30 60.23 158,62
(0.36) (3.43) (0.81)  (0.47)
LIT 0-30 49.10  95.11 30-60 80.92 158.76
(0.34) (3.45) 1.71) (219
30-60 46.60  64.85 SRM  0-30 76.14 166.59
(1.69)  (0.64) (1.02)  (0.95)
VRH  0-30 54.72 165.34 30-60 83.93 186.20
0.21) (2.22) 0.73) (1.89)
CAT 0-30 63.95 182.13 SAB 0-30 72.21 158.52
(0.56) (2.15) 0.69)  (0.71)
30-60 76.27 183.40 30-60 85.74 166.88
(0.99) (3.54) (0.92) (1.71)
ZAG  0-30 43.36 20510 BEO  0-30 93.77 163.84
0.17)  (1.28) (217) (3.74)
30-60 51.91 202.72 30-60 97.58 164.93
(2.48) (2.67) (0.48) (2.43)
JAS 0-30 37.35 166.45  Mean value for the  56.96 156.08
(0.30) (1.27) entire stretch
30-60 29.21 164.89  Average for world 13-28 87-
(0.20) (1.18) soils® 210

2 Kabata-Pendias and Mukherjee (2007)

Sr ratio of less than 8 in soil indicates Sr toxicity (Kabata-Pendias, 2011).
Although the Ca content in soil and plants was not a subject of the
research in this work, determining the content of chemical elements in
soil also included the content of this element. The results showed that
the Ca:Sr ratio varied from 630 in BEO to 1730 in LIT - much higher than
8, indicating that there is no risk of toxicity of this element in soil.

In general, soil minerals absorb more Sr than Li and higher Li levels
in soil could lead to Sr precipitation and lower uptake of this element by
plants (Burger and Lichtscheidl, 2019). High CaCOs content in soils
reduces the uptake of Li and Sr by plants (Anderson, 1990; Burger and
Lichtscheidl, 2019). On the other hand, increased hygroscopic soil
moisture leads to higher availability of Sr to plants (Burger and Licht-
scheidl, 2019). The uptake of strontium by plants is the highest in sandy
soils with low clay and organic matter content (Baes et al., 1986).

sand and low percent of carbon and CaCOs (Table 1), it is expected to
have high Sr accumulation in plants.

3.3. Li and Sr content in plants

The uptake of these elements by plants is influenced by both the
physical and chemical properties of the soil and the unique morpho-
physiological characteristics of plants. These include the structure of
roots and leaves and species-specific mechanisms of uptake and accu-
mulation (Mitrovi¢ et al., 2008; Franzaring et al., 2016; Pavlovic et al.,
2017). Plants are also used to indicate and monitor the content of these
elements in habitats so as to identify the spatial and temporal distribu-
tion of contaminants. Plant adaptations to elevated PTE levels vary.
While some accumulate the toxic elements at the root level, others
transport them to the aboveground parts (translocation), especially the
leaves, and accumulate them there (Markert et al., 2003; Gajic¢ et al.,
2020). Despite numerous limitations in using plants for bioindication
and biomonitoring of soil pollution, they have significant advantages
over chemical analyses of soil quality, especially when research is con-
ducted on large spatial scales (Madejon et al., 2006).

The amount of lithium in plants usually ranges from 0.2 and
30 mg kg! and is species-specific (Aral and Vecchio-Sadus, 2008;
Tanveer et al., 2019). In the available literature, there are no accurate
empirical data on reference values for Li concentrations in plant tissues,
including toxic levels of this element. There are data that species from
the Fabaceae family (A. fruticosa in our study) grow successfully on
lithium rich soils, while some species from the Asteraceae family (family
of S. canadensis), e.g. Cirsium vulgare, have high Li uptake (Ezdakova,
1964; Kastori et al., 2022). In terms of toxicity, previous studies show
that the threshold concentrations of Li vary widely. Moderate to severe
toxic effects were observed at Li concentrations of 4 to 40 mg kg™ ! in
leaves of woody species, e.g. citrus plants (Gough et al., 1979), while
toxic symptoms in avocados occurred at 6 mg kg™! and reduced growth
by 25% (Bingham et al., 1964; Shahzad et al., 2016). Therefore, the
range of toxic levels was set at the wide range of 5 to 50 mg kg~! pro-
posed by Kabata-Pendias (2011), which is often used as a general guide
for assessing accumulated toxic Li levels in plants. That implies that
additional research into the toxicity of Li in plants needs to be
conducted.

Sr content in plants also varies widely, with the highest concentra-
tions usually found in above-ground plant parts. The accumulation of
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this element is also species-specific. Low amounts of Sr are found in
plants used as food (1-4 mg kg_lg D'Archivio et al., 2019) or medicine
(Hypericum perforatum: 7-19 mg kg™!; Bonari et al., 2019). Plants
growing in mining areas, such as plants from the genera Onosma,
Anchusa, Alyssum, and Silene, have high levels of this element
(100-600 mg kg~ '; Sasmaz and Sasmaz, 2017). The proposed threshold
concentrations for Sr are above 30 mg kg’1 (Shacklette et al., 1978;
Kabata-Pendias, 2011) and it will be used as a guideline for assessing

accumulated toxic Sr content in plants.
In this study, all native species analyzed showed significant potential

Table 3
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for the accumulation of Li and Sr at levels within a range considered
toxic to plants in roots and leaves (Li: 5-50; Sr: >30; Brooks, 1972;
Shacklette et al., 1978, Kabata-Pendias, 2011). The highest accumula-
tion of Li in roots was measured in Ulmus glabra and in leaves in Salix
alba. The highest Sr content in roots was measured in Juglans regia and in
leaves in Populus nigra (Table 3). The potential for accumulation of Li
and Sr in a range considered toxic to plants was also measured in the
roots and leaves of the invasive species. The highest accumulation of Li
in roots and leaves was measured in Solidago canadensis, while the
highest Sr content in roots and leaves was measured in Impatiens

The content of Li and Sr in the roots and leaves of the examined plants; mean values in mg kg ' dry mass, with standard deviation in parentheses.

Native species

Site Salix alba Populus nigra Ulmus glabra Juglans regia
Roots Leaves Roots Leaves Roots Leaves Roots Leaves
Li Sr Li Sr Li Sr Li Sr Li Sr Li Sr Li Sr Li Sr
MOJ <LoQ 20.91 7.23 74.78 <LoQ 22.83 <LoQ 47.88 <LoQ 17.42 <LoQ 52.79
(0.42) (1.64) (0.55) (2.41) (0.55) (0.09) (0.23)
RAD <LoQ 20.18 <LoQ 48.91 9.47 52.44 <LoQ 44.17 <LoQ 51.26 <LoQ 43.77
(0.38) (0.28) (1.03) (5.30) (0.29) (0.35) (0.54)
LIT 17.58 23.00 9.39 34.11 <LoQ 25.36 <LoQ 31.11 <LoQ 69.59 <LoQ 59.45
(2.41) (0.89) (0.23) (0.28) (0.07) (0.11) (0.20) (0.11)
VRH <LoQ 33.17 6.86 59.46 <LoQ 18.20 <LoQ 38.71 <LoQ 30.63 <LoQ 38.84
(1.75) (0.42) (0.36) (2.56) (0.55) (0.28) (0.29)
CAT <LoQ 36.63 8.80 91.44 <LoQ 29.64 <LoQ 63.80 <LoQ 13.84 <LoQ 46.14 13.92 69.45 10.58 96.50
(0.17) (0.69) (1.45) (0.75) (0.37) (0.33) (1.98) (1.88) (1.38) (0.35) (0.70)
ZAG <LoQ 29.19 6.89 61.44 <LoQ 43.10 <LoQ 65.77 <LoQ 23.57 <LoQ 46.73
(1.20) (0.33) (0.58) (0.35) (1.03) (1.49) (0.25)
JAS <LoQ 21.33 7.19 46.43 7.38 37.58 <LoQ 50.85 50.21 58.16 16.31 49.69 9.19 53.24 <LoQ 48.73
(0.51) (0.69) (0.20) (0.54) (1.55) (0.76) (2.28) (8.00) (0.18) (0.80) (0.37) (0.41) (0.24)
SLB 16.39 26.09 12.58 53.44 15.50 45.76 19.50 60.92
(1.57) (0.29) (2.67) (2.82) (0.64) (0.40) (0.77) (1.38)
ZUP 21.73 36.19 8.58 61.53 <LoQ 25.13 <LoQ 96.15 8.16 31.12 <LoQ 48.11
(1.75) (1.14) (1.52) (0.13) (0.10) (0.39) (0.50) (0.30) (0.67)
SRM 19.72 41.88 <LoQ 107.66 8.93 33.58 <LoQ 113.11 10.10 35.83 <LoQ 47.83 11.72 40.26 <LoQ 62.19
(2.37) (0.75) (0.65) (0.48) (0.09) (1.01) (1.78) (0.32) (1.28) (0.49) (0.74) (0.93)
SAB 21.03 39.08 22.01 86.89 13.90 53.11 <LoQ 64.64 <LoQ 34.14 <LoQ 53.03
(1.97) (1.02) (5.64) (0.48) (0.53) (3.99) (0.50) (0.19) (0.24)
BEO 9.18 32.88 <LoQ 68.81 9.78 51.82 <LoQ 48.93 15.53 24.50 <LoQ 51.74
(1.03) (0.75) (0.75) (1.05) (1.01) (0.33) (0.79) (0.45) (0.15)
Invasive species
Site Amorpha fruticosa Solidago canadensis Reynoutria japonica Impatiens glandulifera
Roots Leaves Roots Leaves Roots Leaves Roots Leaves
Li Sr Li Sr Li Sr Li Sr Li Sr Li Sr Li Sr Li Sr
MOJ <LoQ 19.37 <LoQ 23.75 <LoQ 40.00 <LoQ 47.94 8.54 31.84 7.43 75.80
(1.26) (1.39) (5.20) (1.62) (1.40) (1.28) (1.27) (1.62)
RAD <LoQ 13.89 <LoQ 17.83 <LoQ 28.61 <LoQ 31.23 19.27 74.29 <LoQ 61.55
(1.05) (1.36) (3.59) (1.34) (1.79) (6.63) (1.09)
LIT 21.08 34.66 18.66 40.29 8.80 21.33 <LoQ 39.62 7.21 33.45 <LoQ 66.51
(4.13) (2.51) (1.54) (0.42) (1.98) (1.86) (1.10) (0.83) (2.35) (2.29)
VRH 8.33 27.39 <LoQ 26.30 <LoQ 22.25 <LoQ 29.27 8.57 51.10 11.13 47.58
(2.49) (1.99) (1.54) (1.98) (0.20) (2.04) (2.45) (1.48) (0.52)
CAT <LoQ 30.73 7.91 36.83 <LoQ 29.86 <LoQ 48.11 6.71 43.75 <LoQ 68.83
(4.16) (1.28) (0.26) (1.33) (0.72) (0.53) (3.35) (2.09)
ZAG <LoQ 24.36 17.28 45.99 <LoQ 17.89 <LoQ 42.66 20.10 87.33 8.87 80.53
(0.48) (1.58) (1.95) (2.00) (0.48) (3.21) (4.98) (1.66) (1.74)
JAS <LoQ 18.50 <LoQ 39.03 <LoQ 14.03 <LoQ 25.58
(1.08) (0.41) (0.22) (0.36)
SLB 8.66 18.04 <LoQ 41.66
(2.78) (0.64) (0.90)
ZUP <LoQ 20.83 <LoQ 43.84
(0.25) (0.55)
SRM <LoQ 12.55 <LoQ 37.69
(1.98) (2.09)
SAB <LoQ 12.56 <LoQ 41.79
(1.85) (0.38)
BEO <LoQ 12.52 <LoQ 55.32
(1.22) (1.02)

Normal content in plants™: Li: 3-5; Sr: 1-10

Toxic content in plants™ Li: 5-50; Sr: > 30

# Kabata-Pendias (2011); <LoQ — below the limit of quantification
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glandulifera (Table 3).

The average Li accumulation in the roots of the studied species fol-
lowed this order: Ulmus glabra > Salix alba > Solidago canadensis >
Impatiens glandulifera > Juglans regia > Populus nigra > Reynoutria
japonica > Amorpha fruticosa. In leaves, the average accumulation order
was: Ulmus glabra > Solidago canadensis > Salix alba > Impatiens glan-
dulifera > Juglans regia > Populus nigra = Amorpha fruticosa = Reynoutria
japonica. For Sr accumulation, the average values in roots decreased as
follows: Impatiens glandulifera > Juglans regia > Populus nigra > Ulmus
glabra > Salix alba > Reynoutria japonica > Solidago canadensis >
Amorpha fruticosa. In leaves, the order of average accumulation was:
Impatiens glandulifera > Salix alba > Populus nigra > Juglans regia >
Ulmus glabra > Amorpha fruticosa > Reynoutria japonica > Solidago
canadensis.

Due to the relatively low clay content in the soils studied, which is a
critical factor in the availability of Li to plants, it was expected that
plants would accumulate this element at lower levels compared to Sr.
The Li uptake in plants was lower, especially in the upper reaches of the
river, which could also be due to higher CaCOs levels in the soils, as Ca
reduces the availability of Li to plants (Tables 1 and 3; Burger and
Lichtscheidl, 2019).

The results of the ANOVA test showed no significant differences
between the uptake of Li in the roots of native species and those of
invasive ones. On the other hand, there were significant differences
when it came to Sr uptake in the studied species and also Li uptake in
leaves (Table 4). The most interesting differences were in Sr content in
roots, with Impatiens glandulifera showing statistically significant dif-
ferences from all the other species studied, with the exception of Juglans
regia. These two species had the highest Sr accumulation in roots when
compared to the other species studied. Moreover, Sr uptake in the roots
of Amorpha fruticosa was statistically significantly different from all the
other species studied, except Solidago canadensis and Reynoutria
japonica, with these three species having the lowest Sr uptake in roots
(Tables 3 and 4). Salix alba, Populus nigra, and Impatiens glandulifera,

Table 4
ANOVA comparison of the uptake of Li and Sr between the studied species.
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which accumulated the highest amounts of Sr in their leaves, showed the
most significant differences (p < 0.01 and p < 0.001) from Amorpha
fruticosa, Solidago canadensis, and Reynoutria japonica, which accumu-
lated the lowest Sr levels in their leaves. Salix alba exhibited statistically
significant differences from the other species, apart from Ulmus glabra,
Solidago canadensis, and Impatiens glandulifera, based on Li uptake in
leaves. These species accumulated high Li levels in leaves at some
sampling sites, whereas we can observe that the other species did not
accumulate Li in their leaves (Tables 3 and 4).

To analyze and evaluate the potential of the studied species for the
bioindication of Li and Sr contamination, the levels of these elements in
soil and plant material (roots and leaves) were correlated. The results
indicated that the roots of Salix alba, Populus nigra and Juglans regia
could be used for the bioindication of Li content in the riparian soils of
the Sava River, while the roots of Impatiens glandulifera could be used for
the bioindication of Sr (Table 5). The leaves of Salix alba could be used
for the bioindication of Sr content in these soils, while the leaves of
Solidago canadensis could be used for the bioindication of Li and Sr in the
surface layer of the soil (0-30 cm). The leaves of Juglans regia also have
significant potential for the bioindication of Sr in the surface layer of the
soil (Table 5).

Despite the accumulation of Li and Sr in levels that could be
considered toxic to plants in the roots and leaves of the plants studied,
ECR and ECS values were generally lower than 1 (Fig. 2). The highest
ECR value for Li was calculated for Ulmus glabra at the JAS sampling site
(1.34 for 0-30 cm soil depth and 1.72 for 30-60 cm soil depth), with this
being the only ECR value higher than 1. The highest ECR value for Sr
was calculated for Juglans regia at the LIT sampling site (0.73 for
0-30 cm soil depth and 1.07 for 30-60 cm soil depth). Impatiens glan-
dulifera had the highest ECS values for both Li and Sr at the MOJ sam-
pling site (0.60 for Li and 1.20 for Sr). The same species also had the
highest TLF for Li at the VRH sampling site (1.30). On the other hand,
TLF values for Sr were higher than 1 in all the analyzed plant species,
thus indicating the great potential for plants to transfer Sr from roots to

Li content in leaves

Species {1} {2} {3} {4} {5} {6} {7} {8}
Salix alba {1} 0.003** 0.098 0.024* 0.008** 0.642 0.008** 0.288
Populus nigra {2} 0.003** 0.153 0.580 1.000 0.025* 1.000 0.113
Ulmus glabra {3} 0.098 0.153 0.439 0.203 0.316 0.203 0.723
Juglans regia {4} 0.024* 0.580 0.439 0.616 0.104 0.616 0.311
Amorpha fruticosa {5} 0.008%* 1.000 0.203 0.616 0.041* 1.000 0.147
Solidago canadensis {6} 0.642 0.025* 0.316 0.104 0.041* 0.041* 0.574
Reynoutria japonica {7} 0.008** 1.000 0.203 0.616 1.000 0.041* 0.147
Impatiens glandulifera {8} 0.288 0.113 0.723 0.311 0.147 0.574 0.147

Sr content in roots
Species {1} {2} {3} {4} {5} {6} {7} {8}
Salix alba {1} 0.418 0.456 0.051 0.044* 0.321 0.624 0.001%*
Populus nigra {2} 0.418 0.934 0.247 0.011* 0.103 0.255 0.013*
Ulmus glabra {3} 0.456 0.934 0.208 0.011* 0.111 0.276 0.009%*
Juglans regia {4} 0.051 0.247 0.208 0.001%*** 0.010% 0.036* 0.176
Amorpha fruticosa {5} 0.044* 0.011* 0.011* 0.001*** 0.322 0.179 0.000%**
Solidago canadensis {6} 0.321 0.103 0.111 0.010* 0.322 0.681 0.000%**
Reynoutria japonica {7} 0.624 0.255 0.276 0.036* 0.179 0.681 0.001**
Impatiens glandulifera {8} 0.001%* 0.013* 0.009** 0.176 0.000%** 0.000%** 0.001*

Sr content in leaves
Species {1} {2} {3} {4} {5} {6} {7} {8}
Salix alba {1} 0.916 0.007** 0.085 0.004** 0.000%*** 0.001 *** 0.942
Populus nigra {2} 0.014* 0.124 0.007%* 0.000%** 0.002** 0.875
Ulmus glabra {3} 0.014* 0.451 0.548 0.026* 0.302
Juglans regia {4} 0.124 0.451 0.223 0.007** 0.107
Amorpha fruticosa {5} 0.007%* 0.548 0.223 0.150 0.697
Solidago canadensis {6} 0.000%** 0.026* 0.007** 0.150 0.297
Reynoutria japonica {7} 0.002%* 0.302 0.107 0.697
Impatiens glandulifera {8} 0.875 0.019* 0.123 0.009** 0.000%*** 0.003**
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Table 5

Correlations between Li and Sr contents in soils and roots and leaves of the plant species studied.

Roots

I glandulifera

J. regia A. fruticosa S. canadensis R. japonica

U. glabra

P. nigra

S. alba

Sr

Li

Sr

Li

Sr

Li

Sr

Li

Sr

Li

Sr

Li

Sr

Li

Sr

Li

0.501%*

-0.299
-0.566**

0.106
0.707%***

0.220
-0.121

0.125
L0.571%%*

0.180 0.256

-0.268

-0.154
-0.003

0.088
-0.615%**

0.193 -0.048 -0.203 0.635%**
-0.060 0.103

0.199

0.599%*

0.143
-0.033

0.509%**

0-30

Soil

0.754%***

0.071

0.707%%*

0.677%***

0.558%***

30-60

Leaves

U. glabra J. regia A. fruticosa R. japonica S. canadensis 1L glandulifera

P. nigra

S. alba

Sr

Li

Sr

Li

Sr

Li

Sr

Li

Sr

Li

Sr

Li

Sr

Li

Sr

Li

/ -0.035 0.363* 0.432%* 0.040 0.010
0.012 0.014

/

-0.214
-0.432%*

-0.259
-0.338*

0.427**

-0.353*
-0.338

-0.052 -0.319* 0.250
0.241

/
/

0.004 0.322%*
0.063

0-30

Soil

0.279

-0.248

0.349

-0.179

-0.086

-0.318*

0.285*

30-60
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leaves, meaning these plants could be considered to have a Sr phy-
toextraction potential (TLF >1; Baker and Brooks, 1989). According to
Pulford and Watson (2003), plants with accumulation and translocation
factors less than 1 are considered excluders. The results obtained indi-
cate that all the plants studied are Li excluders. The MAI results (Fig. 2)
indicated a significant difference between native and invasive species,
revealing that native species have a higher capacity to accumulate Li and
Sr in their leaves.

Salix alba has been shown to have the ability to accumulate Li and Sr
contents in its roots and leaves that could be considered toxic. In addi-
tion, this species has shown efficient translocation of these elements,
particularly Sr, from roots to leaves. With a TLF greater than 1, S. alba
can be considered to have a Sr phytoextraction potential. The leaves of
this species could be used for the bioindication of Sr, while the roots
could be good bioindicators of Li in soils near rivers. Previous studies on
Sr accumulation in Salix species focused on Salix viminalis as an exper-
imental treatment for radiostrontium Sr-90 (von Fircks et al., 2002) and
Salix caprea (Dutton and Humphreys, 2005) and showed that these Salix
species accumulate Sr in leaves. High translocation of Sr in leaves was
also found in S. viminalis in a heavily contaminated area in the suburbs of
Debrecen, Hungary (Tézsér et al., 2018). Another study on Salix vim-
inalis found a bioaccumulation factor below 1 and a translocation factor
for Sr above 1 (Mleczek et al., 2018). In Salix reticulata, the accumulation
of Sr in leaves was also higher than in stems (Myrvang et al., 2016). Salix
sp. affected by mining and municipal wastewater (Elazig, Turkey)
accumulated similar Sr levels in its roots and leaves (Sasmaz et al.,
2021). To the best of our knowledge, Li content in Salix species has not
yet been studied.

Populus nigra accumulated Sr in a toxic range in its leaves and roots,
while it accumulated toxic levels of Li only in its roots. This species also
has a high ability to transfer Sr from its roots to its leaves, and with a TLF
above 1, it could be considered to have a Sr phytorextraction potential.
On the other hand, the roots of Populus nigra could be good bioindicators
of Li in soils near rivers. Previous studies on Sr accumulation in Populus
species have included investigating the uptake of radiostrontium Sr-90
by Populus tremula, as conducted by Dutton and Humphreys (2005),
and the results indicated the accumulation of Sr in the leaves of this
species. Populus alba was also found to be a good phytoextractor of Sr in
Sr-contaminated soils (Liang et al., 2023). Zhang et al. (2017) concluded
that poplars are adapted to environmental stress resulting from the
presence of Sr. To our knowledge, this is the first study on Li content in
Populus species.

Ulmus glabra also accumulated contents of Li and Sr that could be
considered toxic in its leaves and roots, with high root-leaf translocation
of Sr. With a TLF above 1, this species could be considered to have a
phytoextraction potential for Sr. An earlier study of this species also
found that extremely high levels of Sr accumulated in its leaves (up to
17650 mg kg~!; Bowen and Dymond, 1955) on soils that are medium
rich in this element in Britain. The Li content in leaves and soils of
U. glabra is significantly negatively correlated. In addition, we did not
find any studies on the content of Li in Ulmus species during a literature
search.

Juglans regia may also have phytoextraction potential for Sr, with a
TLF above 1 and accumulated levels of this element in its roots and
leaves that could be considered toxic. Previous experimental studies
have also shown the potential for Sr accumulation in its leaves (up to
44 mg kg™1; Necemer et al., 2008). This species accumulated Li levels in
its roots that could be considered toxic at the sampling sites CAT, ZAG,
and SRM, but further studies are needed to investigate the ability of this
species to accumulate and transfer Li in leaves. At the JAS sampling site,
only one TLF factor was calculated for Li (1.15), which is insufficient to
determine the potential for phytoremediation of this element with
J. regia. On the other hand, the roots of this species could be good bio-
indicators of Li content in soils. As far as we know, the content of Li in
Juglans species has not yet been studied.

Amorpha fruticosa accumulated Li contents in its roots that could be
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Fig. 2. a - ECR values, accumulation capacity of roots; b — ECS values, accumulation capacity of leaves; ¢ — TLF values, ability to transfer elements from roots to
leaves; d — MAI values, metal accumulation index for Li and Sr in the examined plants.

considered toxic at only one sampling site, SLB; otherwise, this species
did not accumulate this element at all. On the other hand, toxic Sr levels
were measured in its leaves, with the highest TLF of all the species
studied (4.42 at the BEO sampling site). Therefore, it could be consid-
ered to have a high phytoextraction potential for Sr. Based on the results
of correlation analyses, this species cannot be used for the bioindication
of Li and Sr in riparian soils because there was no significant correlation
between the contents of these elements in plants and soils.

Reynoutria japonica, similar to A. fruticosa, accumulated Li levels in
its roots that could be considered toxic at only one sampling site (LIT),
while this species did not accumulate Li at all in its leaves. Sr contents
that could be considered toxic were measured in its leaves at all the
sampling sites except VRH, but in its roots only at the MOJ site. Most of
the Sr accumulated by this plant was transferred to the leaves. With a
TLF greater than 1, this species could also be considered to have a Sr
phytoextraction potential, but it cannot be used for the bioindication of
Li and Sr. To the best of our knowledge, no research has been conducted
on the content of Li and Sr in Amorpha and Reynoutria species.

Solidago canadensis accumulated contents of Li and Sr in its roots and
leaves that could be considered toxic at some sampling sites (Table 3).
Most of the accumulated Sr was translocated from roots to leaves and,
with a TLF above 1, this species could be considered to have a Sr phy-
torextraction potential. In Solidago virgaurea, the accumulation of Sr in
leaves was also higher than the accumulation in stems (Myrvang et al.,
2016). Correlation analyses indicated that the roots of this species are
not suitable for the bioindication of Li and Sr content in riparian soils,
while the leaves could be used for the bioindication of Li and Sr content
in the surface layer of the soil (0-30 cm).

Impatiens glandulifera accumulated contents of Li and Sr in its roots
and leaves that could be considered toxic. With a TLF greater than 1, this
species could be considered to have a phytoextraction potential for Sr. In

addition, the roots of this species could be a good bioindicator of Sr
content in riparian soils. To our knowledge, this is the first study on Li
and Sr content in Impatiens species.

In general, the results suggest that native species are better bio-
indicators of Li and Sr than invasive species. This is most likely due to
their greater adaptation to habitat conditions (Gaji¢ et al., 2016).
Invasive species, especially Amorpha fruticosa, are very good at trans-
locating Sr in leaves while accumulating toxic contents of this element.
This makes Amorpha the most suitable candidate for the phytor-
emediation of Sr from soils in river basins. Considering the fact that this
species is invasive in Slovenia (Thuja 2, 2012), Croatia (Borsic et al.,
2008) and Bosnia and Herzegovina (Maslo, 2016) and highly invasive in
Serbia (Lazarevic et al., 2012), appropriate environmental protection
measures must be taken if this species is to be used for soil remediation.

4. Conclusion

In summary, this study shows the differences in the potential of
native and invasive species for lithium (Li) and strontium (Sr) accu-
mulation in riparian soils along the Sava River. Native species have
shown excellent accumulation abilities for Li and Sr, with the highest
accumulation of both elements measured in these plants. Also, based on
the metal accumulation index, native species showed a significantly
higher potential to accumulate Li and Sr compared to invasive species.
According to the obtained correlations, a significant potential for bio-
indication of these elements in soils was found in native species. In
particular, Salix alba appears to be a promising candidate for bio-
indication of Sr and Li in riverbank soils. Among the invasive species,
Amorpha fruticosa has shown potential for phytoextraction of Sr, as it
impressively translocates this element from the roots to the leaves.
Among the all species studied, there is no strong candidate for the
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phytoremediation of Li, so further research is needed. These results
contribute to the overall understanding of the role of plant species in
ecosystem health and their potential for environmental bioindication
and the phytoremediation of Li and Sr in soils.
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