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A B S T R A C T

Mediterranean river basins are subject to heavy metal pollution driven by legacy mining, diffuse anthropogenic pressures, and strong hydrological seasonality. 
Dissolved organic matter (DOM) plays a key role in controlling metal mobility and ecological risk, while its fluorescent fraction (fDOM) provides useful optical 
proxies, yet its basin-scale influence remains poorly constrained. This study investigates spatial and seasonal controls on trace metal pollution across the Ombrone 
River Basin (central Italy), a representative Mediterranean catchment impacted by historical mercury mining. Monthly sampling along four rivers during high and 
low river discharge seasons combined excitation–emission matrix fluorescence spectroscopy and PARAFAC modelling with inductively coupled plasma–mass 
spectrometry. By combining chemometric analyses, six fDOM components, including humic-like and protein-like fractions, were evaluated alongside fifteen trace 
metals. A heavy metal pollution index (HPI) revealed frequent exceedances of quality thresholds, largely driven by mercury, highlighting persistent legacy 
contamination. Multivariate analyses showed that humic-like fDOM strongly mediated the distribution of Fe, Cu, Ni, and Se, favouring metal persistence in the 
dissolved phase, whereas metalloids such as Sb exhibited negative associations with humic components, indicating transport pathways dominated by mineral phases 
and colloids. Protein-like fDOM was linked to more transient, seasonally driven metal signals in hydrologically responsive river reaches. Overall, integrating optical 
fDOM properties with chemometric approaches provides a transferable framework for disentangling geogenic and anthropogenic controls on metal pollution in 
Mediterranean river systems.

1. Introduction

Trace metals and metalloids are ubiquitous in freshwater systems 
and can pose significant ecological and human health risks due to their 
toxicity, persistence, and potential for bioaccumulation (Tchounwou 
et al., 2012; Briffa et al., 2020; Ali et al., 2019). These elements enter 
rivers through both natural processes, such as rock weathering, and 
anthropogenic activities, including agricultural runoff, wastewater 
discharge, and legacy mining impacts (Martin and Johnson, 2012; Liang 
et al., 2023). Once introduced into aquatic systems, their mobility and 
bioavailability are significantly influenced by interactions with dis
solved organic matter (DOM) (Saar and Weber, 1982; Dong et al., 2022). 
Optical properties of DOM, including its fluorescent fraction, provide 
insight into DOM composition and reactivity but do not represent 
bioavailability directly.

Fluorescent dissolved organic matter (fDOM) represents a dynamic 
subset of the total DOM pool, composed of fluorophores derived from 
microbial activity, plant decay, as well as anthropogenic sources, which 
can increase the fraction of fDOM to total DOM in impacted rivers (Wang 
et al., 2021). It is typically resolved into humic-like and protein-like 
components using excitation–emission matrix (EEM) fluorescence 
spectroscopy combined with parallel factor analysis (PARAFAC) 
(Murphy et al., 2013; Coble, 1996; Stedmon and Markager, 2005; Gabor 
et al., 2015). Humic-like fractions are often associated with terrestrial 
inputs and aromatic structures, whereas protein-like components reflect 
more labile, autochthonous organic matter from microbial or algal ac
tivity (Zhu et al., 2020; Mostofa et al., 2007).

The geochemical relevance of fDOM lies in its ability to complex with 
trace metals via carboxylic and phenolic functional groups, thereby 
altering metal speciation, solubility, and transport dynamics (Nguyen 
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et al., 2024; Baken et al., 2011; Poulin et al., 2014). Metals such as 
copper, lead, and mercury can form strong organo-metallic complexes 
with DOM, which typically reduces their bioavailable fractions and 
toxicity (Kikuchi et al., 2017; Li et al., 2023; Yamashita and Jaffé, 2008; 
Zhang et al., 2021).

Understanding fDOM–metal interactions is therefore critical for 
improving ecological risk assessments and for interpreting pollutant 
dynamics under different hydrological conditions (Li et al., 2024). These 
interactions modulate the retention, transformation, and downstream 
export of trace metals—particularly during episodic events like storms 
or seasonal runoff, which alter DOM composition and concentration 
(Bhattacharya and Osburn, 2021). In catchments affected by diffuse 
pollution or legacy mining, DOM-driven complexation can either 
enhance or inhibit the transport of metal contaminants (Liang et al., 
2023).

The development of real-time fDOM monitoring tools has expanded 
opportunities for tracking contamination events and evaluating water 
quality trends. Spectroscopic characterization of fDOM is now recog
nized as a rapid, cost-effective, and informative technique for identi
fying pollution sources and metal–organic interactions under dynamic 
flow regimes (Bieroza and Heathwaite, 2015; Chen et al., 2023; Tedetti 
et al., 2013).

This work contributes to the EU Mission “Restore our Ocean and 
Waters by 2030”, which promotes integrated monitoring and pollution 
mitigation across the land–sea continuum (European Commission, 
2023). River basins in the Mediterranean-such as the Ombrone-play a 
key role in controlling the transfer of contaminants to coastal waters, 
highlighting the need for robust indicators of chemical pressure and 
transport processes. By addressing trace metal–fDOM interactions under 
variable hydrological conditions, this study supports new insights into 
the sustainable management of Mediterranean river basins with com
plex history of mining and land use. Specifically, the study adopts an 
integrated basin-scale framework that combines optical DOM charac
terization with complementary statistical analyses to disentangle spatial 
and seasonal drivers of metal concentrations.

In this context, the objectives of this study are: 

1. To explore the links between heavy metal concentrations and fDOM 
dynamics in relation to local sources and sinks, and considering 
seasonal hydrological variability;

2. To evaluate the ecological risk associated with heavy metals in sur
face waters in combination with fDOM composition; and

3. To identify predictor variables, including river basin characteristics 
and seasonal hydrological indicators, as robust proxies for heavy 
metal pollution and mobility in river systems.

2. Materials and methods

2.1. Study area and sampling collection

The Ombrone River Basin (ORB), located in central Italy, represents 
a typical Mediterranean catchment, encompassing diverse geological, 
hydrological, and land-use characteristics over its 3500 km2 area 
(Frangipane and Paris, 1994). The region experiences a distinctly sea
sonal hydrological regime, with high flows in autumn and spring and 
markedly reduced river discharges in summer (Thornes et al., 2009; 
Benito et al., 2015). The Ombrone River itself stretches for 161 km 
before reaching the Tyrrhenian Sea and is known for transporting high 
suspended sediment loads relative to other regional rivers. Land cover in 
the basin is dominated by woodland and agricultural zones (Sanna et al., 
2025), interspersed with small population centers totalling approxi
mately 280,000 inhabitants (Italian National Institute of Statistics 
ISTAT, 2021). Historically, the ORB has undergone extensive mining 
activity, dating back to Etruscan times and continuing into the 20th 
century (Dini et al., 2024). The basin is dominated by Mt. Amiata, a 
Quaternary volcanic complex, which hosts one of the world's largest 

cinnabar deposits. Although mining ceased in the late 20th century, the 
weathering of mineralized substrates and remobilization of historical 
mine wastes continue to contribute Hg and associated trace elements to 
tributaries draining toward the Orcia River, influencing basin-scale 
contamination patterns (Fornasaro et al., 2022; Chiarantini et al., 2016).

Sampling was conducted on four rivers in the ORB over the periods of 
high and low river discharge seasons in 2024 and 2025. High and low 
discharge were estimated based on monthly precipitation totals ob
tained from the regional environmental agency (Servizio Idrologico 
Regionale della Toscana, 2024). In each river, Ombrone, Farma, Merse, 
and Orcia (hereafter referred to as Om, F, M, and Or, respectively, when 
discussing sampling sites), sampling was performed monthly over four 
consecutive months. Sites were selected along each river, to represent 
longitudinal gradients of potential natural and anthropogenic in
fluences, from headwaters to downstream sections. In total, triplicate 
samples from 26 sites were obtained, along with local observational 
characteristics (riparian vegetation, local land use, presence of algal 
blooms, water colour) (Bishop et al., 2025) (Fig. 1). Water was collected 
just below the surface to avoid disturbance of bottom sediments and 
surface organic matter films.

2.2. Laboratory analysis

2.2.1. fDOM analysis
Three-dimensional excitation–emission matrices (EEMs) were ac

quired and analysed using Parallel Factor Analysis (PARAFAC) to 
characterise fDOM. For this purpose, 15 mL of water were filtered in situ 
through 0.22 μm PTFE membrane filters (VWR), stored refrigerated at 
4 ◦C and in the dark, and analysed within 24 h (n = 267). EEMs were 
recorded using a Cary Eclipse spectrofluorometer (Agilent) equipped 
with 1 cm quartz cuvettes. Excitation wavelengths ranged from 200 to 
450 nm at 10 nm intervals, while emission wavelengths spanned 
250–600 nm with a 2 nm data interval. Instrument settings included 5 
nm excitation and emission slit widths, a scan rate of 1200 nm/min, and 
a photomultiplier tube voltage of 600 V. Raw fluorescence data were 
processed in MATLAB (R2022b) using the drEEM toolbox. Processing 
steps included blank subtraction using freshly produced ultrapure water 
(Milli-Q, Millipore, Darmstadt, Germany), removal and interpolation of 
Rayleigh and Raman scattering regions, and normalisation of EEMs to 
total fluorescence intensity to minimize concentration-related effects. 
PARAFAC modelling was applied to the corrected EEM dataset to 
decompose fluorescence signals into independent components, with 
component intensities expressed in arbitrary units. Outliers were iden
tified using Mahalanobis distance and evaluated for influence prior to 
final model selection.

2.2.2. Trace metal analysis
For trace metal analysis, samples were taken at the same time as 

fDOM samples and stored under the same conditions but without in-situ 
filtration. The following day, samples were centrifuged (4 min at 4000 
rpm) to minimize suspended particulates, acidified with ~1% ultra-pure 
HNO3 (re-distilled, 99.9999% metal trace basis acquired by Merck 
KGaA), and then filtered with 0.22 μm PTFE membrane metal-free filters 
(VWR). Fifteen metals were selected due to their relevance as common 
environmental contaminants (Al, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Cd, Sb, 
Ba, Hg, Tl, Pb). Metal concentrations were determined using an Agilent 
8900 ICP-MS triple quadrupole equipped with a quartz shielded torch 
with a 2.5 mm injector and Ni-Cu interfaces cones. Internal standard (Y, 
Ge, Rh) solution obtained by dilution of stock solutions (1000 mg/L, 
acquired by Merck KGaA) were added to the samples at a final con
centration of 50 μg/L to monitor plasma fluctuation. Samples were 
introduced using an Agilent SPS 4 Autosampler connected to a quartz 
nebulizer (MicroMist – Agilent) and inserted into a quartz Scott spray 
chamber cooled to 2 ◦C by a Peltier module.

6-points calibration curves were obtained by dilution of a stock so
lution (10 mg/L, acquired by Merck KGaA) in the range 10 ng/L-100 μg/ 
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L defined based on the concentrations typically observed in the samples. 
All measurements were performed in triplicate. Limits of Detection 
(LoD) for Al, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Cd, Sb, Ba, Hg, Tl, Pb were 
respectively 0.2, 0.016, 0.051, 0.3, 0.029, 0.014, 0.001, 0.005, 0.004, 
0.02, 0.063, 0.015, 0.022 and 0.017 μg/L. LoD were calculated as 3σ/S 
where σ is the standard error and S the slope of the calibration curve. 
Typical operating parameters and instruments specifics are reported in 
Supplementary Materials (Table S1). Elements were analysed by intro
ducing either He or O2 in the octapole to remove isobaric interferences 
by either collision (He Mode) or by using the M+ + O2 → MO+ + O 
reaction (O2 Mode). Integration time and reaction parameters for each 
element analysed can be found in Supplementary Materials (Table S2).

2.2.3. Water quality indexes
A heavy metal pollution index (HPI) was calculated by considering 

the concentrations of all fifteen metals determined for each site (Al, Cr, 
Mn, Fe, Ni, Cu, Zn, As, Se, Cd, Sb, Ba, Hg, Tl, Pb), weighted by relative 
toxicity (Badeenezhad et al., 2023). For each metal i, a regulatory limit 
Si for surface waters (μg/L) were obtained from the Annual Average 
Environmental Quality Standards (AA-EQS) set by European Water 
Framework Directive (WFD) and from ARPAT (Regional Agency for 
Environmental Protection of Tuscany) tap water regulations; where 
limits were unavailable, World Health Organization (WHO) 
drinking-water guidelines were used (Table S3) (European Commission, 
2008; ARPAT, 2023; World Health Organization, 2022). Mean concen
trations per sample (considering triplicate sampling and triplicate 
determination) were used. The relative weight of each metal was 
assigned following the weighted arithmetic index method. Unit weights 
Wi were calculated as: 

Wi =
k
Si 

where 

k=

[
∑n

i=1

(
1
Si

)]− 1 

ensuring 
∑

Wi = 1. Smaller regulatory limits therefore correspond to 

higher weights (Table S3).
The quality rating Qi for each metal was expressed as the percentage 

of its limit: 

Qi =

(
Ci

Si

)

× 100 

where Ci is the mean measured concentration at the site. Because toxic 
metals ideally occur at zero concentration, the ideal value was set to 0. 
The sub-index (SI) for each metal was then obtained as: 

SIi =Wi × Qi 

and the HPI at each sample was computed as the sum of all sub-indices: 

HPI=
∑n

i=1
SIi 

The HPI value below 100 was set to indicate non-contaminated 
water, while a value above 100 suggests a contamination by heavy 
metals (Badeenezhad et al., 2023). HPI formulations are not universally 
standardised, as the index reflects the specific suite of metals measured 
within the local context.

Another key indicator calculated to assess the river water quality is 
the ratio of protein-like (tryptophan and tyrosine like fDOM) to humic- 
like fDOM (humic and fulvic like fDOM) (T/C ratio). This index has been 
used to identify fDOM sources and pollution events in multiuse river 
basins (Liu et al., 2025). The relative intensities of the protein-like 
components (C4 and C6), representing tyrosine- and tryptophan-like 
fluorescence, were summed and divided by the combined intensities 
of the humic-like and fulvic-like components (C1, C2, and C3), following 
the equation: 

T
/

C ratio =
C4 + C6

C1 + C2 + C3 

Higher values indicate a greater proportion of microbially derived, 
and labile material, often associated with recent biological activity or 
anthropogenic inputs (e.g., wastewater or agricultural runoff). 
Conversely, lower ratios reflect the dominance of more humified, re
fractory organic matter typically derived from terrestrial sources (Liu 

Fig. 1. Study area and sampling sites within the ORB.
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et al., 2025). Tracking variations in the T/C ratio across sampling sites 
and seasons was used to evaluate changes in water quality, microbial 
productivity, and the influence of allochthonous versus autochthonous 
organic inputs within the river system.

2.2.4. Statistical analysis of fDOM and metal dynamics
The analyses of the relationships between metals and between metals 

and fDOM was performed using the full dataset consisting of trace 
metals, fDOM components (C1–C6) and the water quality indexes. For 
the analyses, to ensure that all variables had a similar variance, all 
values of each variable were normalized using Z-scores.

Correlation analysis (Spearman) carried out in R software (R 4.4.0) 
was performed to quantify linear associations among metals, fDOM 
components, and the T/C ratio, allowing identification of covariance 
and to construct a correlation network.

To explore the relationships between individual fDOM components 
under metal-enriched conditions, binary logistic regression (LR) models 
were applied using each PARAFAC component and the T/C ratio. fDOM 
components were binarized considering the distribution of fDOM con
ditions measured in the ORB. For each component, an LR model was 
fitted independently, and performance was evaluated using overall ac
curacy and the Area Under the Receiver Operating Characteristic Curve 
(AUC).

Based on the LR results of significant fDOM-metal relationships, 
overall trend of metal concentrations with increasing fDOM values was 
explored using fDOM quartiles and Kruskal–Wallis, to evaluate whether 
metal concentrations changed systematically across increasing fDOM 
components, using pairwise Mann–Whitney U tests as a follow up test.

Discriminant analysis (DA) was applied to explore multivariate 
chemical differences among rivers, conducting a MANOVA to obtain the 
within-group (E) and between-group (H) sum-of-squares and cross- 
products matrices, from which discriminant functions were derived 
using the eigen decomposition of E− 1H. Because nearly all metals 

exhibited strong skewness (skewness >2), a rank transformation was 
applied prior to DA to reduce the influence of extreme values and relax 
distributional assumptions while preserving relative differences among 
samples. Discriminant scores were calculated for each sample and 
averaged to obtain river centroids. Variable loadings for each metal and 
fDOM component and correlations with discriminant scores were used 
to identify the chemical variables driving river separation.

To identify longitudinal trends in fDOM and metal concentrations 
along each study river, the non-parametric Mann–Kendall test was 
applied to assess the significance of monotonic changes from headwaters 
to the downstream sampling locations.

3. Results

3.1. fDOM distribution

PARAFAC modelling of excitation–emission matrices (EEMs) was 
used to identify independent fluorescent components of DOM. The 
optimal number of PARAFAC components was determined by sequen
tially evaluating models with five to seven components, based on a 
combination of residual analysis, split-half validation, component sta
bility, and chemical interpretability. Five component models resulted in 
the merging of chemically meaningful fluorophores with artefactual 
features, whereas seven component models produced duplicated 
(“split”) components with highly similar excitation–emission charac
teristics, indicative of overfitting. The six component solution repre
sented the most parsimonious model that maximized explanatory power 
while retaining physically meaningful and stable fluorescent compo
nents (Fig. 2).

Component 1 exhibited maxima at Ex/Em = 250/408 nm, typically 
associated to humic-like substances of terrestrial origin with relatively 
less humified material (Linlin et al., 2011). Component 2 (Ex/Em =
250/476 nm) corresponded to a more red-shifted, fulvic-like emission 

Fig. 2. Six fDOM components obtained from the PARAFAC model, consisting of three humic/fulvic-like components (C1, C2, C3; top row), two protein-like com
ponents (C4 and C6), and one unidentified noise component (C5; bottom row).
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(peak C/C+), indicative of highly humified DOM. Component 3 (Ex/Em 
= 220/430 nm), also falls within the humic-like (A/C) region, reflecting 
a short-wavelength excitation band typical of aromatic terrestrial fluo
rophores (Derrien et al., 2020; Lin et al., 2021). Component 4 (Ex/Em =
220/288 nm) and Component 6 (Ex/Em = 230/344 nm) were identified 
as protein-like components, corresponding to tyrosine-like and 
tryptophan-like DOM, respectively (Chen et al., 2022; Yan et al., 2020). 
Both are generally associated with autochthonous, microbially derived, 
and labile organic matter (Coble, 1996; Guo et al., 2010). The fifth 
component, characterized by a strong vertical feature centred around 
Ex ≈ 200 nm, was considered noise and excluded.

Mean PARAFAC component scores revealed seasonally variable 
fDOM characteristics of the four rivers (Fig. 3). In the Orcia River, none 
of the fluorescent components exhibited statistically significant seasonal 
variation using pairwise Mann–Whitney U tests (p > 0.01), indicating 
relatively stable fDOM composition across discharge conditions. In 
contrast, the Merse River showed pronounced seasonal shifts, with 
significantly higher intensities of the protein-like components and lower 
humic-like intensities during the low-discharge season. The Farma River 
followed a similar trend. The Ombrone River displayed a similar pattern 
for protein-like fluorescence but no significant differences for humic-like 
components.

The Orcia River had the highest mean total fluorescent intensity but 
the lowest T/C ratio (0.30), indicating dominance of humic-like com
ponents (C1–C3) and the lowest protein-like intensities (C4 and C6) 
(Fig. 3; Table S4)

By contrast, the Merse River showed the highest mean intensities of 
protein-like components, yielding the highest T/C ratio (0.86), with 
values exceeding 1 at sites M2 and M3.

The Ombrone and Farma rivers displayed intermediate humic and 
protein signatures, with mean T/C ratios of 0.44 and 0.63, respectively. 
Notably, the Ombrone River exhibited a strong downstream increase in 
the T/C ratio (Fig. S1): the upper sites (Om1–Om3) averaged 0.21, while 
the lower sites (Om4–Om6) averaged 0.64. The lower sites are down
stream of the confluence with the Merse River, which confirmed the 
influence of this tributary.

The Farma showed a reduction in the T/C ratio, initially above 0.9 in 
the upstream sites (F1–F2) and progressively decreasing downstream, 
consistent with slow, sometimes stagnant headwaters that enhance algal 
growth and protein production (Fig. S1). The Orcia river demonstrated a 
significant positive trend (Mann-Kendall p = 0.018) with increasing 
distance from the headwater site.

Sampling was performed over two periods, during months of high 
river discharge (spring and autumn) and low river discharge (summer). 

High and low discharge conditions were estimated based on mean 
monthly precipitation totals. The average monthly precipitation for the 
high discharge period was 58.7 mm ± 16.5 mm, while that for the low 
discharge was 27.9 mm ± 6.4 mm, consistent with the Mediterranean 
seasonal hydrological regime. T/C ratios were higher in low river 
discharge periods (0.78) than in high discharge period (0.38), reflecting 
a higher proportion of protein-like fDOM in drier, warmer months 
(Table S5), consistent with trends reported in similar studies (Ma and Li, 
2020; Mohinuzzaman et al., 2025; Wang et al., 2022).

3.2. Metal content in ORB rivers

The average metal concentrations measured across the sampling sites 
show a clear geographic distribution of concentrations (Table S6). For 
key metals—Ni, Cd, Cr, and Pb—the mean concentrations at all sam
pling sites were below the annual average threshold set by environ
mental quality standards (AA-EQS) according to the WFD for surface 
waters (20, 0.08, 50 and 7.2 μg/L, respectively).

A markedly different picture emerges for Hg. On average, half of the 
sampling sites (13 out of 26) exhibited Hg concentrations exceeding the 
AA-EQS of 0.03 μg/L. The Farma and Orcia rivers consistently surpassed 
this limit, whereas the Merse and Ombrone rivers did not. The high river 
discharge periods in both the Farma and Orcia rivers showed particu
larly high values, with mean concentrations almost an order of magni
tude above the EQS (Table S5). All sampling points along the Farma 
River exceeded the limit, while no exceedances were recorded along the 
Merse River.

For the other metals, none exceeded typical limits for either surface 
or tap water. Exceptions were Fe and Mn: Fe reached an average of 257 
μg/L (limit: 200 μg/L) in the Merse, and Mn reached of 430 μg/L in the 
Orcia (limit: 50 μg/L for tap water; no environmental threshold avail
able). M2 also exhibited periods of elevated Cu and Al, although their 
average concentrations did not exceed their respective limits or 
guidelines.

Highest HPI values were observed at sites F1 and Or1, with values of 
677.78 and 680.72, respectively. In total, nine sites exceeded the 
commonly accepted HPI threshold for good water quality (>100), 
including all six sites along the Farma River (F1 to F6) and the three 
upstream sites of the Orcia River (Fig. 4). Among these, the Farma River 
exhibited the highest average HPI values across its course, although a 
decreasing trend was noted from upstream (F1) to downstream (F6).

In the Orcia River, a pronounced difference was observed between 
Or1 and Or2, largely driven by a mercury concentration of 1.11 μg/L 
recorded at Or1 during the May sampling campaign. In contrast, in the 

Fig. 3. fDOM components average intensity (au) per river and high (H) or low (L) river discharge seasons.
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Farma River, exceedances of the HPI threshold were consistently 
recorded across multiple sampling events, suggesting a more persistent 
contamination pattern.

The Merse River displayed the lowest HPI values among the four 
rivers. A localized increase at M2 is attributable to inputs from the 
Ribudelli Creek, which drains the former mining site at Campiano and 
introduces metals into the main channel. A subsequent decline in HPI at 
M3 reflects dilution effects from the mainstem flow. A modest rise at M6 
is likely influenced by the confluence with the Farma River upstream, 
which, as noted, consistently displays elevated mercury levels.

The Ombrone River showed intermediate HPI values overall. How
ever, most of its sampling sites remained below the pollution threshold 
on average. The Kruskal–Wallis test revealed statistically significant 
differences in HPI among sites in the Merse and Orcia rivers, whereas no 
significant differences were detected in the Farma and Ombrone rivers.

These HPI patterns reinforce the dominant influence of mercury in 
determining overall water quality status within the basin. Notably, 
mercury accounts for approximately 70% of the HPI calculation 
(Table S3), amplifying the impact of elevated concentrations at specific 
sites and highlighting legacy contamination as a key factor affecting the 
ecological health of these systems.

3.3. Metals and fDOM dynamics

The correlation network (Fig. 5) revealed a cluster of lithogenic and 
redox-sensitive metals (Fe, Al, Mn, Ni, Cu, Ba), connected by strong 
positive correlations, with Fe at the centre. This pattern reflects (i) the 
highly erodible geology of the basin, (ii) Fe–Al–Mn signatures associated 
with pyrite mineralization in the Merse River, and (iii) the neutral-to- 
alkaline pH conditions typical of these rivers (ARPAT, 2022). Ni 
mobility increases in the presence of Mn and Fe oxides, leading to higher 
dissolved Ni concentrations where such oxides form or mobilize 
(Rinklebe and Shaheen, 2014).

Regarding the relationship between fDOM and metals, Fe and Cu 
were positively correlated with components C1 (Spearman's ρ = 0.471) 
and C2, consistent with the tendency of Cu(II) to complex with terres
trial humic components (Yang et al., 2026). Metal associations in the 
Merse–Farma system are likely to be influenced by historic mining and 
sulphide mineralization which have shown elevated As, Cu, Pb, Zn and 
Fe concentrations in biological species (Monaci et al., 2021). Our anal
ysis confirmed high concentrations of Fe, Cu, Zn and As in these rivers, 
as well as correlations between Fe with Cu and As, as well as between Pb 
and Zn (Table S6).

On the other hand, metalloids as Sb showed a strong negative cor
relation with all humic-like components, suggesting that Sb-enriched 

pulses arising from (i) acid mine-drainage inputs into the Merse River, 
where Fe-driven oxidative weathering mobilizes metalloids from sulfide 
deposits, and (ii) geogenic–volcanic sources in the Orcia basin 
(Pagnanelli et al., 2004; Nannoni et al., 2025). Metalloids may be 
transported via Fe- and Al-rich colloids rather than humic-bound path
ways, especially under alkaline pH conditions (Yang et al., 2021).

Protein-like components behaved differently; C4 showed no signifi
cant correlations with metals, while C6 exhibited a strong positive 
correlation with As (Spearman's ρ = 0.468), similar to Zhu et al. (2024)

Fig. 4. Longitudinal change in HPI for each river.

Fig. 5. Spearman's correlation network. Line colour denotes the sign of the 
correlation (green = positive, red = negative), while thickness reflects corre
lation magnitude (|ρ|). Only medium or stronger correlations (|ρ| > 0.3, 
Cohen's criteria) significant at p < 0.01 are shown. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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as well. Wang et al. (2015) reported that protein-like components 
dominated the interactions between the DOM and the four metalloid 
ions with the following affinity order was Sb(III) > As(III) > As(V) > Sb 
(V).

Liang et al. (2023) similarly highlighted the strong affinity of As, Se, 
and Cd with protein-like fDOM with higher aromaticity in Yangtze River 
sediments.

The contrasting behaviour of As and Sb relative to humic-like fDOM 
observed in this study is consistent with their anionic speciation and 
reduced affinity for classical humic binding sites, as well as competition- 
driven partitioning under metal-rich conditions. Conversely, the strong 
association of Cu with humic-like components reflects its high affinity 
for organic ligands, widely documented in mining-impacted river sys
tems. As reported by Liu et al. (2024), the complexation between Cu(II) 
and DOM may facilitate the microbial breakdown of fDOM, especially 
the protein-like components, resulting in T/C ratio modification.

The associations between metal concentrations and specific fDOM 
components were further explored using multivariable logistic regres
sion, with z-score-normalized metal concentrations as predictors of bi
nary high/low fDOM fractions. Model coefficients were used to evaluate 
conditional associations while controlling co-variation among metals. 
Metals showing significant positive coefficients interpreted as being 
associated with the probability of elevated levels of each fDOM 
component.

Model performance was evaluated using the area under the receiver 
operating characteristic curve (AUC), which quantifies the ability of 
each model to discriminate between high and low fDOM conditions. 
AUC values can range from 0.5 (random classification) to 1.0 (perfect 
separation), with >0.8 typically denoting strong predictive utility in the 
classifiers. Models for all fDOM components except C4 showed strong 
discriminatory performance, with AUC values exceeding 0.80. Among 
these, the short-excitation humic component C3 exhibited the highest 
classification performance (AUC = 0.89), followed by C1 and C2 (AUC 
= 0.87 and 0.83, respectively). In contrast, the tyrosine-like C4 
component showed weak discriminatory power (AUC = 0.69), consis
tent with its short residence time and limited involvement in metal 
complexation (Cory and Kaplan, 2012). C6 also demonstrated strong 
discriminatory performance (AUC = 0.84).

Metal-specific coefficients from the multivariable logistic regression 
revealed distinct associations between individual fDOM components 

and specific metals. Cu showed significant positive associations with 
elevated humic-like fDOM components C2 and C3, and a negative as
sociation with the T/C ratio, indicating a preferential association with 
humic relative to protein-like DOM. Ni, together with Ba, exhibited 
significant positive associations with C1, further supporting the affinity 
of these metals for humic-like fDOM. In contrast, Al was positively 
associated with the T/C ratio, suggesting that higher Al concentrations 
are more likely under conditions characterized by a greater relative 
contribution of protein-like fDOM. Across the full dataset, As and Fe 
emerged as significant positive predictors of elevated tryptophan-like 
fluorescence (C6), indicating a preferential association with protein- 
like fDOM components under specific conditions. Multicollinearity 
was low (Variance Inflation Factor <2 for all metals except Al and Fe, 
5.5 and 5.2 respectively) confirming stable coefficient estimates and 
model reliability.

Following the logistic regression, changes in metal concentrations 
across increasing fDOM quartiles were evaluated to identify concen
tration ranges associated with the observed associations. For all cases 
shown, metal concentrations differed significantly among fDOM quar
tiles (Kruskal–Wallis, p < 0.05).

Significant positive relationships between metal concentrations and 
fDOM were observed for Cu, Fe, As, and Ni when samples were grouped 
by fDOM quartiles across all rivers and seasons. Cu concentrations 
increased with increasing humic-like fDOM components C2 and C3, in 
agreement with the positive coefficients identified in the logistic 
regression models (Fig. 6a). A similar response was observed for Fe and 
As in relation to the tryptophan-like component C6 (Fig. 6b), reflecting 
pooled, dataset-wide associations that may arise from episodic or river- 
specific processes. While no statistically significant differences were 
detected between the first and second C6 quartiles for either metal, in
creases occurred between the second and third quartiles, as confirmed 
by Mann–Whitney tests (p < 0.05), with Fe concentrations rising from 
8.23 to 19.39 μg/L and As from 0.42 to 0.96 μg/L. Ni also showed 
increasing concentrations across quartiles of component C1, with me
dian values rising from 0.40 to 0.85 μg/L, consistent with its positive 
association with humic-like fDOM identified in both correlation and 
logistic regression analyses.

In contrast, several metals displayed negative associations with 
increasing fDOM. Sb exhibited consistently negative relationships with 
humic-like components, in agreement with negative correlations and 

Fig. 6. Median metal concentrations across fDOM quartiles showing significant differences (Kruskal-Wallis test, p < 0.05).
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logistic regression coefficients (Fig. 6c). Across components C2 and C3, 
Sb concentrations remained relatively high at low fDOM levels but 
declined sharply at higher quartiles, with median values decreasing 
from >0.6 μg/L in the lower quartiles to approximately 0.2 μg/ L in the 
upper quartiles. For component C1, a similar decline occurred earlier, 
with Sb concentrations decreasing between the first and second quar
tiles. These stepwise decreases were supported by significant pairwise 
differences between quartiles (Mann–Whitney tests, p < 0.05).

Ni also exhibited a negative response to increasing fDOM for the 
tyrosine-like component C4, with median concentrations decreasing 
from 0.68 to 0.45 μg/L, consistent with the negative coefficient observed 
in the logistic regression model (Fig. 6d). A comparable pattern was 
observed for Ba and component C4, where a strong and statistically 
significant decrease occurred between the first and second quartiles 
(median concentrations declining from 43.66 to 31.90 μg/ L), followed 
by a plateau at higher fDOM levels, with no further significant differ
ences detected between subsequent quartile

3.4. Basin scale and seasonal dynamics

The four basins were shown to differ significantly when considering 
individual and combined metal concentrations and fDOM content 
(Table S4 and Table S6, ANOVA and MANOVA, p-value <0.001). To 
explore how metal concentrations and fDOM could be used to separate 
river basins across seasons of high and low precipitation, an exploratory 
discriminant analysis was used in a canonical framework. Highly 
correlated humic fDOM components (C1, C2, C3) were combined into a 
single humic-like component, and C4 and C6 components into a single 
protein like component. Samples were grouped by river and hydrolog
ical season (high and low river discharge), and DA was used to examine 
multivariate separation among groups. The resulting model showed a 
total accuracy of 82%, with individual rivers ranging from the Merse 
with an average accuracy of 74% to the Ombrone at 94%. Given that 
there was a strong heterogeneity of covariance matrices among seasonal 
river conditions (Box's M test, p < 0.0001), discriminant function co
efficients were not interpreted. Instead, river centroids were used to 
describe multivariate patterns of separation between rivers and seasons 
(Kannel et al., 2007).

The first two discriminant functions explained 80% of the total 
between-river variance (DF1 = 55%, DF2 = 25%) (Fig. 7). DF1 primarily 
reflected spatial separation among river basins, with Orcia clearly 
separated from the other rivers, while seasonal differences within each 
river were small relative to between-river differences. In contrast, DF2 
captured river-specific seasonal variability, which was most pronounced 
in the Ombrone, whereas Farma, Merse, and Orcia showed compara
tively stable positions across seasons.

The relationships between the two fDOM types and metals in the first 
two discriminant functions reflect basin-scale multivariate patterns that 
maximize separation among rivers and seasons. At this scale, humic-like 

fDOM was strongly associated with Fe, Cu, Se, and Ni, indicating that 
organically complexed or soil-derived metals contribute consistently to 
the chemical differentiation among river basins. In contrast, protein-like 
fDOM showed positive associations with Mn and Al, suggesting a weaker 
linkage with trace metal transport and a greater influence of biologically 
labile or shallow-soil processes on river-specific signatures (Fig. 8).

Overall, the DA showed contrasting metal–fDOM regimes between 
rivers. The Orcia was characterized by strong associations between 
humic-like fDOM and Fe, Cu, Se, and Ni, suggesting metal complexation 
and transport in organic-rich waters that remain relatively stable across 
seasons. In contrast, the Merse and its tributary Farma display metal 
patterns that are weakly coupled to humic fDOM and instead dominated 
by elements such as Sb, Ba, and, in the case of Merse, Fe and Cu, sug
gesting transport pathways that are controlled primarily by mineral 
phases and sediments. The Ombrone shows a different behavior, with 
pronounced seasonal shifts in discriminant space linked to summertime 
increases in protein-like fDOM and concurrent variations in Zn, Ba, and 
Sb. Persistent differences in DOM–metal characteristics between rivers 
dominated, with seasonality acting as a secondary, basin-specific 
modifier.

4. Conclusion

By integrating multiple approaches: correlation networks, rank 
based inference testing, multivariable logistic regression, and discrimi
nant analysis, this study provided an integrated picture of the spatial and 
seasonal variability of metal concentrations and their potential inter
action with fDOM. All approaches consistently identified humic-like 
fDOM as a potential mediator of metal mobility, particularly for Fe, 
Cu, Ni, and Se, whereas metalloids such as Sb and, to a lesser extent, As 
exhibited contrasting behavior indicative of transport pathways domi
nated by mineral phases and colloids rather than classical humic 
complexation. These commonalities across independent analytical 
frameworks suggest robustness of the observed metal–fDOM coupling 
regimes and reduce uncertainty associated with any single method.

DA further demonstrated that river-specific characteristics, legacy 
mercury mining in Orcia and Farma, pyrite and sulfide mineralization in 
Merse and Farma, greater hydrological buffering in Orcia and Merse, 
and higher responsiveness in Ombrone, exert stronger control on water 
chemistry than seasonality, with persistent basin differences dominating 
contrasts between high and low river discharge periods in three of the 
four rivers. Seasonal effects were nevertheless evident in hydrologically 
responsive systems, in particular the main Ombrone River, where shifts 
toward protein-like fDOM occurred in the high river discharge season. 
Together, these results indicate that changes in the balance between 
humic-like and protein-like fDOM influence metal transport pathways, 
with humic-dominated conditions favoring metal complexation and 
persistence in the dissolved phase, and protein-rich conditions reflecting 
more transient, biologically or runoff-driven inputs.

Fig. 7. DA centroid plot for different rivers and season (H: high precipitation 
and river discharge, L: low precipitation and river discharge).

Fig. 8. DA plot of metal and fDOM (H-L as humic-like fDOM, P-L as protein- 
like fDOM).
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The consistency of results highlights the broader applicability of this 
framework for investigating metal pollution dynamics in river systems 
subject to mixed pressures, including legacy and active mining, agri
culture, and population centers. By integrating fDOM optical properties 
with multivariate metal patterns, this approach allows disentangling 
geogenic from anthropogenic signals and identifying river reaches 
where seasonal processes amplify or attenuate metal mobility. Such 
integrative analyses are particularly relevant for Mediterranean-type 
catchments, where increasing intense and episodic hydrological events 
combine with long histories of land use to shape water quality.

Finally, the elevated HPI values observed in several river sections, 
largely driven by mercury, underscore the persistence of legacy 
contamination and its potential downstream implications. Given that 
these rivers ultimately discharge into the Mediterranean Sea, continued 
metal transport under humic-rich conditions may contribute to coastal 
metal loading and ecological risk, reinforcing the need for basin-scale 
monitoring strategies that explicitly consider fDOM–metal in
teractions. The methodological framework presented here offers a 
transferable tool for assessing metal pollution risks and their controlling 
processes in other riverine systems draining sensitive coastal 
environments.
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