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Abstract

Heavy metal contamination in Mediterranean riparian ecosystems presents serious risks
to biodiversity and human health, requiring innovative biomonitoring methods for pol-
luted watersheds. This study developed a comprehensive biomonitoring framework for
an industrially impacted Mediterranean river basin, with approximately 100,000 tons of
contaminated waste in landfills from decades of metallurgical processing. We investigated
heavy metal bioaccumulation patterns in five taxonomically diverse native riparian species
(Equisetum arvense, Laurus nobilis, Rubus ulmifolius, Sambucus nigra, and Salix alba)
across contaminated and reference sites using Total Reflection X-ray Fluorescence (TXRF)
spectroscopy. TXRF was validated against Inductively Coupled Plasma Atomic Optical
Spectroscopy (ICP-AOS) using standard reference materials, demonstrating superior sen-
sitivity for trace element detection in plant matrices. Heavy metal concentrations varied
significantly among species and sites in riparian vegetation, with Fe (23.14+5.21 mg/
kg), Mn (2.74£0.89 mg/kg), and Cr (3.33+1.12 mg/kg) showing the highest accumula-
tion. Laurus nobilis appeared as a multi-metal hyperaccumulator with the highest Pollu-
tion Load Index (PLI=2.67) and exceptional accumulation of Cr (14.74 mg/kg) and Fe
(63.64 mg/kg). Statistical analysis (Kruskal-Wallis test, p<0.05) confirmed that Mn and
Cr represented primary anthropogenic pollutants, with contaminated sites showing 2.20-
fold and 1.92-fold increases, respectively. Principal Component Analysis revealed distinct
co-accumulation networks, with Fe-Cr-Ni-Cu forming synchronized uptake mechanisms,
while Mn operated independently. Biogeochemical ratio analyses (Fe/Zn, Cu/Mn) pro-
vided sensitive contamination indicators, detecting physiological stress beyond simple
concentration measurements. Results support species-specific phytoremediation strategies
aligned with UN Sustainable Development Goals, with Laurus suitable for multi-metal ex-
traction and Equisetum for Mn-specific remediation, advancing sustainable environmental
management in industrially impacted Mediterranean watersheds.

Highlights
e TXRF spectroscopy outperforms ICP-AOS for trace metals in plant tissues.
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Laurus nobilis exhibits multi-metal hyperaccumulation capacity (PLI = 2.67).
Mn and Cr show 2.20-fold and 1.92-fold increases at contaminated sites.
Fe-Cr-Ni-Cu co-accumulate while Mn operates independently.
Biogeochemical ratios detect physiological stress in riparian plants.

Keywords Riparian vegetation biomonitoring - Multi-element accumulation patterns -
Pescara river basin - Mediterranean ecosystem contamination - Total reflection x-ray
fluorescence (TXRF)

1 Introduction

Heavy metal contamination represents a pervasive and persistent environmental hazard
of global concern, impacting terrestrial and aquatic ecosystems across industrialized and
developing regions, with demonstrable risks to biodiversity, ecological functioning, and
human health (Jat Baloch et al. 2023; Talpur et al. 2025b; Ogwu et al. 2025a; Liu et al.
2025a). Unlike most organic pollutants, heavy metals are non-biodegradable and undergo
long-term environmental persistence, progressively accumulating within soils, sediments,
and biological tissues, and biomagnifying through trophic networks (Ogwu et al. 2025a;
Asare et al. 2025; Khan et al. 2025a). Current estimates indicate that anthropogenic emis-
sions, including heavy metals from industrial processes, mining activities, and combustion
of fossil fuels, exceed natural geochemical fluxes by factors of 5-20, primarily because of
intensive mining, metallurgical processing, industrial effluents, and fossil fuel combustion
(Baloch et al. 2020, 2025; Natasha et al. 2020; Talpur et al. 2020, 2024). The Mediterranean
basin, supporting more than 500 million inhabitants and classified as a global biodiver-
sity hotspot, is particularly susceptible due to its concentration of industrial activities and
semi-arid climatic regime, which promotes the retention of contaminants during extended
drought periods and their episodic remobilization during precipitation events (Palma et al.
2021; Intergovernmental Panel On Climate Change (Ipcc) 2023; Neumann et al. 2025; Hay-
dous et al. 2025). Riparian ecosystems, functioning as ecotonal interfaces between terres-
trial and lotic systems, are integral to hydrological regulation, biodiversity maintenance, and
the provision of critical ecosystem services, including nutrient retention, water filtration,
and habitat connectivity (Dodds et al. 2025; Dinca et al. 2025). Globally, these systems
operate as sentinel zones for detecting watershed contamination, receiving inputs via over-
land flow, subsurface hydrological pathways, atmospheric deposition, and fluvial inunda-
tion (Leibowitz et al. 2023). Riparian vegetation exhibits morphological and physiological
adaptations conducive to the uptake, translocation, and sequestration of heavy metals from
contaminated matrices. Consequently, riparian corridors are designated priority monitoring
units within international environmental policy frameworks, including the European Water
Framework Directive and the United Nations Sustainable Development Goals (Alvarez et
al. 2021).

Biomonitoring through plant tissues supplements conventional monitoring techniques
by capturing pollutant exposure over prolonged durations and delivering spatially refined
contamination assessments (Bellino et al. 2020; Tarish et al. 2024; Khan et al. 2025a).
Vegetation functions as a biological filter, sequestering contaminants to their bioavailable
concentrations, thereby acting as living records of both present and past pollution events
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(Bessonova and Sklyarenko 2020). Numerous plant species are reliable indicators of heavy
metal contamination, often exhibiting strong correlations between environmental concen-
trations and tissue levels of cadmium, chromium, copper, lead, nickel, and zinc (Xing et
al. 2020; Cakaj et al. 2024). While several studies have examined metal accumulation in
Mediterranean riparian species, including work by (T6zsér et al. 2023) on Populus and
Salix species and (Papazoglou et al. 2025) on contaminated floodplains, comprehensive
multi-species assessments comparing accumulation strategies across diverse taxonomic
groups remain limited (Popa et al. 2019). Existing research has primarily concentrated on
individual species or temperate-zone ecosystems, leaving gaps in understanding the rela-
tive performance of different taxonomic groups in Mediterranean environments (Cakaj et
al. 2024). Furthermore, the interactions of multiple metals within plant tissues are rarely
addressed, despite evidence that synergistic and antagonistic relationships can modulate
uptake and toxicity (Gong et al. 2020; Jat Baloch et al. 2021; Zhao et al. 2024). Analyti-
cal investigations typically employ Inductively Coupled Plasma Optical Emission Spec-
troscopy (ICP-OES) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) for
high-sensitivity quantification, along with Atomic Absorption Spectroscopy (AAS), Flame
Atomic Absorption Spectroscopy (FAAS), and Graphite Furnace Atomic Absorption Spec-
troscopy (GFAAS) for targeted elemental detection. X-ray based techniques, such as Total
Reflection X-ray Fluorescence (TXRF), enable minimal sample preparation and simultane-
ous multi-element detection. However, systematic comparative assessments of these meth-
ods for plant tissue analysis remain limited (Rawat et al. 2024; Talpur et al. 2025a).

The Pescara River basin in central southern Italy highlights the severe environmental
pressures on Mediterranean river systems, where decades of metallurgical processing,
chemical manufacturing, and improper waste disposal have caused ongoing contamination
that threatens ecosystem health and water security (Talpur et al. 2025a). Industrial activities,
particularly in Bussi sul Tirino, have left three large landfills designated as Sites of National
Interest containing~ 100,000 tons of industrial waste, with heavy metals entering riparian
ecosystems via landfill leachates, groundwater flow, and surface transport. Current monitor-
ing, relying on conventional water and sediment sampling, is limited in capturing the spatial
and temporal information of contamination, as water sampling offers only instantaneous
and seasonally variable snapshots, and sediment analysis may overlook bioavailable metal
fractions critical to ecosystem health (Vitali et al. 2021; Castellani et al. 2021). The complex
hydro-geomorphological dynamics of this basin require innovative methods integrating spa-
tial and temporal contamination data, while the lack of baseline information on native ripar-
ian species’ metal accumulation hampers management, and its critical role in agricultural
and domestic water supply heightens the urgency for accurate pollution characterization to
protect ecosystem and human health (Igbal et al. 2021; Talpur et al. 2024, 2025a, b; Shtull-
Trauring et al. 2025).

This study aimed to establish a comprehensive biomonitoring framework for assessing
heavy metal contamination in Mediterranean riparian ecosystems by integrating native plant
community analyses with advanced analytical techniques. Specifically, it seeks to quan-
tify and compare heavy metal concentrations in leaf tissues of five taxonomically diverse
native riparian species across contaminated and reference sites within the Pescara River
basin to establish baseline accumulation data and characterize species specific patterns. The
study also evaluates the performance of Total Reflection X-ray Fluorescence spectroscopy
relative to conventional techniques for trace element determination in plant matrices and
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assesses contamination gradients using established environmental indices to quantify pollu-
tion severity and distinguish anthropogenic from natural sources. Additionally, it identifies
metal co-accumulation patterns and species-specific sequestration strategies to elucidate
relationships between different metals and group species by their accumulation profiles.
Finally, it evaluates biogeochemical indicators of ecosystem health while exploring poten-
tial phytoremediation applications aligned with United Nations Sustainable Development
Goals, demonstrating the practical relevance of biomonitoring research for addressing
global environmental challenges.

Moreover it makes three key contributions to the field: (1) the first systematic compari-
son of TXRF versus ICP-AOS performance for multi-element analysis in diverse riparian
plant matrices, establishing TXRF as a better technique for biomonitoring applications; (2)
novel baseline data on metal accumulation capacities of five taxonomically diverse Mediter-
ranean riparian species, enabling species specific phytoremediation recommendations; and
(3) the development of biogeochemical ratio indicators (Fe/Zn, Cu/Mn) as sensitive early-
warning tools for detecting ecosystem stress beyond conventional concentration thresholds.
These findings have broad applicability to contaminated watersheds worldwide and advance
the scientific basis for nature based remediation strategies aligned with circular economy
principles.

2 Methodology
2.1 Study Area and Site Selection

The Pescara River basin in the Abruzzo region of southern Italy includes the interconnected
Aterno and Tirino Rivers, flowing northeast to southwest through urban and industrial areas.
A major pollution hotspot is the Bussi sul Tirino industrial estate, which contains metal-
lurgical, chemical, and electroplating facilities along with three large landfills (Talpur et al.
2025a). The most contaminated, “2A and 2B” and “Tre Monti” Sites of National Interest
(SIN), hold about 100,000 t of industrial waste from past activities and improper disposal.
Leachate and groundwater spread heavy metals into surrounding ecosystems. The basin’s
limestone and detrital geology promote contaminant mobility and downstream transport
(Vitali et al. 2021). Sampling sites were S1 at 42.194273° N, 13.851151° E, located 500 m
downstream of significant industrial discharges near “Tre Monti,” and S2 at 42.174247° N,
13.830101° E, a reference site 4.5 km upstream near the Pescara River springs with minimal
industrial influence but similar geology, as shown in (Fig. 1).

2.2 Plant Species Selection and Sample Collection

Five riparian plant species were chosen based on (1) consistent presence at both study sites,
(2) documented ability to accumulate heavy metals, and (3) representation of distinct tax-
onomic groups: Equisetum arvense L. (horsetail), Laurus nobilis L. (bay laurel), Rubus
ulmifolius Schott (blackberry), Sambucus nigra L. (elderberry), and Salix alba L. (white wil-
low). The selection was persistent on native Mediterranean taxa that show bioaccumulation
capacity and are widely distributed across contaminated and reference sites. Leaf material
was collected in July 2024 to reduce seasonal variation. At each site, mature, fully expanded
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Fig. 1 Study area map showing sampling sites (S1: contaminated site, marked with red circle; S2: refer-
ence site, marked with red square), industrial facilities, landfill locations (white bounding box indicates
Sites of National Interest), and river flow direction. Base map: ESRI World Imagery; coordinate system:
WGS 84

leaves were sampled from n=3-5 individual plants per species within a 50 m radius of the
central GPS coordinate. Only healthy, undamaged leaves from the growing season were col-
lected using sterilized stainless-steel scissors. Individual leaves were pooled into a compos-
ite sample (20-30) for each species-site combination to ensure enough biomass and capture
site-level variability. Samples were placed in pre-cleaned polyethylene bags labeled with
unique identifiers and transported to the laboratory within 4 h of collection.

2.3 Sample Preparation and Analysis

Leaf samples were rinsed three times with distilled water to remove surface particulates, then
dried in a ventilated chamber at 40 °C with forced air circulation in the dark for 72-96 h,
until a constant weight was achieved. From each dried sample, 0.500+0.001 g (dry weight)
was accurately weighed and homogenized with 20 mL of Milli-Q ultrapure water using an
IKA T25 digital ULTRA-TURRAX homogenizer (IKA-Werke GmbH, Staufen, Germany)
operating at 10,000 rpm for 2 min to produce a uniform plant suspension. An aliquot of
1.0 mL from each homogenate was combined with 7.0 mL of Milli-Q water and 2.0 mL of
concentrated nitric acid (67% HNOs, Suprapur grade, Merck) for organic matter digestion,
facilitating the release of heavy metals into solution. Samples were analyzed without filtra-
tion to maintain the integrity of the sample matrix. Heavy metal concentrations were deter-
mined using Total Reflection X-ray Fluorescence (TXRF) spectrometry (Horizon TXRF
spectrometer, G.N.R. Analytical Instruments, Novara, Italy) equipped with a 900 W Mo-Ka
X-ray source (17.44 keV) and a Silicon Drift Detector (SDD, 30 mm? active area, energy
resolution<145 eV at 5.9 keV). Gallium, at 10 mg L' (1000 pg L™ Ga standard solution,
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Sigma-Aldrich), was added as an internal standard to correct for matrix effects and enhance
accuracy. Target elements (Cr, Cu, Fe, Mn, Ni, Ti, Zn) were quantified at 900 s per sample.
Measurements were performed in triplicate for each sample, and results are reported as
mean = standard deviation. The analytical procedure followed the ISO 17,025 guidelines for
trace element analysis in biological matrices.

2.4 Quality Control and Method Validation

Method performance was evaluated through parallel analysis, using Inductively Coupled
Plasma—Atomic Optical Spectroscopy (ICP-AOS, Thermo Scientific iCAP 7400 Duo,
Thermo Fisher Scientific, Waltham, MA, USA) as the reference technique, with identical
sample preparation protocols applied to both methods. Method accuracy was verified using
NIST Standard Reference Material 1515 (Apple Leaves) and NIST SRM 1570a (Spinach
Leaves), with recoveries ranging from 92% to 108% for all target elements, confirming the
reliability of both analytical methods. Comparative results demonstrated substantial differ-
ences in analytical performance. Total Reflection X-ray Fluorescence (TXRF) quantified
70 measurements (five species X seven elements x two sites) without producing negative
values. Meanwhile, ICP-AOS yielded negative concentrations in 34 out of 70 measure-
ments (48.6%), which occurred because the sample preparation protocol, while optimized
for TXRF analysis, resulted in matrix conditions that interfered with ICP-AOS detection
for certain elements at trace concentrations. This limitation was most apparent for Cr, Cu,
and Ni, where 8 of 10 samples showed negative values, and for Ti, where all measurements
were below the detection limit, as shown in (Table 1). According to the results, TXRF pro-
vided measurable concentrations for each target element. Detection limits for TXRF ranged
from 0.03 to 0.26 mg/kg depending on the element (see Table 1), while ICP-AOS detection
limits ranged from 0.00 to 2.92 mg/kg. These findings demonstrate that TXRF has higher
analytical sensitivity and better matrix tolerance than ICP-AOS for detecting trace elements
in plant tissue, supporting its selection as the preferred method for this biomonitoring study.

2.5 Toxic Signatures, Statistical Measures, and Visualizations

Heavy metal contamination in plant tissues was assessed using pollution and risk indica-
tors. The Contamination Factor (CF) is a unitless measure that indicates contamination
severity by comparing the concentration of each metal at the study site (C;, mg/kg) to its
background level from a reference site (Cy,oxgrounas ME/kg), as shown in Eq. 1 (Talpur et al.
2025a). Background concentrations were derived from measurements at the reference site
(S2), which represents uncontaminated conditions with similar geological characteristics to
the contaminated site, following established biomonitoring protocols (Maeyouf et al. 2025;
Heta et al. 2025). Classification criteria for CF are listed in (Table 2).

C.
CF = ———*
Cba,ck'ground

(M

The Pollution Load Index (PLI) combines contamination data from multiple metals by cal-
culating the geometric mean of their individual CF values (CF;) across (n) analyzed metals.
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Table 1 Comparison of TXRF and ICP-AOS methods for trace element analysis in plant species. Values
represent concentration; quantities in parentheses indicate limits of detection (LOD) for each method and
element; < LOD=below detection limit

Species Site Method Cr (mg/kg) Cu (mg/kg) Fe (mg/ Mn Ni Ti Zn

kg) (mg/  (mg/ (mg/ (mg/

kg) kg) kg) kg)

Equisetum S1 TXRF 2.14 (0.13) 0.66 (0.05) 20.50 1021 133 3.67 6.40
(0.08) (0.09) (0.06) (0.21) (0.05)

ICP-AOS <LOD (0.01) <LOD (0.03) 12.97 1299 < < 2.92

(0.19) (021) LOD LOD (0.01)
(0.14) (2.92)

Equisetum S2 TXRF 226(0.14)  0.85(0.06) 2221 297 214 257 1145
(0.10) (0.11) (0.07) (0.26) (0.06)
ICP-AOS  <LOD (0.09) <LOD (0.02) 9.97 159 < < 3.18

(0.22) (0.03) LOD LOD (0.02)
(0.04) (1.54)

Laurus ~ SI TXRF 14.74 (0.14)  1.20(0.05)  63.64 328 564 586 8.77
(0.09) (0.10) (0.05) (0.22) (0.06)
ICP-AOS <LOD (0.03) <LOD (0.03) 10.04 137 < < 3.07

(0.08) (0.02) LOD LOD (0.04)
(0.13) (1.09)

Laurus ~ S2  TXRF 4.11(0.08)  0.76(0.03) 2145 068 222 224 454
(0.05) (0.05) (0.04) (0.13) (0.04)
ICP-AOS <LOD (0.06) <LOD (0.02) 9.12 048 < < 2.45

(0.21) (0.01) LOD LOD (0.04)
(0.07) (0.70)

Rubus S1 TXRF 2.90(0.10)  0.78 (0.04)  23.39 145 1.81 181 4.63
(0.07) (0.07) (0.05) (0.17) (0.04)
ICP-AOS <LOD (0.04) 0.10(0.02)  21.94 200 012 < 3.15
(0.66) (0.04) (0.21) LOD (0.17)
(0.20)
Rubus S2  TXRF 2.62(0.07)  0.63(0.03)  23.04 L11 243 073 491
(0.03) (0.05) (0.03) (0.12) (0.03)
ICP-AOS <LOD (0.02) 0.03(0.02)  30.69 150 1.04 < 2.11
(0.60) (0.03) (0.22) LOD (0.02)
(0.79)
Sambucus S1  TXRF 139(0.11) 040 (0.04)  15.78 282 147 239 521
(0.07) (0.08) (0.05) (0.19) (0.05)
ICP-AOS 481 (0.17)  <LOD (0.03) 25.94 390 < < 1.82

(0.53) (0.06) LOD LOD (0.04)
(0.48) (1.24)

Sambucus 2  TXRF 143(0.12)  0.60(0.05)  19.41 199 130 1.86 5.23
(0.07) (0.08) (0.05) (0.20) (0.05)
ICP-AOS  0.05 (0.04)  <LOD (0.06) 27.52 278 < < 2.69

(0.66) (0.03) LOD LOD (0.13)
(0.05) (0.75)
Salix S1 TXRF 0.68(0.12)  0.48(0.04)  9.66 110 0.53 148 4.8
(0.08) (0.09) (0.05) (0.19) (0.05)
ICP-AOS <LOD (0.01) <LOD(0.03) 6.25(0.11) 127 < < 2.92
(0.00) LOD LOD (0.08)
0.07) (0.77)

Salix S2  TXRF 0.99 (0.10)  0.61(0.04) 1232 1.82 0.57 184 6.16
(0.06) (0.07) (0.04) (0.17) (0.04)
ICP-AOS  <LOD (0.05) <LOD (0.03) 9.68 200 < < 3.96

(0.34) (0.06) LOD LOD (0.05)
(0.03) (1.15)
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Table 2 Classification ranges and  [pdex Value Range Interpretation
intemre'tation criteria for con- CF CF<1 Low contamination
tamination factor (CF), pollution
load index (PLI), enrichment 1<CF<3 Moderate contamination
factor (EF), and ecological risk 3<CF<6 Considerable contamination
index (ERI) CF>6 Very high contamination
PLI PLI<1 No pollution
PLI>1 Pollution
EF EF<2 Minimal enrichment
2<EF<5 Moderate enrichment
S<EF<20 Significant enrichment
20<EF<40 Very high enrichment
EF>40 Extremely high enrichment
ERI ERI<150 Low ecological risk
150<ERI<300 Moderate ecological risk
300<ERI<600 Considerable ecological risk
ERI>600 Very high ecological risk

This overall index reflects the pollution level of a site, calculated by Eq. 2 (Talpur et al.
2025a), with interpretive guidelines provided in (Table 2).

PLI = (CFy x CFy x CF3 x ... x CF,)" (1/n) )

Enrichment Factor (EF) distinguishes between natural and human-made sources by compar-
ing the metal-to-iron ratio in the sample to that in background material. The parameter uses
the concentrations of the heavy metal of interest (Cpeayy metarr Mmg/kg) and iron (Cg,, mg/kg)
as a conservative tracer to account for natural geochemical variability, as demonstrated in
Eq. 3 (Kawalko et al. 2023). EF interpretative ranges are listed in (Table 2).

C;
sample
Cref
EF =

3
Ci background @
Cref g

Ecological Risk Index (ERI) estimates the potential environmental hazard of heavy metal
contamination by integrating metal enrichment levels with their respective toxic-response
factors (7;). This index incorporates the product of the toxicity coefficient (7}) and enrich-
ment factor (EF;) for each heavy metal, with summation across all analyzed metals as pre-
sented in Eq. 4 (Talpur et al. 2025a). Classification criteria are provided in (Table 2).

ERI =) (T, x EF;) @)

Statistical analyses were performed using R (4.3.0) and ArcGIS Pro (10.8) for geospatial
visualization. Descriptive statistics summarized metal concentrations, while Principal Com-
ponent Analysis (PCA) identified co-accumulation patterns. Spearman correlation analysis
assessed relationships among metals, and contamination indices (CF, PLI, EF, ERI) quanti-
fied site-specific risks. Non-parametric Kruskal-Wallis tests were used to assess significant
differences in metal concentrations between sites and among species, with Dunn’s post-

@ Springer



Heavy Metals Bioaccumulation in Riparian Vegetation: A Multi-Species. .. Page 9 of 27 7

hoc test for pairwise comparisons (significance level a=0.05). Effect sizes were calculated
using eta-squared (n?). Visualization outputs included bar plots, heatmaps, radar plots, PCA
biplots, and correlation matrices to facilitate interpretation and biomonitoring assessment.

3 Results and Discussion
3.1 Heavy Metal Accumulation Patterns

Heavy metal concentrations in riparian plant leaf tissues demonstrated significant vari-
ation among species and between contaminated (S1) and reference (S2) sites (Fig. 2).
Kruskal-Wallis tests established significant differences between sites for Mn (H=4.82,
p=0.028, n? = 0.42) and Cr (H=3.91, p=0.048, n?> = 0.34), while differences for other
elements approached significance (p<0.10). Fe exhibited the highest mean concen-
tration at 23.14+14.21 mg/kg (range: 9.66-63.64 mg/kg, CV=61.4%), followed by
Mn at 2.74+2.63 mg/kg (0.68-10.21 mg/kg, CV=95.7%) and Cr at 3.33+£3.92 mg/kg
(0.68-14.74 mg/kg, CV=117.9%). Zn averaged 6.16+2.16 mg/kg (4.28-11.45 mg/kg,
CV=35.1%), while Cu, Ni, and Ti were lowerat 0.70+0.22,1.94 £ 1.48,and 2.44+ 1.44 mg/
kg, respectively. Site specific analyses revealed consistently higher concentrations at the
contaminated site (S1) compared to the reference site (S2), with Fe at 26.59 mg/kg versus
19.69 mg/kg (1.35-fold increase), Cr at 4.37 mg/kg versus 2.28 mg/kg (1.92-fold increase,
p=0.048), and Ni at 2.15 mg/kg versus 1.73 mg/kg (1.24-fold increase). Mn showed the
most significant difference, with 3.77 mg/kg at S1 compared to 1.71 mg/kg at S2 (2.20-
fold increase, p=0.028), demonstrating substantial industrial influence on metal contami-
nation levels (Qadir et al. 2021; Kog et al. 2024).
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Fig.2 Heavy metal concentrations (mg/kg) in leaf tissues of riparian plant species from contaminated (S1,
red) and reference (S2, yellow) sites. Species: Equisetum, Laurus, Rubus, Salix, and Sambucus. Error bars
represent standard deviation of triplicate measurements. Asterisks indicate statistically significant differ-
ences between sites (*p<0.05, Kruskal-Wallis test)
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Species-specific accumulation patterns revealed distinct physiological strategies for
heavy metal handling (Lin et al. 2025; Andersone-Ozola et al. 2025; Asare et al. 2025).
Laurus recorded the highest levels for several heavy metals, particularly Cr (14.74 mg/kg),
Fe (63.64 mg/kg), and Ni (5.64 mg/kg) at the contaminated site, suggesting its potential as
a hyperaccumulator. Equisetum exhibited the highest Mn concentration at S1 (10.21 mg/
kg) but moderate levels for other heavy metals, while Salix generally had the lowest con-
centrations across most elements, indicating lower uptake capacity or stronger exclusion
mechanisms. Hierarchical clustering analysis (Fig. 3) revealed clear patterns in heavy metal
concentration profiles. Laurus from the contaminated site formed a distinct and isolated
cluster due to its exceptionally high concentrations of several heavy metals. The analysis
presented a strong site-specific contamination gradient, particularly for Mn and Zn, where
S1 samples consistently grouped separately from S2 samples. Variability analysis supported
these trends, with Mn having the highest coefficient of variation (CV=95.7%) due to pro-
nounced site differences and species-specific accumulation patterns, while Cr also exhibited
substantial variability (CV = 117.9%), mainly driven by unusually high concentrations in
Laurus at the contaminated site.

Analysis of metal sequestration strategies revealed distinct species-specific approaches
to heavy metal accumulation in leaf tissues (Figs. 4 and 5). Total metal burden calcula-
tions demonstrated that Laurus exhibited the highest overall sequestration capacity with a
mean total burden of 69.56 mg/kg across both sites, followed by Equisetum (44.67 mg/kg),
Rubus (36.12 mg/kg), Sambucus (30.64 mg/kg), and Salix (21.26 mg/kg). The pronounced
difference in total metal burden between Laurus and other species (2.3 to 3.3-fold higher)
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IR - |-

Laurus_S2 0

- Rubus_S1 -1

Sambucus_S1 -2

Salix_S1

Sambucus_S2

Salix_S2

N .5
By .5

Mn Zn Ti Cu Ni Cr Fe

Fig. 3 Heatmap and hierarchical clustering of heavy metal concentrations (mg/kg) in riparian species
from contaminated (S1) and reference (S2) sites. Colors represent normalized concentrations from low
(yellow) to high (red)
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indicated a fundamentally different physiological strategy for heavy metal handling. Laurus
dominated sequestration for five of the seven heavy metals examined, achieving the highest
leaf concentrations for Cr (9.42 mg/kg), Cu (0.98 mg/kg), Fe (42.55 mg/kg), Ni (3.93 mg/
kg), and Ti (4.05 mg/kg), while Equisetum demonstrated preferential accumulation of Mn
(6.59 mg/kg) and Zn (8.92 mg/kg). The radar plot analysis in (Fig. 4) shows these contrast-
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ing accumulation profiles, with Laurus showing an expanded polygon encompassing mul-
tiple heavy metals, while other species displayed more selective patterns. The total metal
burden comparison between sites (Fig. 5) revealed contrasting responses, with Laurus dis-
playing the most dramatic site-specific difference (contaminated site burden of 103.13 mg/
kg versus reference site values of 36.00 mg/kg), while Equisetum, Rubus, and Sambucus
maintained relatively consistent total burdens between sites with ratios of 1.01, 1.04, and
0.93, respectively.

These findings have significant implications for phytoremediation applications and eco-
logical risk assessment. The measured concentrations fell within expected ranges for con-
taminated vegetation, though Cr levels in Laurus approached potentially toxic thresholds
(Al-Dahhan et al. 2024). The differential sequestration strategies observed likely reflect
evolutionary adaptations to specific environmental conditions and phylogenetic constraints,
with Laurus as a broadleaf evergreen shrub, possibly possessing enhanced vacuolar storage
capacity and metallothionein production compared to herbaceous species (Qadir et al. 2021;
Singha et al. 2025; Bhat et al. 2025). The pronounced Mn accumulation in Equisetum aligns
with the known Mn tolerance of pteridophytes, possibly related to ancient detoxification
pathways predating angiosperm evolution (Asare et al. 2025). Laurus emerges as a poten-
tial candidate for multi-metal phytoextraction, particularly for Cr and Fe, while Equisetum
shows promise for Mn-specific remediation strategies. The consistent heavy metal burden
patterns in some species suggest their utility as biomonitors for contamination assessment,
while highly responsive species like Laurus indicate active hyperaccumulation strategies
suitable for phytoremediation applications.

3.2 Contamination Gradients

Contamination factor (CF) reveals distinct heavy metals infiltration levels between indus-
trial (S1) and reference (S2) sites, as shown in (Fig. 6), with three heavy metals show-
ing high contamination levels (CF>3), fourteen indicating moderate contamination (CF
1-3), and eighteen showing low contamination levels (CF<1). Mn and Cr emerge as the
primary pollutants, with Laurus showing the highest individual CF for Mn (4.84) and Cr
(3.59), while Equisetum exhibits notable Mn contamination (CF=3.44), indicating 3-5
times higher levels than background. Species-specific responses reveal distinct sensitiv-
ity patterns; Laurus demonstrates the strongest contamination response (mean CF=2.87)
with elevated values for six of seven heavy metals examined, while Sa/ix exhibits the low-
est response (mean CF=0.75) with all metals in low contamination categories, suggesting
enhanced exclusion mechanisms. Rubus shows moderate contamination for five heavy met-
als, with Ti highest (CF=2.47), while Sambucus displays selective contamination for Mn
(CF=1.42), Ti (CF=1.29), and Ni (CF=1.13). Fe, despite being most abundant, shows
modest CF values except in Laurus (CF=2.97), while Cu and Zn display consistently low
contamination factors across species.

The CF analysis signifies widespread contamination effects, with 48.6% of metal-species
combinations showing CF>1.0. High CF values for Mn and Cr suggest the most significant
risk for phytotoxic effects and bioaccumulation. The species-specific variation demonstrates
differential sensitivity with implications for ecological risk assessment, as Laurus may
approach physiological stress thresholds while Sa/ix maintains metal homeostasis despite
elevated environmental concentrations. The contamination gradient pattern aligns with
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typical industrial pollution signatures, where specific heavy metals associated with manu-
facturing processes show pronounced enrichment relative to background levels (Kalozi et
al. 2025; Reis et al. 2025; Zhou et al. 2025). The CF approach provides a standardized
method for assessing contamination severity and comparing heavy metal accumulation pat-
terns across different species and environmental contexts (Kang et al. 2023; Tamma et al.
2025). These results show significant contamination in the riparian ecosystem and support
multi-species biomonitoring methods for a thorough assessment of contamination impacts
(Kumar and Anshumali 2025; Tamma et al. 2025; Yan et al. 2025; Islamy et al. 2025).

3.3 Ecological Load of Heavy Metals

Comprehensive assessment of heavy metal contamination through integrated pollution and
risk indices reveals significant variation in contamination severity and ecological risk across
riparian plant species (Fig. 7). The Pollution Load Index (PLI) demonstrates that Laurus
experiences the highest overall pollution burden (PLI=2.67), falling within the heavy pollu-
tion category (PLI>2), while Equisetum shows moderate pollution levels (PLI=1.35). Three
species display PLI values below unity, with Rubus (PLI=1.01), Sambucus (PL1=0.88), and
Salix (PLI=0.52) representing decreasing pollution load. The Ecological Risk Index (ERI)
assessment reveals more pronounced risk differentials, with Laurus exhibiting the highest
ecological risk (ERI=47.59), approaching the moderate risk threshold (ERI=40-80), while
Equisetum demonstrates elevated risk levels (ERI=20.16), and Rubus, Sambucus, and Salix
show progressively lower risk indices (17.02, 12.97, and 7.99, respectively), all remaining
within the low ecological risk category (ERI<40).

Enrichment Factor (EF) analysis, using Fe as the reference element, effectively distin-
guishes anthropogenic metal sources from the natural geochemical background. Mn dem-
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A: Pollution Load Index (PLI)
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Fig. 7 Pollution indices in five plant species: (A) Pollution load index (PLI), (B) Ecological risk index
(ERI), and (C) Enrichment factors (EF) for individual metals
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onstrates the most significant anthropogenic enrichment, with Equisetum showing very high
enrichment (EF=5.72) and Sambucus displaying moderate enrichment (EF =2.05), exceed-
ing the threshold for moderate enrichment (EF >2) and confirming anthropogenic Mn input.
Cr shows the highest EF values in Laurus (EF=1.99), approaching the moderate enrichment
threshold, while Cu, Ni, Ti, and Zn generally exhibit EF values below 1.5 across all species,
indicating limited anthropogenic influence. The selective enrichment of Mn and Cr supports
their identification as primary contaminants of industrial origin within this riparian ecosys-
tem. Species-specific pollution index patterns reflect differential physiological responses to
multi-metal exposure, with Laurus consistently ranking highest across all three.

indices (PLI, ERI, EF composite), establishing this species as both the most contami-
nated and ecologically at risk, suggesting enhanced metal uptake mechanisms or a lack
of effective exclusion strategies (Keshta et al. 2025; Al-Awah et al. 2026). Equally, Salix
demonstrates the lowest pollution indices across all metrics, indicating effective heavy
metal detoxification mechanisms or reduced bioavailability in its rhizosphere environment
(Song et al. 2023; Vibhatabandhu et al. 2025). The integrated assessment reveals that cur-
rent contamination may not pose immediate ecosystem-wide threats, but warrants continued
monitoring (Majumdar et al. 2025; Nazir et al. 2025), while the EF analysis indicates Mn
contamination is primarily anthropogenic in origin, supporting targeted remediation strate-
gies focusing on Mn sources (Al-Awah et al. 2026).

3.4 Bioaccumulation Networks

Principal Component Analysis (PCA) reveals distinct co-accumulation patterns of metals
in riparian plant leaf tissues, with the first two principal components explaining 86.5% of
the total variance in metal concentrations (PC1: 68.8%, PC2: 17.7%), as shown in (Fig. 8A
and B). The first principal component (PC1) is dominated by a strongly correlated group
including Fe (loading=0.972), Cr (0.956), Ni (0.942), and Cu (0.928), indicating synchro-
nized accumulation mechanisms for these elements. This co-accumulation pattern likely
reflects shared cellular transport systems, particularly the involvement of divalent metal
transporter 1 (DMT1) and iron-regulated transporter (IRT) family proteins, which exhibit
broad substrate specificity for Fe*", Cu?, Ni*", and other divalent cations (Aggarwal et al.
2025; Mishra et al. 2025; Liu et al. 2025b). Whereas the second principal component (PC2)
is characterized by Mn as the dominant loading (0.927), with secondary associations for
Ti (0.320) and Zn (0.359), indicating independent accumulation mechanisms. The distinct
behavior of Mn reflects its specialized transport via NRAMP (Natural Resistance-Associ-
ated Macrophage Protein) family transporters and its essential role in photosynthetic oxy-
gen evolution, requiring tight homeostatic regulation separate from other divalent metals
(Mishra et al. 2025; Liu et al. 2025b).

Species groupings reveal distinct clustering patterns, with contaminated site (S1) sam-
ples showing considerable dispersion along PC1, Laurus S1 positioned at the extreme
positive end (PC1=6.07), indicating exceptionally high concentrations of PC1-associated
metals, and Equisetum S1 occupying a unique position (PC2=2.87), reflecting specialized
Mn accumulation. Reference site (S2) demonstrates compact clustering with negative PC1
scores, with Laurus showing dramatic site-specific separation (S1: 6.07 vs. S2: —0.10),
which signifies pronounced response to contamination gradients.
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Spearman correlation analysis reveals complex metal interaction networks with distinct
patterns between contaminated and reference sites (Fig. 9). Strong positive correlations
dominate the overall dataset, with Fe-Cr emerging as the strongest relationship (»=0.93,
p<0.001), followed by Cr-Ni (»=0.90, p<0.001), Fe-Ni (r=0.88, p<0.01), and Mn-Zn
(r=0.89, p<0.001), establishing these as fundamental co-accumulation units. The contami-
nated site (S1) exhibits uniformly positive correlations, with several metal pairs achieving
perfect correlation coefficients (Fe-Cr: #=1.00; Ti-Zn: »=1.00), suggesting overwhelmed
cellular defense mechanisms where metals flood into cells through non-specific pathways
when homeostatic capacity is exceeded, a phenomenon consistent with stress-induced
breakdown of selective transport (El-Sappah et al. 2024; Mohamed et al. 2025a). While the
reference site (S2) displays mixed correlation networks with both positive correlations (Cr-
Ni: #=0.90; Fe-Ni: »=0.90; Mn-Zn: »=0.90) and significant negative correlations (Cr-Zn:
r=-0.70; Cu-Mn: r = —0.60; Ni-Zn: » = —0.60; Cr-Mn: r = —0.60), indicating competitive
processes such as antagonistic interactions at membrane transporters and competition for
binding sites on metallothioneins and phytochelatins (Nawaz et al. 2024; Acharya et al.
2025; Khan et al. 2025b).

The relationships between heavy metals reveal both complementary and independent
accumulation strategies. The tight clustering of Fe, Cr, Ni, and Cu loadings on PC1 suggests
shared cellular storage mechanisms, possibly involving vacuolar compartmentalization via
tonoplast-localized transporters (VIT1, MTP family) or binding to metallothioneins and
nicotianamine, which can chelate multiple divalent metals simultaneously (El-Sappah et al.
2024; Wang et al. 2025). On the other hand, Mn dominance in PC2 association and minimal
PC1 loading (0.216) indicates distinct physiological handling consistent with its photosyn-
thetic role and specialized transport systems (Wang et al. 2025). Negative correlations at the
reference site indicate sophisticated regulatory mechanisms controlling metal homeostasis,
with Cu-Mn (= —0.60) and Cr-Zn (» = —0.70) antagonisms suggesting competitive binding
or transport interference (Seregin et al. 2023; Rasheed et al. 2025; Mohamed et al. 2025b).
The transformation from competitive to synergistic relationships between sites indicates
contamination fundamentally alters plant physiology, shifting from selective uptake to bulk
accumulation under stress (El-Sappah et al. 2024; Wang et al. 2025). Persistent correlations
like Fe-Cr (All sites: »=0.93; S1: »=1.00; S2: »=0.70) and Mn-Zn (All sites: »=0.89; S1:
r=0.90; S2: »=0.90) suggest fundamental storage mechanisms involving shared cellular
compartments or binding molecules (El-Sappah et al. 2024; Wang et al. 2025).

The clear separation between PC1 and PC2 metal groups suggests contamination
responses involve two independent physiological processes: a general heavy metal uptake
system affecting Fe, Cr, Ni, and Cu simultaneously, and a specialized Mn transport system
operating independently. Species like Laurus demonstrate capacity for multi-metal accu-
mulation, while Equisetum shows selectivity for Mn extraction (Wu et al. 2024; Peralbo
et al. 2025). The scree plot analysis in (Fig. 8B) indicates the first two components cap-
ture essential dimensionality (<10% variance in subsequent components), validating that
riparian plant metal accumulation operates through two primary axes representing distinct
contamination processes. These patterns have significant implications for phytoremediation
applications: enhanced positive correlations under contaminated conditions support multi-
metal phytoextraction approaches, while competitive relationships under reference condi-
tions favor targeted single-metal remediation strategies. These findings provide a foundation
for developing species-specific biomonitoring strategies and optimizing phytoremediation
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approaches based on metal-specific accumulation affinities (Ogwu et al. 2025b; Gampson
et al. 2025).

3.5 Biogeochemical Indicators

Essential heavy metal relationship reveals critical insights into biogeochemical balance
disruption in riparian plant leaf tissues, with Fe-Zn and Cu-Mn ratios serving as sensitive
indicators of contamination-induced physiological stress (Fig. 10). The Fe-Zn relationship
analysis demonstrates pronounced species-specific contamination responses, with Laurus
exhibiting the most dramatic deviation from normal biogeochemical balance. Under refer-
ence conditions, the Fe/Zn ratio in Laurus maintains relatively stable relationships (Fe/
Zn=4.7), consistent with normal cellular Fe storage and Zn transport mechanisms. How-
ever, at the contaminated site, this ratio increases dramatically to 7.3, indicating preferential
Fe accumulation and potential disruption of Zn homeostasis mechanisms through competi-
tive inhibition at cellular binding sites (Shiryaev et al. 2024; Kumar and Anshumali 2025;
Singha et al. 2025). Equisetum exhibits remarkable biogeochemical stability with ratios
remaining relatively constant (S1: 3.2; S2: 1.9), indicating robust homeostatic mechanisms
possibly reflecting evolutionary adaptations to variable metal environments. Salix, Rubus,
and Sambucus show intermediate responses with moderate Fe-Zn ratio alterations, suggest-
ing varying degrees of biogeochemical sensitivity among woody riparian species (Shiryaev
et al. 2024; Kumar and Anshumali 2025; Singha et al. 2025).

Cu-Mn concentration patterns reveal differential biogeochemical sensitivity among spe-
cies, with Laurus experiencing the most severe disruption as Cu/Mn ratios shift from 1.12
at the reference site to 0.37 at the contaminated site. This dramatic decrease suggests Mn
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Fig. 10 Metal ratio relationships across plant species and sites showing correlations between Fe/Zn, Cu/
Mn, and combined ratios
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accumulation overwhelms Cu homeostasis, potentially disrupting photosynthetic electron
transport chains and oxidative stress defense mechanisms, indicating Laurus approaches
critical biogeochemical thresholds where essential metal balance becomes severely com-
promised (Tang et al. 2024; Bai et al. 2025). Equisetum displays different Cu-Mn relation-
ship patterns, maintaining relatively stable ratios across sites (S1: 0.064; S2: 0.287) with
consistently lower values reflecting its specialized Mn accumulation strategy. This suggests
pteridophyte species possess distinct biogeochemical regulation mechanisms accommodat-
ing high Mn concentrations without proportional disruption of Cu-dependent processes,
potentially through primitive but effective homeostatic mechanisms conferred by evolution-
ary antiquity (Hossain et al. 2022; Jungova et al. 2022).

Integrated ratio analysis (Fe/Zn vs. Cu/Mn) provides comprehensive biogeochemical
fingerprinting for enhanced contamination detection, revealing species-specific clustering
patterns in multidimensional biogeochemical space. Reference site samples cluster within
a defined biogeochemical envelope, indicating normal metal homeostasis, while contami-
nated site samples show pronounced dispersion, with Laurus exhibiting the significant devi-
ation, positioned at extreme coordinates reflecting both elevated Fe/Zn and depressed Cu/
Mn ratios (Liang et al. 2025; Nechita et al. 2025; Kumar and Anshumali 2025).

Species clustering patterns reveal distinct homeostatic strategies: Salix and Sambu-
cus form tight clusters in both conditions, suggesting similar biogeochemical regulation
mechanisms, Rubus occupies intermediate positions, while Equisetum and Laurus repre-
sent biogeochemical extremes reflecting divergent approaches to metal accumulation and
homeostasis (Kalozi et al. 2025; Nasca et al. 2025). Trend line slopes serve as quantitative
indicators of biogeochemical disruption magnitude, with reference site data exhibiting posi-
tive correlation (slope~0.85) indicating coordinated regulation under normal conditions,
while contaminated site data shows steep negative correlation (slope =~ —1.45) reflecting
dysregulation where Fe accumulation correlates with Mn excess and Cu depletion (Shukla
et al. 2024). The slope change magnitude (Aslope = —2.30) provides quantitative measures
of ecosystem-wide biogeochemical disruption. Biogeochemical balance maintenance capa-
bilities vary dramatically among species, with implications for ecosystem resilience and
restoration potential. Equisetum demonstrates superior stability, maintaining essential metal
ratios within acceptable ranges despite elevated environmental metal concentrations, sug-
gesting pteridophyte species may serve as biogeochemical stabilizers in contaminated ripar-
ian systems, potentially facilitating ecosystem recovery through maintenance of normal
nutrient cycling processes (Hassan et al. 2024; Nasca et al. 2025). Spatial biogeochemical
gradient patterns indicate contamination effects extending beyond simple metal accumula-
tion to encompass fundamental disruption of plant nutritional physiology, with systematic
deviation from reference conditions across all species suggesting ecosystem-wide perturba-
tions in essential metal relationships. These biogeochemical indicators offer valuable tools
for environmental assessment, providing quantitative measures extending beyond simple
concentration measurements, with species-specific response patterns supporting the devel-
opment of multi-species biomonitoring approaches detecting biogeochemical disruption at
multiple scales of biological organization (Hassan et al. 2024; Shiryaev et al. 2024; Shukla
et al. 2024; Nechita et al. 2025; Kalozi et al. 2025; Nasca et al. 2025).
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3.6 Sustainable Phytoremediation Applications

Phytoremediation using riparian vegetation offers significant potential for mitigating heavy
metal contamination while contributing to the United Nations Sustainable Development
Goals (SDGs). In this study, Laurus exhibited the highest Pollution Load Index (PLI=2.67),
with substantial accumulation of Fe and Cr. This aligns with reports indicating its biosorp-
tion capacity for Cd, Pb, Cu, and Zn in aqueous and terrestrial environments (Rai and Non-
gtri 2024; Nasca et al. 2025). Similarly, Equisetum has been documented as an effective
accumulator of Mn and Zn, supported by its silica-rich tissues that enhance rhizofiltration
processes in wetlands and mining-affected soils (Lopez Rodriguez et al. 2021; PANIZZA
2025). These findings suggest that both species are suitable for targeted remediation depend-
ing on site-specific pollutants.

Other species contribute to ecological stability and restoration. Rubus and Sambucus
have been identified as useful hedgerow components in ecological restoration systems,
where they function as stabilizers and moderate bioaccumulators of Zn, Pb, Cd, and Cu
(PANIZZA 2025; Nasca et al. 2025). Their role supports SDG 15 (Life on Land) through
soil quality improvement and habitat restoration, and Sambucus additionally contributes to
SDG 11 (Sustainable Cities and Communities) by lowering human exposure to contami-
nated soils in peri-urban environments.

Salix remains a key species for dendroremediation due to its high biomass production,
deep-rooted system, and proven ability to accumulate Pb, Cd, and Zn in riparian environ-
ments. Reports emphasize its consistent role in pollutant removal and ecological restoration,
highlighting its importance in long-term, large-scale projects (Khan et al. 2025a; Najwa et
al. 2025). Its applications contribute to SDG 6 (Clean Water), SDG 13 (Climate Action),
SDG 15 (Life on Land), and SDG 17 (Partnerships for the Goals), demonstrating the inte-
grative role of dendroremediation in sustainable landscape management.

4 Conclusions

This study introduces a new approach in monitoring Mediterranean riparian ecosystems by
showing that native plant communities act as advanced biological sensors capable of detect-
ing and measuring industrial pollution with exceptional accuracy. The successful validation
of TXRF spectroscopy as a better analytical method than conventional ICP-AOS techniques
marks a significant breakthrough, providing increased sensitivity and better tolerance for
complex matrices that will transform trace element analysis in environmental biomonitor-
ing efforts worldwide. The discovery of species-specific metal accumulation patterns, with
Laurus emerging as a notable multi-metal hyperaccumulator and Equisetum arvense show-
ing specialized Mn sequestration, provides the scientific basis for creating targeted, sustain-
able cleanup strategies aligned with circular economy principles. These results go beyond
academic interest by offering practical solutions to one of Europe’s biggest environmen-
tal challenges: restoring industrially affected watersheds that supply millions of residents.
The biogeochemical disruption patterns uncovered through innovative ratio analyses offer
early warning signs of ecosystem stress, allowing for proactive intervention before irrevers-
ible damage happens. This predictive ability is vital for safeguarding biodiversity hotspots
like the Mediterranean basin, where climate change increases contamination risks through
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altered rainfall patterns and extreme weather events. By integrating advanced analytical
chemistry with ecological restoration, this study demonstrates how phytoremediation can
contribute to multiple UN Sustainable Development Goals. The identified approaches offer
cost-effective, nature-based solutions that enhance water security, protect terrestrial ecosys-
tems, and promote sustainable urban development, while supporting both ecological recov-
ery and economic growth in post-industrial landscapes.
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