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A B S T R A C T

Plastic pollution in coastal environments is shaped by interactions among land-based emissions, river networks, 
and marine hydrodynamic processes, yet these processes are rarely examined within a unified approach. Here, 
we present an integrated source-to-sink modeling framework for macroplastic pollution across the river–sea 
continuum, coupling a spatial probabilistic model with the 3D SHYFEM hydrodynamic model and its Lagrangian 
particle-tracking module. Applied to the Venice Lagoon and adjacent northern Adriatic Sea, the framework 
quantifies how plastics are mobilized from land, transferred through river networks, and redistributed within 
coastal waters. The probabilistic component resolves spatiotemporal variability in riverine emissions by 
combining mismanaged plastic waste with meteorological, land-use, and hydrological drivers, while the 
hydrodynamic–Lagrangian component simulates transport pathways and accumulation patterns. Results show 
heterogeneous and seasonally variable riverine inputs, with baseline annual emissions of 4.23 × 104 kg yr− 1. The 
Brenta River contributed 37.3% of annual emissions, followed by the Sile (12.2%) and Dese (9.8%), while the top 
six rivers accounted for more than 80% of the total load. Source intensity strongly affected the magnitude and 
seasonal expansion of model-predicted potential accumulation zones, whereas their spatial distribution remained 
stable, indicating that hydrodynamic processes primarily controlled accumulation patterns. Simulated hotspot 
extent increased by 22% under the high-load case and decreased by 63% under the low-load case, although these 
model-predicted patterns require targeted field validation. The framework links inland emissions to coastal fate 
and supports the identification of key emission areas, transport pathways, and persistent accumulation zones to 
inform mitigation in river-dominated coastal systems.

1. Introduction

Plastic pollution is one of the most pervasive and persistent forms of 
anthropogenic contamination in aquatic environments. Estimates sug
gest that between 9.5 and 23 million metric tons of plastic enter aquatic 
systems each year (Borrelle et al., 2020; Cottom et al., 2024; Kaandorp 
et al., 2023; Lau et al., 2020). Plastic debris affects nearly all components 
of hydrological and ecological systems, from urban waterways and 
rivers to remote deep-sea environments (Canals et al., 2021; Gündoğdu 
et al., 2026; Koelmans et al., 2017; Thompson et al., 2024). Once in the 
water, plastics undergo a variety of physicochemical and biological 
transformations that alter their buoyancy, transport behavior, and 
eventual fate (Kaandorp et al., 2023; Koelmans et al., 2017). These 

transformations, such as fragmentation (Liro et al., 2025), coupled with 
local environmental conditions and hydrodynamic forcing, make plastic 
transport and accumulation a highly dynamic and nonlinear process. In 
addition to harming marine fauna through entanglement and ingestion, 
plastics disrupt benthic ecosystems, act as vectors for invasive species, 
and adsorb hazardous pollutants such as polychlorinated biphenyls 
(PCBs) and heavy metals, amplifying their ecological and human health 
impacts (Canals et al., 2021; González-Fernández et al., 2021; Hardesty 
et al., 2017).

Given these impacts, understanding the pathways of plastic transport 
from land to sea is critical, with rivers playing a central role in mediating 
this transfer. Global estimates suggest that rivers transport between 0.57 
and 2.70 million metric tons of plastic debris annually, corresponding to 
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12–40% of total ocean inputs (Gnann et al., 2026; Kaandorp et al., 2023; 
Lebreton et al., 2017; Meijer et al., 2021). However, substantial un
certainties in global riverine plastic export estimates mainly stem from 
diverse modeling approaches (González-Fernández et al., 2023; 
Roebroek et al., 2022). Roebroek et al. (2022) reviewed four main 
methods to estimate riverine plastic emissions: (i) temporal extrapola
tion, which directly scales short-term flux observations to yearly esti
mates but often misses extreme events; (ii) linear regression models that 
link plastic flux to environmental drivers (e.g., discharge, rainfall), 
where correlations can be weak and often non-linear; (iii) exponential 
regression models that combine discharge with mismanaged plastic 
waste (MPW), widely used for global estimates albeit reliant on uncer
tain MPW datasets (Cottom et al., 2024; Lebreton et al., 2017; Mai et al., 
2020, 2023; Schmidt et al., 2017); and (iv) spatial probabilistic 
modeling, which accounts for land-use and distance to rivers but ignores 
temporal variability in plastic littering (Meijer et al., 2021). These 
modeling uncertainties are further exacerbated by fragmented moni
toring: as highlighted by Hurley et al. (2023) and Haseler and Mihut 
(2026), the use of diverse sampling techniques, such as visual counts, 
nets, booms, unmanned aerial vehicles (UAVs), and waste collection, 
results in the capture of different plastic fractions. Quality assurance/ 
quality control and consistent metadata reporting are therefore essential 
not only to improve comparability across studies but also to better 
constrain estimates of riverine plastic inputs and associated fluxes.

Beyond these sampling discrepancies, recent observational work 
shows that riverine plastic transport is far from linear. Hydrology 
strongly shapes variability, with floods dramatically increasing fluxes, 
accounting for about 30% of annual transport in just a few days, yet a 
significant part of mobilized plastics are retained on riverbanks and 
floodplains rather than exported downstream (Blettler et al., 2026; van 
Emmerik et al., 2023). Similarly, tidal dynamics and vegetation in rivers 
can create a stop–go transport cycle, with items spending almost half of 
their time trapped within the system (Corbau et al., 2026; Gallitelli and 
Scalici, 2024; Lotcheris et al., 2024; Schreyers et al., 2024).

Alongside these hydrological and geomorphological controls, 
anthropogenic drivers also play a decisive role in shaping macroplastic 
pollution in river systems. Studies in Ghana show that MPW is the 
strongest predictor of macroplastic pollution, while hydrological drivers 
are weak or inconsistent (Pinto et al., 2024). Evidence from Switzerland 
shows that macrolitter abundance is strongly linked to urban features, 
particularly roads and buildings, while forests and wetlands showed 
negative associations (Schreyers et al., 2024). At the global scale, recent 
estimates suggest around 0.5 Mt yr− 1 of riverine plastic exports to the 
sea, with around 90% being macroplastic from diffuse waste in Asia, 
Africa, and South America, and 10% microplastics from wastewater in 
developed regions (Strokal et al., 2023).

After plastic debris enters coastal zones, specialized modeling ap
proaches are essential to capture its fate within complex marine systems. 
Within semi-enclosed seas such as the Mediterranean and Adriatic, 
regional modeling has provided valuable insights into plastic transport, 
retention, and accumulation under realistic forcing conditions. In the 
Adriatic Sea, Liubartseva et al. (2016) highlighted the importance of 
riverine hotspots such as the Po River and Venice Lagoon, where coastal 
fluxes can reach 70 kg km− 1 day− 1 near the Po Delta. Hydrodynamic 
simulations by Ferrarin et al. (2021, 2024) and Aghito et al. (2023)
further demonstrate how tides, winds, and frontal systems shape sea
sonal pathways and accumulation zones in the northern Adriatic. Ob
servations corroborate that while much plastic is removed from surface 
waters, 70% or more of litter sinks to the seabed, where plastics 
comprise 60–80% of debris (Canals et al., 2021; Madricardo et al., 2020; 
Segur and Sonke, 2025). Kaandorp et al. (2020) estimated annual inputs 
into the Mediterranean at 2100–3400 tons, primarily from coastal 
populations (61%), rivers (32%), and fisheries (6%), and of all plastics 
introduced into the Mediterranean since 2006, an estimated 54% has 
accumulated on coastlines, 45% has sunk, and only 170–420 tons 
remain afloat, underscoring the importance of seabed interactions in 

fate modeling.
These dynamics are particularly pronounced in transitional envi

ronments, such as estuaries and coastal lagoons, where interactions 
among riverine inputs, tidal forcing, and human pressures govern the 
fate of plastic debris (Critchell and Lambrechts, 2016; Kaimathuruthy 
et al., 2025). Building on these regional insights, coastal lagoons, such 
as the Venice Lagoon, provide a paradigmatic example where the 
interplay of hydrodynamics, morphology, and anthropogenic pressures 
determines pollutant fate. The Venice Lagoon, the largest lagoon in the 
Mediterranean, is a shallow, semi-enclosed system strongly influenced 
by rivers, tides, wind, and human activities. Its geomorphology and 
hydrodynamics create highly variable transport and retention patterns. 
Cucco and Umgiesser (2015) showed, using a Trapping Index, that water 
residence times vary substantially across the lagoon, with tidal forcing 
generating long-term retention zones. Such variability suggests that 
plastics may become trapped in inner lagoon areas, delaying their export 
to the Adriatic Sea.

Local dynamics, driven by natural and anthropogenic factors, are 
further influenced by the overarching effects of climate change and 
regulatory interventions. Over the past three decades, relative sea level 
in the lagoon has risen by about 4.9 mm per year, while air and sea 
temperatures have increased by about 1.8 ◦C and 1.4 ◦C respectively 
(Ferrarin et al., 2024; Safaie et al., 2026; Zanchettin et al., 2021). Pro
jections indicate that the frequency of extreme sea level events could rise 
significantly under sustained global warming, with the present-day 100- 
year event occurring up to ten times as frequently by 2050 under high- 
emission scenarios (Lionello et al., 2021b). The projected increase in 
high-water events implies more frequent activation of the Mo.S.E. 
(Experimental Electromechanical Module) barriers to prevent flooding 
(Lionello et al., 2021a); however, prolonged closure periods restrict 
water exchange and increase lagoon residence times. Together, these 
processes enhance hydrodynamic confinement and increase the likeli
hood of pollutant and plastic retention within the lagoon (Ferrarin et al., 
2013). This retention is further enhanced by coastal ecosystems such as 
salt marshes, which act as natural sinks for particulate material (Puppin 
et al., 2024a, 2024b).

These vulnerabilities are consistent with field evidence showing 
widespread plastic contamination in the Venice Lagoon. Studies report 
significant microplastic concentrations in sediments and waters, with 
higher values in river-influenced areas and near urban centers (Cecchi 
et al., 2024; Cecchi and Poletto, 2025; Vianello et al., 2013). At the 
same time, riverine inputs are recognized as major drivers of lagoon 
water quality, delivering nutrients, contaminants, and particulate mat
ter (Bonometto et al., 2019; Feola et al., 2024; Ostoich et al., 2018; Pesce 
et al., 2019). However, despite this evidence, plastic transport in the 
lagoon's tributary network remains virtually unexplored, leaving a 
critical gap in understanding how rivers shape plastic accumulation and 
export dynamics.

Addressing this gap requires modeling approaches capable of linking 
land-based inputs with transport and fate across transitional systems. 
Previous work has emphasized that realistic simulations of plastic 
behavior demand more than simple surface advection (De Groodt et al., 
2026). Madricardo et al. (2020) argued that comparisons with field data 
are only meaningful when based on high-resolution 3D hydrodynamic 
models coupled with particle tracking that explicitly accounts for wind 
drift, particle sinking, and near-bottom transport. A crucial uncertainty, 
however, lies in defining the model inputs in terms of frequency, 
quantity, and type of litter entering the system (Wickramarachchi et al., 
2025).

The land–sea continuum, spanning from terrestrial landscapes to 
marine waters, is typically investigated through fragmented disciplinary 
approaches, with river basin modeling and marine hydrodynamics 
treated as separate domains (Pascalis et al., 2025). As highlighted by 
Van Sebille et al. (2020) and Maximenko et al. (2019), there is a growing 
need for integrated modeling frameworks that connect plastic emission 
estimates with downstream transport and fate processes. Recent 
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advances in plastic emission modeling offer a promising way forward. 
Spatial probabilistic models, such as that developed by Meijer et al. 
(2021), combine MPW datasets, terrestrial features, hydrological data, 
and atmospheric drivers (e.g., rainfall and wind) to estimate plastic 
loads entering rivers. These models provide spatially resolved plastic 
input estimates but are rarely coupled with hydrodynamic and 
Lagrangian particle-tracking models that resolve downstream transport 
processes. A limited number of studies have begun to link emission es
timates with particle tracking in coastal and semi-enclosed systems, 
including applications in the Mediterranean (Weiss et al., 2025) and the 
Black Sea (Zlateva et al., 2024). However, these approaches typically 
rely on simplified source representations or prescribe inputs at river 
mouths, without explicitly resolving the spatial heterogeneity and 
temporal variability of land-based emissions. A key knowledge gap 
therefore remains in linking spatially and temporally variable land- 
based plastic emissions with hydrodynamic transport, retention, and 
export in transitional river–sea systems. Bridging these approaches is 
essential for capturing both emission patterns and downstream transport 
dynamics.

The present study addresses this challenge by developing an inte
grated modeling framework for macroplastic transport and accumula
tion across a connected river–sea system, using the Venice Lagoon and 
the northern Adriatic Sea as a case study to evaluate the framework. This 
area is particularly well suited for such analysis because of its dense 
population, diverse land use, hydrological complexity, and ecological 
sensitivity. Moreover, it features multiple rivers discharging into a semi- 
enclosed lagoon before reaching the Adriatic Sea, creating a natural 
laboratory for investigating plastic dynamics along the land–sea con
tinuum. The novelty of this study lies in coupling spatially resolved es
timates of monthly riverine plastic emissions with a 
hydrodynamic–Lagrangian particle-tracking model, allowing plastic 
sources, transport pathways, retention zones, and export toward the sea 
to be analyzed within a single framework. The specific aims are to: (i) 
estimate the spatial and temporal variability of riverine macroplastic 

inputs to the Venice Lagoon; (ii) simulate the transport, retention, and 
export of river-derived macroplastic under realistic hydrodynamic 
forcing; and (iii) assess how contrasting plastic emission scenarios in
fluence potential accumulation patterns across the river–lagoon–sea 
continuum. We hypothesize that riverine macroplastic inputs are 
spatially and temporally uneven, with a limited number of tributaries 
and months contributing disproportionately to total emissions. We 
further hypothesize that the formation of model-predicted potential 
accumulation zones is governed not only by input magnitude, but also 
by hydrodynamic conditions, including circulation patterns and resi
dence time, while contrasting emission scenarios mainly affect the in
tensity rather than the spatial structure of accumulation.

2. Materials and methods

2.1. Integrated modeling framework

This study employs an integrated modeling framework that couples a 
spatial probabilistic emission model with a hydrodynamic–Lagrangian 
model to simulate plastic transport pathways, enabling a continuous 
representation of plastic dynamics across the land–sea continuum. The 
first component quantifies plastic loads entering the river–coastal sys
tem based on MPW, hydrometeorological conditions, and terrestrial 
characteristics. The second component simulates the subsequent trans
port, retention, and export of plastics using hydrodynamic fields and a 
Lagrangian particle-tracking model. Together, these components 
establish a source-to-sink linkage that captures both terrestrial emissions 
and marine dispersal under realistic environmental forcing. The overall 
workflow of the integrated framework is illustrated schematically in 
Fig. 1.

2.1.1. Spatial probabilistic modeling of riverine plastic emissions
The spatial probabilistic model (SPM) quantifies the fraction of MPW 

generated on land that is mobilized, moved to river networks, and 

Fig. 1. Conceptual framework of the spatial probabilistic model and the Hydrodynamic-Lagrangian Model.
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ultimately discharged into coastal waters. The approach adapts the 
probabilistic framework proposed by Meijer et al. (2021), in which the 
total emission probability (P(E)) is defined as the product of three 
probabilities: the probability of mobilization on land (P(M)), the proba
bility of transport to the river network (P(R)), and the probability of 
transport from the river to the sea (P(O)). This formulation provides a 
flexible and transferable framework for representing plastic emission 
processes across regions with varying environmental and data 
conditions.

Mobilization probability is parameterized as a function of precipi
tation and wind intensity, which act as the primary drivers of plastic 
entrainment from the land surface. The probability of reaching a river 
depends on terrain slope, land-use roughness, and downslope distance to 
the nearest river, capturing the influence of topography and surface 
characteristics on overland transport. The probability of plastic trans
port to the sea increases with river discharge and stream order but de
creases with distance from the outlet. For each grid cell, the three 
component probabilities are combined to calculate the total emission 
probability.

The mass of plastic entering the coastal environment (M(E)) is esti
mated by combining basin-scale MPW generation with the spatially 
averaged emission probability, thereby linking land-based sources to 
riverine export. Time-varying emissions are obtained by aggregating 
these fluxes across river basins. While the probabilistic formulation 
follows Meijer et al. (2021), the estimation of emissions is adapted in 
this study to account for basin-scale aggregation and monthly variability 
in emission fluxes. All equations and parameterizations are provided in 
Eqs. (S1)–(S5) and Table S1 of the Supplementary Material (SM).

2.1.2. Hydrodynamic–Lagrangian modeling of marine plastics
Hydrodynamic transport is simulated using the three-dimensional 

finite-element model SHYFEM (System of HydrodYnamic Finite 
Element Modules, https://github.com/shyfemcm), which solves the 
primitive equations on unstructured triangular meshes. The model em
ploys a semi-implicit time integration that is unconditionally stable for 
gravity waves, bottom friction, and Coriolis terms while treating 
advection explicitly. Water levels are computed at nodes and velocities 

at element centers in the horizontal dimension, and a flexible Z-layer 
discretization is used in the vertical dimension (Arpaia et al., 2023). 
Extensive descriptions of the numerical formulation and previous ap
plications are available in Umgiesser et al. (2004) and Ferrarin et al. 
(2017, 2019).

Plastic transport is represented with an offline 3D Lagrangian par
ticle tracker driven by SHYFEM hydrodynamic outputs. Particle posi
tions are advanced with the resolved Eulerian velocities and a stochastic 
random-walk component that reflects subgrid turbulent diffusion. Wind 
effects on buoyant, near-surface debris are included through a param
eterized Stokes drift acting on surface particles. Particles can sink with a 
constant settling velocity and may beach at the coastline; interactions 
with the bed allow either deposition or near-bottom transport depending 
on local conditions.

Previous applications of SHYFEM in the Venice Lagoon and Adriatic 
Sea support its suitability for resolving hydrodynamic and transport 
processes in complex coastal and lagoon environments (Bajo et al., 2023; 
Ferrarin et al., 2019, 2024, 2025; Lagomarsino-Oneto et al., 2024; 
Umgiesser et al., 2022).

2.2. Study area and model configuration

2.2.1. Site description
The Venice Lagoon, located in the northwestern Adriatic Sea (Fig. 2), 

is the largest coastal lagoon in the Mediterranean, covering an area of 
approximately 550 km2. It is a shallow, microtidal system characterized 
by a semidiurnal tidal regime with a mean tidal range of 1.0 m and an 
average depth of 1.5 m. The lagoon is connected to the Adriatic Sea 
through three tidal inlets, Lido, Malamocco, and Chioggia, that together 
regulate tidal exchange and drive lagoonal circulation (Ferrarin et al., 
2013). These inlets divide the lagoon into three hydrodynamic sub- 
basins, each comprising a network of main and secondary channels 
that branch into smaller tidal creeks and salt marshes. The bathymetry is 
highly variable, ranging from intertidal salt-marsh flats (<0.5 m) to deep 
channels exceeding 15 m; with localized scour holes reaching depths of 
40–50 m (Madricardo et al., 2019, 2021).

Freshwater inputs originate from 11 main tributaries distributed 

Fig. 2. Map of the case study area showing the river basins draining into the Venice Lagoon within the Veneto region (northeastern Italy), together with the lagoon, 
the locations of river mouths, and the observational stations for temperature, salinity, and water level.
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along the inner lagoon boundary (Çevirgen et al., 2020; Zuliani et al., 
2005). The drainage area of the tributaries directly connected to the 
Venice Lagoon covers approximately 1807.33 km2 and is located in the 
Veneto Region, encompassing diverse terrain, including plains, hills, 
and mountainous areas. In contrast, the cumulative contributing area 
considered in the riverine plastic-emission model is 8471.81 km2, as it 
includes the full contributing basins of the Brenta, Adige, and Sile river 
systems. Land use across the region ranges from densely populated 
urban and industrial areas to agricultural zones and natural reserves. 
Submarine groundwater discharge also contributes significantly to the 
freshwater budget, estimated to range between 15% and 80% of the total 
inflow (Zirino et al., 2016). As a result, salinity in the lagoon varies from 
around 20 PSU in the northern freshwater-influenced zones to 35 PSU 
near the inlets. Water residence times are spatially heterogeneous, from 
1 to 3 days near the inlets to 15–20 days in the inner lagoon (Cucco et al., 
2009).

The lagoon is strongly affected by meteorological forcing. North
easterly Bora winds generate strong currents and waves, while south
easterly Sirocco winds drive storm surges and coastal flooding 
(Tommasini et al., 2019). The system is further shaped by long-term 
human interventions. River diversions since the 16th century reduced 
sediment supply, promoting erosion and deepening of the lagoon 
(Bondesan, 2017; Puppin et al., 2024a, 2024b). More recent engineering 
works, including the excavation of navigation channels and the con
struction of the Mo.S.E. flood-barrier system, have further altered hy
drodynamics, sediment transport, and salt-marsh sedimentation (Mel 
et al., 2021; Tognin et al., 2021). By 2002, the salt-marsh area had 
declined from around 180 km2 in 1811 to 43 km2 (Carniello et al., 
2009), significantly reducing the lagoon's natural buffering capacity 
against sea-level rise.

The Venice Lagoon and the adjacent Gulf of Venice are among the 
most anthropogenically impacted coastal systems in Europe. Urbaniza
tion, port activities, intensive fishing and aquaculture, and heavy marine 
traffic exert strong pressures on water quality and sediment dynamics 
(Micheletti et al., 2011). Freshwater inputs from the surrounding 
drainage basins, characterized by extensive agriculture and industry, 
deliver nutrients, contaminants, and floating litter into the lagoon, while 
wind- and tide-driven exchanges redistribute pollutants toward the 
northern Adriatic. The combination of complex hydrodynamics, diverse 
land uses, and multiple sources of anthropogenic stress makes the 
Venice Lagoon an ideal natural laboratory for studying macroplastic 
transport and accumulation processes across the river–sea continuum.

2.2.2. Configuration of the plastic emission model
In this study, the SPM was refined and adapted to the Veneto region 

by introducing two key improvements: an increase in spatial resolution 
to a 10 m × 10 m grid and the incorporation of a monthly temporal 
resolution for the year 2019. This enhancement allows the model to 
resolve finer-scale spatial variability and seasonal dynamics associated 
with rainfall, wind, and river water discharge. The emission probability 
of each grid cell is thus determined by its terrestrial, hydrological, and 
anthropogenic characteristics, which jointly control the mobilization of 
plastics across the land–sea continuum. Since the analysis is limited to 
the Veneto portion of the domain, only the contribution of the Adige 
River's lower basin within Veneto was considered.

The model integrates environmental, hydrological, and MPW vari
ables to estimate plastic mobilization and transport probabilities at high 
spatial and temporal resolution. Terrain slope and flow direction were 
derived from the TINITALY digital elevation model (Tarquini et al., 
2007). These parameters were used to compute the downslope dis
tance from each grid cell to the nearest river, defining overland con
nectivity for plastic transport. Monthly precipitation and wind speed for 
2019 were obtained from the Regional Agency for Environmental Pre
vention and Protection of Veneto (ARPAV), based on observations from 
196 meteorological stations. The data were spatially interpolated over 
the 10 m grid and used to represent the mobilization drivers in P(M).

River discharge data were compiled from ARPAV gauging stations. 
For rivers lacking direct measurements, discharge was estimated from 
CERRA-Land sub-daily regional reanalysis runoff data (Verrelle et al., 
2022) and converted to monthly means. The river network and basin 
boundaries were obtained from ARPAV's Hydrographic Graph (ARPAV, 
2022a) and Detailed River Basins (ARPAV, 2022b) datasets. Land-use 
information was derived from the Veneto Region Land Cover Map 
Database (Regione del Veneto, 2022). Each land-use category was 
assigned a roughness coefficient following Meijer et al. (2021) to 
represent its relative capacity to facilitate or impede plastic transport. 
Urban surfaces, for instance, were assigned higher transport probabili
ties, while forests and wetlands were assigned lower values (Table S2).

Population data used to scale MPW generation were obtained from 
the Italian National Institute of Statistics (ISTAT, 2021) for the total 
population of Italy in 2019, and from the Veneto Regional Statistical 
Office (SISTAR) for the resident and tourist populations of each mu
nicipality (SISTAR, 2025). Administrative boundaries of the munici
palities were extracted from the Veneto Region's “Polygonal 
Administrative Boundaries of Municipalities” dataset (Regione del 
Veneto, 2024). The total population for each municipality was defined 
as the sum of the resident population and average tourist presence, the 
latter estimated from monthly tourist presences divided by the number 
of days in each month.

The estimation of monthly MPW under different source-intensity 
sensitivity scenarios followed a two-step procedure. First, annual MPW 
values for Italy were adopted from Lebreton and Andrady (2019) under 
contrasting assumptions of plastic production and waste management. 
These include a baseline-load condition for the 2019 reference year, a 
high-load source-intensity case based on the Business-as-Usual 
assumption of Lebreton and Andrady (2019), and a low-load source- 
intensity case based on their Mitigation assumption. These scenarios are 
not intended as explicit temporal projections, nor as predictions of 
future socio-environmental or policy trajectories, but rather as 
controlled sensitivity cases used to isolate the effect of varying riverine 
plastic source intensity under identical hydrodynamic and meteorolog
ical forcing. Second, annual MPW was converted into monthly per- 
capita values by dividing by 12 months and the national population of 
Italy for the 2019 reference year. These values were then scaled to each 
municipality according to its total population. Finally, the spatial 
intersection between municipal boundaries and river basins was used to 
allocate monthly MPW to each basin draining into the Venice Lagoon, 
preserving the spatial heterogeneity of population-driven plastic 
emissions.

To evaluate the influence of parameter choices on the SPM, a local 
one-at-a-time (OAT) sensitivity analysis was performed for two repre
sentative river basins, the Brenta and Dese. These rivers were selected 
because they represent important freshwater and plastic inputs to the 
Venice Lagoon system and differ in basin size and hydrological char
acteristics. Each parameter controlling plastic mobilization, overland 
transport, and riverine transport was individually perturbed while all 
other parameters were kept fixed at the reference configuration. Lower- 
bound simulations used parameter values divided by 10, whereas upper- 
bound simulations used values multiplied by 10, with probability- 
threshold parameters capped at 1 where applicable. The tested param
eters were the precipitation coefficient (α), wind coefficient (β), slope 
threshold (τ), stream-order coefficient (θ), stream-order lower threshold 
(ι), discharge coefficient (κ), discharge lower threshold (μ), and land-use 
coefficient (ν). The complete set of OAT parameter values is reported in 
Table S3. Since independent macroplastic emission observations were 
not available, the sensitivity analysis was evaluated relative to the 
baseline configuration rather than against field observations. Sensitivity 
was expressed as the ratio of annual emissions in each sensitivity 
simulation to those in the baseline simulation, ME,sensitivity/ME,baseline, 
together with its logarithmic response, log10

(
ME,sensitivity/ME,baseline

)
.

Based on the initial OAT screening for the Brenta and Dese basins, the 
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five most influential parameters were further evaluated across all river 
basins. Each parameter was varied individually by − 50% and +50% 
relative to its baseline value, while all other parameters were held 
constant; upper values of probability parameters were capped at 1. For 
each configuration, annual emissions were recalculated for every river, 
and changes in total regional emissions and river rankings were evalu
ated relative to the baseline.

To assess hydrometeorological controls on seasonal emissions, 
Spearman rank correlations were calculated between monthly macro
plastic emissions and basin-averaged precipitation, wind speed, and 
river discharge for the Brenta and Dese basins. The correlations are 
interpreted as measures of seasonal co-variation rather than indepen
dent causal contributions. The detailed equation is provided in the 
Supplementary Material (Eq. (S6)).

To better understand how short-term hydrological variability may 
influence emission estimates that are otherwise based on monthly av
erages, we conducted a daily-resolution sensitivity analysis. In this 
analysis, emission probabilities were recalculated by varying only river 
discharge at daily resolution, while keeping other predictors unchanged. 
Precipitation and wind were not included at daily resolution because 
consistent, spatially resolved datasets for these variables were not 
available for the study period. Daily values of P(O) and consequently P(E) 
were computed based on observed discharge for Brenta and Dese in 
November 2019. This month was selected since it exhibited pronounced 
discharge variability, including distinct high-flow events, making it a 
representative period to assess the influence of short-term hydrological 
fluctuations. The resulting daily P(E) values were then averaged and 
multiplied by the daily MPW to estimate ME. This approach captures the 
influence of discharge variability on emission probabilities and resulting 
emissions without altering the underlying monthly MPW input.

2.2.3. SHYFEM hydrodynamic and particle tracking configuration
The computational domain covers the entire Venice Lagoon together 

with the adjacent northern Adriatic shelf. The unstructured grid con
tains 17,515 nodes and 32,207 elements. The water column is divided 
into 18 Z-layers with thicknesses ranging from 0.5 m near the surface to 
20 m at depth, allowing the model to resolve tidal propagation across 
shallow flats and vertical shear in tidal channels. The unstructured grid, 
together with lagoon bathymetry, is shown in Fig. S1.

Bathymetry was assembled from datasets covering the Venice 
Lagoon and the northern Adriatic Sea. Bathymetry for the Venice 
Lagoon was derived from datasets collected between 1999 and 2003, 
covering the entire lagoon including shallow areas, and from channel 
network surveys conducted in 2013 (Gavazzi et al., 2016). For the 
adjacent Adriatic Sea, bathymetric data were obtained from the 
EMODnet Bathymetry dataset, complemented by inlet surveys 
(Madricardo et al., 2017) and the CNR-ISMAR Adriatic survey (Foglini 
et al., 2012). All data were interpolated onto the triangular mesh with 
a common vertical datum. The model includes wetting and drying so 
that intertidal marshes and very shallow flats can intermittently emerge 
and flood during the tidal cycle. The simulation spans calendar year 
2019, preceded by a spin-up period during December 2018 to stabilize 
water levels, density fields, and residual circulation before analysis. 
Meteorological forcing fields consisted of time series of wind, precipi
tation, and heat fluxes measured at the Acqua Alta platform. These fields 
were mapped onto the unstructured ocean grid at each hydrodynamic 
time step.

Freshwater inputs to the model domain include both rivers directly 
discharging into the Venice Lagoon and major rivers entering the adja
cent Adriatic shelf. A total of 11 tributaries flow directly into the Venice 
Lagoon, for which time series were compiled from gauging stations 
where available; for ungauged tributaries, water discharges were 
derived from the CERRA-Land regional reanalysis. In addition, three 
major rivers located along the lagoon boundaries are considered: the 
Brenta and Sile rivers, which split into two branches, with one branch 
discharging into the lagoon and the other into the Adriatic Sea, and the 

Adige, which discharges entirely into the Adriatic Sea outside the lagoon 
system. Their mean annual discharges are 140.01 m3 s− 1 (Brenta), 
54.35 m3 s− 1 (Sile), and 226.53 m3 s− 1 (Adige), substantially higher than 
the mean discharge of the Venetian tributaries (4.98 m3 s− 1). Freshwater 
salinity at river boundaries is set to near-zero values unless observations 
are available; river temperatures follow basin conditions or are gradu
ally adjusted to modeled ambient values.

Open-sea boundary conditions include tidal elevations, depth- 
varying currents measured at the Acqua Alta platform (15 km 
offshore), and temperature and salinity fields obtained from the 
Copernicus Marine Service (Escudier et al., 2021). These datasets are 
used to impose both tidal forcing and baroclinic conditions at the open 
boundary, ensuring consistency between shelf-scale dynamics and 
lagoon exchange.

Monthly river-borne macroplastic loads produced by the spatial 
probabilistic model are converted from mass to items using a mean mass 
per item of 0.019 kg item− 1 (Meijer et al., 2021). For each river and 
month, the corresponding number of items is released at the river mouth 
elements and distributed uniformly in time within the month. Particles 
are released at the surface; during transport, they are subject to wind 
drift, horizontal and vertical diffusion, and a constant settling velocity of 
1 × 10− 4 m s− 1, consistent with MAELSTROM 2023 sensitivity tests, 
which indicate a settling time of approximately 5 days through a 40 m 
water column. The particle tracking model time step is 10 s, ensuring 
accurate resolution of advection between element faces and across 
vertical interfaces.

To assess the sensitivity of the simulated accumulation patterns to 
the assumed particle settling behavior, two additional Lagrangian sim
ulations were performed using settling velocities of 1 × 10− 5 and 1 ×
10− 3 m s− 1. These were compared with the baseline value of 1 × 10− 4 m 
s− 1. The sensitivity test was conducted for four representative months, 
January, May, August, and November. These four months were not 
intended to reproduce the full annual variability, but to provide a 
representative seasonal sample for testing whether the predicted accu
mulation patterns and vertical partitioning were sensitive to the pre
scribed settling velocity. Details of the metrics used for the settling- 
velocity sensitivity analysis are provided in the Supplementary Mate
rial (Eqs. (S7)–(S10)).

The particle-tracking framework can represent sinking, shoreline 
interaction, and near-bottom transport. In the present configuration, 
particle behavior was simplified using a prescribed settling velocity, 
without dynamically representing changes caused by biofouling, frag
mentation, or degradation. Explicit permanent shoreline beaching was 
not activated since preliminary tests indicated strong grid-dependent 
trapping near some river-mouth release locations. The model never
theless accounts for wetting and drying of shallow and intertidal ele
ments, so particles may be temporarily immobilized when an element 
becomes dry and resume transport after rewetting.

Three source-intensity sensitivity scenarios were simulated under 
identical hydrodynamic and meteorological conditions to isolate the 
effect of source intensity. These include a baseline condition for 2019, a 
high-load source-intensity case, and a low-load source-intensity case. 
This experimental design allows isolating the effect of source intensity 
on plastic transport pathways, retention within the lagoon, and export to 
the coastal sea, thereby enabling a controlled sensitivity analysis of the 
system response to variations in emission magnitude alone.

To evaluate the performance of the hydrodynamic model, statistical 
comparisons were carried out between simulated and observed values of 
water level, salinity, and temperature. Observations of water level were 
available for five stations distributed across the system, one near the 
main Venice Island, three at the lagoon inlets (Lido, Malamocco, and 
Chioggia), and one located offshore in the Adriatic Sea. The records 
cover the entire year 2019 with an average sampling interval of 15 min 
(Venice Municipality tidal network). For salinity and temperature, data 
from six monitoring locations were used (SAMAnet network), based on 
field samples collected throughout 2019 at an average temporal 
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resolution of 1 h. The geographical locations of all stations and sampling 
sites are shown in Fig. 2.

The model performance was assessed using four statistical indicators: 
Pearson correlation coefficient (R), centered root mean square error 
(CRMSE), the difference between the mean of the model results and of 
the observations (BIAS), and the RMSE–observations standard deviation 
ratio (RSR). These metrics quantify the accuracy, systematic deviation, 
and overall skill of the simulations in reproducing observed hydrody
namic variables. All indices were calculated following standard formu
lations (Willmott, 1981, 1982), as reported in the SM (Eqs. (S11)–(S14)).

The detailed evaluation of model performance is provided in the SM 
(Section S4; Table S4; Figs. S2–S7). In summary, the hydrodynamic 
model reproduced water level and temperature with high accuracy 
across all stations, with correlation coefficients generally exceeding 0.9, 
while salinity was simulated with lower skill and larger spatial vari
ability. Overall, the model successfully captured the main temporal 
dynamics and seasonal variability of the system, providing a reliable 
representation of the hydrodynamic conditions driving particle trans
port. These results are consistent with previous applications of the 
SHYFEM modeling framework in the Venice Lagoon and other coastal 
systems, where high performance has been reported for water levels, 
temperature, and salinity (Umgiesser et al., 2014, 2016, 2022). This 
consistency supports the robustness of the model and its suitability for 
investigating transport and accumulation processes in river–coastal 
systems.

To further assess the plausibility of the simulated Lagrangian trans
port pathways, an observational comparison was performed using GPS- 
tracker trajectories obtained from the WebGIS of the MISP project, 
“Misure sperimentali nei corsi d'acqua del Distretto Alpi Orientali per la 
cattura dei rifiuti galleggianti” (Autorità di bacino distrettuale delle Alpi 
Orientali, 2026). The MISP project is coordinated by the “Autorità di 
bacino distrettuale delle Alpi Orientali”, with Veritas and “Consorzio di 
bonifica Acque Risorgive” as implementing partners. The dataset used 
here consists of floating GPS trackers released at different locations in 
the lagoon, with recorded release positions, time-stamped trajectories, 
and final observed positions. In total, 21 GPS-tracker trajectories were 
selected for this comparison based on whether their release points were 
located within or close to the model domain. For each observed tracker, 
an ensemble of 200 particles was initialized within a 200 m radius of the 
corresponding tracker release location, using the same particle-tracking 
configuration adopted in the main simulations, except that particles 
were treated as surface-floating tracers with no settling velocity.

This comparison should be interpreted as a semi-quantitative 
observational consistency check rather than a formal validation. The 
main hydrodynamic simulation used in this study refers to 2019, 
whereas the available GPS-tracker deployments were carried out in 
2025. Therefore, the observed and simulated trajectories were not 
forced by the same meteorological and hydrodynamic conditions. To 
make the comparison more physically consistent, the model release 
times were selected using a tidal-analogue approach rather than by 
simply preserving the same calendar dates. Specifically, release dates in 
the same month of 2019 were selected to reproduce tidal conditions 
comparable to those observed during the GPS deployments, since tidal 
forcing is a dominant driver of short-term transport in the Venice Lagoon 
(Ferrarin et al., 2024; Umgiesser et al., 2004). The comparison was then 
performed using elapsed time after release, and simulated and observed 
positions were compared at matched elapsed times. Details of the 
comparison procedure are provided in the SM, including the selected 
observed and model release dates, the observed and simulated trajectory 
map (Fig. S8), the metrics table (Table S5), and the equations used to 
calculate the comparison metrics (Eqs. (S15)–(S22)), including nearest- 
particle RMSE and trajectory skill scores.

Despite the temporal mismatch between the GPS deployments and 
the hydrodynamic simulation year, several cases showed encouraging 
agreement between observed and simulated transport pathways. For 
instance, tracker ID 13 showed a nearest-particle RMSE of 0.12 km and a 

nearest-particle skill score of 0.96. Across the 21 analyzed trajectories, 
the mean nearest-particle RMSE was 1.28 km, while the mean nearest- 
particle skill score was 0.50 (Table S5). These results indicate that, 
although the comparison cannot be considered a strict validation, the 
particle-tracking framework can reproduce several observed transport 
pathways at the lagoon scale.

Model-predicted potential accumulation zones were identified from 
the gridded particle density fields derived from the Lagrangian simula
tions. Particle density was expressed as items per square meter (items 
m− 2) on a structured grid with a horizontal resolution of approximately 
78 m × 111 m. A threshold-based approach was adopted, where grid 
cells with particle densities equal to or greater than 10 items m− 2 were 
classified as simulated hotspots. This threshold was selected as an 
operational criterion to distinguish significant accumulation zones from 
background concentrations while ensuring consistency across scenarios. 
Given the absence of a universally accepted definition of plastic pollu
tion hotspots, threshold values are often defined in a context-dependent 
manner based on data characteristics and research objectives (Tasseron 
et al., 2024). For each simulation output, a binary hotspot mask was 
generated by applying the threshold to the particle density field. 
Simulated hotspot maps were then produced for different aggregation 
modes (e.g., monthly cumulative and mean conditions) to distinguish 
between transient and persistent accumulation patterns. The spatial 
extent of simulated hotspots was quantified by counting the number of 
grid cells exceeding the threshold and converting this to area using the 
effective cell size (around 0.0087 km2 per cell), allowing consistent 
comparison of accumulation zones across scenarios and time periods.

To evaluate the sensitivity of the hotspot definition to the selected 
threshold, the baseline cumulative particle-density field was addition
ally analyzed using alternative thresholds of 5 and 20 items m− 2, 
alongside the operational threshold of 10 items m− 2. Hotspot cells were 
classified into three density classes: 5–10, 10–20, and ≥20 items m− 2. 
The number of hotspot cells and their spatial overlap relative to the 10 
items m− 2 threshold were then calculated to assess whether the main 
model-predicted potential accumulation zones were robust to the 
threshold choice. Details of the calculation are provided in the SM (Eqs. 
(S23) and (S24)).

3. Results

3.1. Spatio-temporal drivers of riverine plastic emissions across basins

The monthly riverine plastic emissions estimated by the spatial 
probabilistic model under three MPW source-intensity sensitivity cases, 
together with the relative contribution of individual river basins, is 
presented in Fig. 3. All cases exhibit a consistent seasonal pattern 
(Fig. 3a), with emissions increasing from winter to spring, reaching a 
maximum in late spring (April–May), and showing a secondary peak in 
late autumn (November). Lower emissions are observed during winter 
and early summer months. For the 2019 baseline-load case, total annual 
emissions reach 4.23 × 104 kg yr− 1, with pronounced peaks in May and 
November, and lower values during winter and early summer. The high- 
load source-intensity case shows a similar seasonal pattern but higher 
overall emissions, corresponding to an increase of approximately 12.6% 
compared to the baseline. In contrast, the low-load case shows a sub
stantial reduction in emissions, corresponding to a decrease of approx
imately 82.6% relative to the baseline-load case. Despite these 
differences in magnitude, all cases exhibit consistent temporal patterns, 
as expected given that the same environmental forcing is used and only 
the source intensity is varied. This indicates that seasonality is primarily 
controlled by environmental forcing, while emission scenarios modulate 
the overall intensity.

The relative contribution of individual rivers (Fig. 3b) indicates 
strong spatial heterogeneity in emissions. The Brenta River dominates 
the system, contributing approximately 37.3% of total emissions, fol
lowed by the Sile (12.2%) and Dese (9.8%). Other rivers, such as 
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Naviglio–Brenta, Ruviego–Scolmatore, and Adige, contribute moderate 
shares, while the remaining basins have comparatively minor contri
butions. Overall, the top six rivers account for more than 80% of total 
emissions. These results indicate that plastic emissions are unevenly 
distributed across the study area and are controlled by localized factors 
such as population density, land use, and hydrological characteristics. 
This concentration of emissions within a limited number of rivers is 
consistent with global assessments showing that a small fraction of 
rivers contributes disproportionately to plastic inputs to the ocean 
(Meijer et al., 2021; Strokal et al., 2023). The amount of emissions in a 
limited number of river basins suggests that targeted mitigation strate
gies focusing on key sources could significantly reduce plastic inputs to 
the lagoon system.

To further investigate the drivers of plastic emissions, Fig. 4 shows 
the monthly variability of emissions for the four dominant rivers 

together with key environmental forcing variables, including precipi
tation, wind speed, and river water discharge. As shown in Fig. 4a–d, all 
rivers exhibit a consistent seasonal pattern, with emissions increasing 
sharply during spring (April–May) and showing a secondary peak in late 
autumn (November). The comparison with environmental variables 
(Fig. 4e–h) indicates that these emission peaks coincide with periods of 
increased precipitation and river discharge. For example, in the Brenta 
basin, precipitation rises from around 14 mm in January to over 220 mm 
in May, while discharge rises from around 57 m3 s− 1 to over 265 m3 s− 1, 
coinciding with a marked increase in plastic emissions. An even stronger 
peak is observed in November, where precipitation reaches around 308 
mm and discharge exceeds 350 m3 s− 1, corresponding to one of the 
highest emission values of the year. Similar relationships between 
discharge peaks and plastic transport have been observed in field 
studies, where riverine plastic flux increases significantly during high- 

Fig. 3. Riverine plastic emissions under different MPW scenarios. (a) Monthly total plastic emissions from rivers for the three scenarios: Baseline, High-load source- 
intensity case, and Low-load source-intensity case. (b) Relative contribution of individual rivers to total emissions.

Fig. 4. Monthly plastic emissions and environmental drivers for the main contributing rivers. Left panels (a–c) show monthly plastic emissions for the four dominant 
rivers, Brenta, Sile, Dese, and Naviglio–Brenta, under the three scenarios: Baseline, High-load, and Low-load. Right panels (e–h) show the corresponding monthly 
precipitation, wind speed, and river discharge.
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flow conditions and flood events (van Emmerik et al., 2022, 2023). 
Experimental evidence further indicates that rainfall-driven runoff is a 
key mechanism for mobilizing plastics, while wind primarily enhances 
transport when combined with hydrological processes (Mellink et al., 
2024).

A similar relationship is observed for the other rivers. In the Sile 
basin, precipitation peaks at around 215 mm in May, accompanied by 
increased discharge (around 74 m3 s− 1) and elevated emissions. The 
Dese and Naviglio–Brenta rivers show comparable patterns, with emis
sion peaks consistently aligned with periods of high rainfall and 
discharge. While wind speed exhibits a seasonal increase, particularly in 
March, April, May, and November, its influence on plastic emissions 
appears to modulate the effects of other primary drivers rather than act 
independently. For instance, despite relatively high wind speeds in 
March, plastic emissions remain moderate because precipitation and 
river discharge are still low. In contrast, during April, May, and 
November, when wind, precipitation, and discharge simultaneously 
reach high values, plastic emissions show their strongest peaks. This 
indicates that wind alone is not sufficient to drive significant plastic 
mobilization, but it can enhance transport processes when combined 
with strong hydrological forcing. Overall, the highest emission periods 
occur when all three drivers—precipitation, discharge, and wind—are 
elevated. This finding is consistent with the probabilistic formulation 
of the SPM, where mobilization and transport probabilities increase with 
rainfall and river discharge. The limited role of wind alone is in line with 
recent findings that hydrometeorological variables often show weak 
independent correlations with plastic transport, but become significant 
when acting jointly (Mellink et al., 2024; Pinto et al., 2024).

The spatial variability of plastic emissions across river basins 
(Table 1 and Table S6) reflects the combined influence of MPW and 
transport efficiency, as represented by the probabilistic components of 
the model (Eqs. (S1)–(S5)). The results confirm a strong heterogeneity in 
emissions, with values spanning over two orders of magnitude, from 
107 kg yr− 1 (Taglio–Novissimo) to 15,776 kg yr− 1 (Brenta). Larger and 
more populated basins generate higher MPW and therefore tend to 
produce higher emissions, which is consistent with studies identifying 
MPW as a primary predictor of plastic pollution levels in river systems 
(Pinto et al., 2024). This is evident for the Brenta River, which, with the 
largest basin area (4607 km2) and population (around 1.54 million), 
produces the highest MPW (1.73 × 105 kg yr− 1) and consequently the 
largest emission, despite having a moderate emission probability (P(E) =

0.76%).
However, this relationship is not universal. A notable example is the 

comparison between the Adige and Dese rivers. Although the Adige has 
a larger population and higher MPW values, the Dese produces higher 
emissions than the Adige as shown in Fig. S9. This difference is 
explained by the transport probabilities. The Adige has a much longer 
transport distance to the sea (DR = 108 km) compared to the Dese (DR =

21 km), which substantially reduces its probability of transport to the 
sea (P(O) = 39% vs 81% for Dese), despite its much higher discharge 
(226 m3 s− 1 vs 9.6 m3 s− 1). A similar contrast can be observed between 
rivers with high transport efficiency but relatively low MPW. For 
instance, the Ruviego–Scolmatore exhibits the highest emission proba
bility (P(E) = 1.81%) due to a combination of high P(R) and P(O) (short 
distances to river and sea, and efficient routing). As a result, it produces 
emissions (3189 kg yr− 1) comparable to larger basins, despite a much 
lower MPW.

The mobilization probability P(M) varies only slightly across basins 
(2.7–3.9%), reflecting relatively uniform climatic forcing across the re
gion. In contrast, the transport-related probabilities show much larger 
variability. The probability of transport to rivers P(R) is primarily 
controlled by terrain characteristics and distance to the river network, 
increasing in areas with favorable slopes and shorter pathways. The 
probability of transport to the sea P(O) is strongly influenced by hydro
logical variables, decreasing exponentially with increasing distance to 
the sea while being enhanced by higher discharge and stream order 
(Table 1; Table S6). As a result, basins with similar MPW can produce 
markedly different emissions due to differences in transport efficiency, 
explaining why emission hotspots are not necessarily associated with the 
largest or most populated rivers.

When emissions are normalized by basin area (Table S6), additional 
patterns emerge. Smaller basins such as Ruviego–Scolmatore show very 
high values of MPW/A (>160 kg km− 2 yr− 1) and ME/A (>35 kg km− 2 

yr− 1), indicating intense localized pressure and efficient transport. In 
contrast, large basins such as the Adige exhibit much lower values (ME/ 
A = 2.3 kg km− 2 yr− 1), reflecting dilution effects and reduced transport 
efficiency.

These findings highlight two distinct types of priority areas. First, 
high-MPW basins such as the Brenta, where large population and MPW 
drive the highest absolute emissions, should be prioritized for in
terventions aimed at reducing plastic production and improving waste 
management. Second, high-efficiency basins such as Ruviego–Scolma
tore and Dese, where a relatively large fraction of generated plastic is 
transported to the lagoon, should be prioritized for targeted measures 
such as interception systems, riverbank retention, or local barriers.

Table 1 
Characteristics of river basins and estimated plastic emissions to the river–sea system. The table reports basin area, population, and annual MPW, together with the 
average distances from land to the river network (DL) and along the river network to the sea outlet (DR). The probability of plastic emission to the river–sea system 
(P(E)) represents the combined effect of mobilization, transport to rivers, and riverine transport. The ratio ME/MPW indicates the effective transport efficiency from 
land to the lagoon–sea system. The sum row reports only additive variables; non-additive variables such as distance metrics, average probability, and ME/MPW are not 
summed.

ID Rivers name Basin area 
(km2)

Annual mean 
population

MPW (kg 
year− 1)

DL 

(km)
DR (km) Average P(E) 

(%)
ME (kg 
year− 1)

ME/ 
MPW

R1 Brenta 4606.87 1,539,927 173,142.18 1.05 73.34 0.76 15,775.84 9.11
R2 Sile 743.52 374,898 42,146.09 1.26 32.37 1.03 5182.39 12.30
R3 Dese 297.23 208,607 23,453.76 0.71 21.17 1.47 4144.83 17.67
R4 Naviglio–Brenta 309.70 181,324 20,369.47 0.94 27.24 1.37 3344.48 16.42
R5 Ruviego–Scolmatore 91.04 130,503 14,662.26 0.76 11.34 1.81 3188.57 21.75
R6 Adige 1314.09 386,435 43,452.76 0.83 107.86 0.47 2990.21 6.88
R7 Lusore 161.17 124,594 14,004.26 1.17 13.65 1.48 2483.16 17.73
R8 Lova–Fiumicello–Fiumazzo 146.98 116,380 13,075.36 2.68 12.82 0.96 1508.59 11.54
R9 Cuori–Monselesana–Trezze 482.95 99,382 11,175.89 2.13 22.08 0.86 1155.78 10.34
R10 Marzenego–Osellino 

Channel
52.17 32,658 3669.15 0.61 22.68 1.74 765.47 20.86

R11 Montalbano 88.28 29,403 3303.75 1.41 15.58 1.55 612.84 18.55
R12 Vallio–Vela–Silone 110.06 31,209 3512.19 0.94 12.98 1.42 596.69 16.99
R13 Brentasecca–Lugo Channel 43.77 20,425 2296.77 0.88 6.04 1.72 473.78 20.63
R14 Taglio–Novissimo 23.98 4830 542.89 1.25 5.87 1.65 107.14 19.74
Sum of included rivers 8471.81 3,280,575 368,806.78 42,329.77
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3.2. Consistency and sensitivity of riverine emission estimates

Fig. S10 in the SM compares the annual riverine plastic emissions 
estimated in this study with those reported by Meijer et al. (2021) and 
Mai et al. (2023). This comparison is intended as a cross-model consis
tency check rather than as a validation exercise, since both reference 
datasets are derived from modeling frameworks and do not represent 
independent observational measurements. Overall, the results from this 
study and Meijer et al. (2021) are comparable in both magnitude and 
ranking of the main contributing rivers, particularly for the Dese River 
(4144.83 in this study vs 4100 kg yr− 1). The comparison with Mai et al. 
(2023) is available only for Brenta and Adige and shows substantially 
higher values, especially for Adige. This discrepancy is expected because 
Mai et al. (2023) estimated total riverine plastic outflows using a global 
River-to-Ocean modeling framework based on country- and basin-scale 
socioeconomic indicators, including plastic waste generation, popula
tion, Human Development Index, and exported plastic fractions, with 
estimates referring to 2016. The present study represents conditions in 
2019, whereas the estimates of Meijer et al. (2021) represent conditions 
in 2015, which may reflect differences in waste generation and hydro
logical conditions. In addition, the present model is implemented at a 
much higher spatial (10 m) and temporal (monthly) resolution and uses 
region-specific datasets, allowing for a more detailed representation of 
transport processes at the basin scale. The discrepancy observed for the 
Adige River is likely related to the spatial domain considered in this 
study, which focuses on the lower portion of the basin within the Veneto 
region, rather than the entire catchment. This results in a reduced MPW 
input and consequently lowers estimated emissions.

The OAT analysis showed broadly similar sensitivity patterns for the 
Brenta and Dese rivers (Fig. 5). Annual emission estimates were 
particularly sensitive to the mobilization parameters α and β. Increasing 
the wind coefficient β produced the largest positive response, increasing 
annual ME by approximately a factor of 6.4 in Brenta and 6.1 in Dese 
relative to baseline. Increasing the precipitation coefficient α also 
strongly increased annual emissions, by approximately a factor of 4.6 in 
Brenta and 4.9 in Dese. Conversely, reducing β or α decreased annual 
emissions by approximately 36–54%, depending on the river. The lower- 

threshold river transport parameters μ and ι produced the strongest 
negative responses when reduced. Decreasing μ or ι by one order of 
magnitude reduced annual ME by about 91% in Brenta and 83% in Dese, 
indicating that the model is highly sensitive to the assumed minimum 
probability of downstream riverine transport. However, increasing ι had 
little effect because the parameter was capped at 1, and the reference 
value was already close to unity. The land-use coefficient ν had an in
termediate effect, reducing ν decreased emissions by about 54% in 
Brenta and 50% in Dese, while increasing it enhanced emissions by 
about 99% in Brenta and 46% in Dese. In contrast, the stream-order 
coefficient θ, discharge coefficient κ, and slope threshold τ produced 
comparatively small changes in annual emissions.

The regional sensitivity analysis showed that parameter changes 
affected both total annual emissions and, in some cases, the relative 
ranking of contributing rivers (Fig. 6). Reducing either of lower river- 
transport thresholds, ι or μ, produced the strongest response, 
decreasing total annual emissions by 98.8% and substantially reorgan
izing the river ranking. Increasing μ produced the largest positive 
response (+63.5%) and caused moderate ranking changes, whereas the 
upper configuration of ι increased total emissions by only 3.1%. Varia
tions in the wind, land-use, and precipitation coefficients resulted in 
more moderate total-emission changes of approximately ±30%, ±25%, 
and ±20%, respectively, with generally limited effects on river ranking.

The Spearman correlation analysis showed similar patterns for the 
Brenta and Dese basins (Fig. S11). Monthly emissions were most 
strongly associated with precipitation (ρ = 0.93 and 0.94), followed by 
discharge (ρ = 0.84 and 0.83), while wind showed weaker associations 
(ρ = 0.51 and 0.57, respectively).

The daily-resolution sensitivity analysis showed that sub-monthly 
discharge variability can redistribute riverine emissions within a sin
gle month. In November 2019, normalized discharge in the Brenta River 
ranged from well below the monthly mean to more than 2.5 times the 
monthly mean, with the strongest peak occurring on day 16. The Dese 
River showed less pronounced but still substantial discharge variability, 
with a maximum daily discharge approximately 1.8 times the monthly 
mean. These discharge anomalies produced corresponding changes in 
the daily allocation of ME relative to a uniform daily release. For Brenta, 

Fig. 5. One-at-a-time sensitivity of annual macroplastic emission estimates for the Brenta and Dese rivers. Bars show the response of annual macroplastic emission, 
ME, to individual parameter perturbations relative to the baseline configuration, expressed as log10

(
ME,sensitivity/ME,baseline

)
. Negative values indicate a reduction in 

estimated emissions relative to baseline, while positive values indicate an increase. Lower-bound simulations correspond to parameter values divided by 10, whereas 
upper-bound simulations correspond to parameter values multiplied by 10, with probability-threshold parameters capped at 1.
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daily deviations ranged from approximately − 30% during low-flow days 
to +79% during the main discharge peak, while Dese showed deviations 
from about − 14% to +56%. Despite this redistribution, the total 
monthly ME changed only marginally, with cumulative daily values 
differing by less than approximately 5% from the baseline monthly es
timate for both rivers. This indicates that monthly emission estimates 
may smooth substantial event-scale variability in the timing of riverine 
plastic delivery, even when the total monthly emission is held constant 
or only slightly modified in the sensitivity framework. The results of this 
sensitivity analysis are provided in the Supplementary Material 
(Figs. S12 and S13).

3.3. Baseline particle accumulation and simulated hotspot patterns

The spatial distribution of particle density and model-predicted po
tential accumulation zones, hereafter also referred to as simulated po
tential accumulation hotspots, derived from the Lagrangian simulations 
for the baseline scenario is reported in Fig. 7. The cumulative particle 
density map (Fig. 7a) reveals strong spatial heterogeneity, with the 
highest concentrations occurring within the lagoon, particularly along 
the main channels and near river inflow areas, while lower densities are 
observed on the adjacent Adriatic shelf. Annual cumulative particle 
density was calculated by aggregating the monthly gridded density maps 
(Table S7). Across non-zero grid cells, particle density ranged from 1.14 
to 1474.97 items m− 2 for the full column, with a mean value of 42.51 
items m− 2. The bottom layer showed a higher mean density (70.20 items 
m− 2) than the water column (20.60 items m− 2), supporting the stronger 
contribution of bottom-associated accumulation to the overall density 
pattern. A clear offshore transport pathway is visible outside the lagoon, 

forming elongated plume-like structures that follow the dominant cir
culation patterns. The hotspot analysis (Fig. 7b–d) further highlights the 
preferential accumulation of particles within the lagoon system. Based 
on the monthly cumulative simulated potential accumulation hotspot 
map (Fig. 7b), a total of 3234 hotspot cells are identified, of which 
around 85% are located within the lagoon and only around 15% on the 
shelf. This corresponds to a total hotspot area of 28.1 km2, with 24.0 km2 

inside the lagoon and 4.1 km2 offshore. The strong confinement of 
model-predicted potential accumulation zones within the lagoon reflects 
the limited water exchange and the presence of trapping zones, which 
are characteristic of semi-enclosed basins such as the Venice Lagoon 
(Cucco and Umgiesser, 2015).

The distinction between bottom layer and water column simulated 
potential accumulation hotspots provides further insight into vertical 
transport processes. A substantial fraction of these simulated hotspots is 
associated with the bottom layer (1993 cells, around 62% of total cu
mulative simulated hotspots), suggesting that particle settling and near- 
bed transport play a key role in accumulation. It should be noted that 
resuspension processes are not included in the model, and therefore 
bottom retention may be overestimated. In contrast, water column 
simulated hotspots (1241 cells) are more spatially dispersed and 
represent more transient accumulation patterns. This vertical differen
tiation indicates that once particles sink, they are more likely to remain 
trapped within the lagoon due to reduced velocities near the bed. Similar 
retention mechanisms have been observed in tidal river and estuarine 
systems, where plastics undergo repeated cycles of transport, trapping, 
and remobilization, leading to long residence times and localized 
accumulation (Lotcheris et al., 2024). Preferential accumulation on the 
lagoon floor is also consistent with observations of microplastic 

Fig. 6. Regional sensitivity of annual riverine macroplastic emissions and river rankings to variations in the most influential parameters of the spatial probabilistic 
model. (a) Changes in the annual emission ranking of individual rivers relative to the baseline configuration. Positive values indicate movement to a higher rank, 
negative values indicate movement to a lower rank, and zero indicates no change. (b) Percentage change in total annual riverine macroplastic emissions relative to 
the baseline configuration. The symbols α, β, ι, μ, and ν denote the precipitation coefficient, wind coefficient, stream-order lower threshold, discharge lower 
threshold, and land-use coefficient, respectively. The signs − and + indicate parameter values reduced by 50% and increased by 50% relative to the baseline, 
respectively. For probability parameters bounded between 0 and 1, the upper parameter value was capped at 1.
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enrichment in fine sediments within sheltered areas of the Venice 
Lagoon (Vianello et al., 2013).

The map of monthly average simulated hotspot distribution (Fig. 7c) 
shows a much more restricted spatial extent compared to cumulative 
simulated hotspots, with only 894 cells (around 7.8 km2) exceeding the 
threshold on average. Importantly, more than 95% of these average 
simulated hotspots are located within the lagoon, confirming that 
persistent model-predicted potential accumulation zones are strongly 
confined to the lagoon interior. In contrast, hotspot presence on the shelf 

is limited and highly intermittent. The simulated hotspot frequency map 
(Fig. 7d) further supports this interpretation, showing that the most 
persistent simulated potential accumulation hotspots (up to 12 months 
of occurrence) are concentrated in specific lagoon areas. Offshore areas, 
in contrast, exhibit low-frequency simulated hotspots, indicating that 
particle presence on the shelf is more transient and controlled by 
episodic transport events.

The monthly evolution under the baseline scenario (Fig. 8a and 
Figs. S14 and S15) reveals a marked seasonal variability that closely 

Fig. 7. Spatial distribution of particle density and model-predicted potential accumulation zones under Baseline scenario. (a) Monthly cumulative particle density 
(items m− 2) for the full water column. (b) Monthly cumulative simulated hotspots, distinguishing bottom layer and water column, identified using a threshold of ≥10 
items m− 2. (c) Monthly averaged simulated hotspots. (d) Potential accumulation-zone frequency (number of months).
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mirrors the temporal variability of riverine emissions predicted by the 
SPM. Monthly simulated hotspot extent increases from 488 cells in 
January to 937 cells in May, then decreases during summer, before 
rising again in November (819 cells) and December (814 cells). This 

seasonal pattern is highly consistent with the monthly plastic emissions 
estimated from the probabilistic model, which also peak in April–May 
and show a secondary increase in November. The correspondence be
tween emission peaks and the expansion of simulated potential 

Fig. 8. Summary of model-predicted potential accumulation-zone statistics. (a) Monthly simulated hotspot extent under the baseline scenario, showing contributions 
from the Venice Lagoon and Adriatic Sea shelf. (b) Scenario comparison (Baseline, High-load, Low-load) for cumulative simulated hotspot extent, including overall, 
lagoon, and shelf contributions. All extents are based on the ≥10 items m− 2 threshold.

Fig. 9. Threshold sensitivity of model-predicted potential accumulation zones under the baseline scenario. Hotspot classes are shown for the annual cumulative 
particle-density field using thresholds of 5, 10, and 20 items m− 2.
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accumulation hotspots indicates that periods of high mobilization and 
transport from river basins translate directly into larger model-predicted 
potential accumulation zones in the lagoon. In particular, May, which 
showed the highest riverine emissions in the SPM, also exhibits the 
largest hotspot extent (937 cells; 7.97 km2 in the lagoon). Likewise, the 
late-autumn increase in SPM emissions is reflected in the Novem
ber–December expansion of simulated potential accumulation hotspots. 
This temporal consistency supports the interpretation that the 
Lagrangian accumulation patterns are dynamically linked to the source 
variability estimated by the land-based emission model.

The threshold-sensitivity analysis showed that hotspot extent 
decreased with increasing threshold, as expected. Under the baseline 
cumulative simulation, the number of hotspot cells decreased from 4872 
cells at ≥5 items m− 2 to 3234 cells at ≥10 items m− 2 and 1943 cells at 
≥20 items m− 2. This corresponds to a 50.6% increase when using the 
lower 5 items m− 2 threshold relative to the operational 10 items m− 2 

threshold, and a 39.9% decrease when using the higher 20 items m− 2 

threshold. However, the main hotspot locations remained spatially 
consistent, with the ≥20 items m− 2 threshold identifying the core of the 
same accumulation zones detected using the operational 10 items m− 2 

threshold. This indicates that hotspot extent is threshold-dependent, 
while the location of the main model-predicted potential accumulation 
zones is robust to the tested thresholds (Fig. 9; Table 2).

The settling-velocity sensitivity analysis showed that model- 
predicted accumulation patterns were strongly affected by the 
assumed particle settling behavior (Fig. S16; Tables 3 and S8). The 
fraction of the cumulative particle-density metric associated with the 
bottom layer increased from 35.69% for the slow-settling case (1 × 10− 5 

m s− 1), to 54.45% in the baseline case (1 × 10− 4 m s− 1), and to 70.82% 
for the fast-settling case (1 × 10− 3 m s− 1) (Table 3). In contrast, the slow- 
settling case retained a larger proportion of particles in the water col
umn and produced the largest number of water-column hotspot cells. 
The spatial distribution of hotspots also changed substantially across 
settling velocities, with low Jaccard overlap values relative to the 
baseline case, ranging from 0.083 to 0.125 (Table S8). The fast-settling 
(1 × 10− 3 m s-1) case produced fewer but denser and more spatially 
localized hotspots, as indicated by the reduced number of full-column 
hotspot cells and the higher mean and median hotspot densities 
(Table 3; Fig. S16). These results indicate that both vertical partitioning 
and hotspot location are sensitive to the prescribed settling velocity.

3.4. Source-intensity sensitivity of accumulation patterns and particle fate

The comparison of hotspot distributions across the three source- 
intensity sensitivity cases (Fig. 10) shows that, as expected given iden
tical transport dynamics, the locations of model-predicted potential 
accumulation zones remain largely stable, while their extent and in
tensity vary substantially with source magnitude. In Fig. 10a, the 
strongest overlap between baseline and high-load simulated hotspots is 
observed in the central and northern lagoon. The low-load source-in
tensity case preserves the same core simulated hotspot pattern but with 
much smaller extent. This indicates that the location of model-predicted 
potential accumulation zones is primarily controlled by the hydrody
namic structure of the lagoon, whereas their magnitude and spatial 
expansion are controlled by the riverine plastic input. Fig. 10b confirms 

this behavior, as the areas identified as simulated potential accumula
tion hotspots in all three source-intensity cases are concentrated in a 
limited number of recurrent accumulation zones, while case-specific 
hotspots are mainly located along the margins of these core areas. In 
other words, increasing emissions under the high-load case expands and 
intensifies pre-existing model-predicted potential accumulation zones 
rather than creating entirely new accumulation patterns.

The quantitative comparison in Fig. 8b supports this interpretation. 
Under cumulative conditions (full water column), total simulated hot
spot extent increases from 28.09 km2 in the baseline-load case to 34.40 
km2 in the high-load case, corresponding to an increase of about 22%, 
while it decreases to 10.31 km2 in the low-load case, equivalent to a 
reduction of about 63% relative to the baseline-load case. Despite these 
large differences in total simulated hotspot extent, the partitioning be
tween lagoon and shelf remains similar for the baseline-load and high- 
load cases, with about 85.5% of hotspot area in the lagoon and about 
14.5% on the shelf in both cases. In contrast, the low-load case strongly 
suppresses offshore accumulation, with 97.4% of cumulative hotspot 
area inside the lagoon and only 2.6% on the shelf. This shows that 
reducing riverine inputs is particularly effective in limiting the export 
and persistence of simulated potential accumulation hotspots outside 
the lagoon, while the lagoon itself remains the dominant accumulation 
environment under all source-intensity cases.

Providing an integrated assessment of the particle budget (Fig. 11), a 
balance between retention within the Venice Lagoon and export toward 
the Adriatic Sea is evident. A total of approximately 2.38 million par
ticles are introduced over the year in the baseline-load case across the 
entire model domain (Venice Lagoon and Adriatic shelf), with pro
nounced peaks in April–May and November. These periods correspond 
to the highest levels of accumulation observed in previous figures, 
confirming the strong coupling between emission intensity and in- 
lagoon particle buildup. A substantial fraction of particles exits the 
model domain throughout the year, indicating that the system is not 
closed. About 42.9% of inserted particles leave the domain, while 57.1% 
remain within the domain. Importantly, among the exited particles, 
approximately 52.5% originate from inputs that directly enter the 
Adriatic Sea (e.g., from the Adige River and Adriatic Sea branches of the 
Brenta and Sile) and subsequently leave the domain. Despite this rela
tively high exit rate, the lagoon remains the dominant accumulation 
zone. By the final time step, roughly 94.5% of particles still within the 
domain are located inside the lagoon, whereas only 5.5% are found on 
the Adriatic Sea shelf, showing the trapping capacity of the lagoon 
system. This limited retention on the Adriatic shelf is consistent with the 

Table 2 
Threshold sensitivity of simulated hotspot extent under the baseline scenario.

Threshold Hotspot 
cells

Change relative to 10 
items m− 2

Jaccard overlap with 10 
items m− 2

≥5 items 
m− 2

4872 +50.6% 0.645

≥10 items 
m− 2

3234 Reference 1.000

≥20 items 
m− 2

1943 − 39.9% 0.618

Table 3 
Sensitivity of cumulative particle-density metrics, hotspot counts, and hotspot 
density to settling velocity. Results are based on cumulative outputs for four 
representative months: January, May, August, and November.

Metric Vertical 
component

Settling velocity

10− 5 m s− 1 10− 4 m s− 1 10− 3 m s− 1

Cumulative particle- 
density (items m− 2, 
grid-cell summed)

Full column 206,859 439,024 482,548
Bottom 
(fraction, %)

73,831 
(35.69%)

239,054 
(54.45%)

341,728 
(70.82%)

Water- 
column

133,028 199,970 140,820

Model-predicted 
hotspot cells

Full column 1663 1568 443
Bottom 372 1104 365
Water- 
column

1443 493 78

Mean hotspot cells 
density (items m− 2)

Full column 62.13 290.65 587.81
Bottom 176.61 298.87 652.15
Water- 
column

61.60 255.98 558.37

Median hotspot cells 
density (items m− 2)

Full column 18.35 35.66 88.39
Bottom 20.64 38.99 88.67
Water- 
column

17.21 25.27 78.17

A. Aalifar et al.                                                                                                                                                                                                                                 Marine Pollution Bulletin 233 (2026) 120182 

14 



stronger and more persistent current velocities in the shelf area 
compared with the lagoon, which enhance particle advection out of the 
model domain rather than allowing long-term accumulation (Fig. S17).

This behavior is consistent with previous hydrodynamic and 
Lagrangian studies, which describe coastal lagoons as semi-enclosed 
systems characterized by strong internal retention and limited ex
change with the open sea, controlled by circulation patterns, residence 
times, and geomorphology (Umgiesser et al., 2014). Comparative 
studies of systems such as the Mar Menor and the Curonian Lagoon show 
similarly high internal recirculation and restricted exchange, leading to 
pronounced retention (Ferrarin et al., 2008; Ghezzo et al., 2015; Pascalis 
et al., 2012; Pérez-Ruzafa et al., 2005).

The comparison across source-intensity cases (Fig. 11b) shows that 
changes in source intensity primarily affect the magnitude of the particle 
budget, while the overall system behavior remains consistent. In the 
high-load case, total inputs increase to approximately 2.69 million 
particles, resulting in higher retention within the lagoon (about 1.45 
million) and increased export (about 1.15 million). In contrast, the low- 
load case reduces total inputs to about 0.46 million particles, leading to 
substantial decreases in both retained (about 0.25 million) and exported 
particles (about 0.20 million). Despite these differences in magnitude, 
the relative partitioning between retention and export remains stable 
across cases, as expected under identical transport dynamics.

4. Discussion

4.1. Integrated river–sea model framework and management implications

This study provides an integrated assessment of macroplastic emis
sions from inland sources to the coastal ocean through rivers and tran
sitional environments. The results—from the spatial probabilistic model 
to the Lagrangian transport, accumulation-zone analysis, and particle 

budget analyses—provide a coherent picture of how plastic propagates 
through the river–sea system. This framework helps bridge the gap be
tween land-based emission estimates and coastal transport modeling by 
considering how plastic dynamics are controlled by a combination of 
source intensity, environmental forcing, and hydrodynamic structure, 
which together determine when, where, and to what extent accumula
tion occurs. Temporal variability in emissions strongly influences the 
magnitude and seasonal expansion of model-predicted potential accu
mulation zones, whereas the spatial persistence of accumulation zones 
reflects the dominant role of circulation and morphology. The particle- 
budget analysis further indicates that particles entering the lagoon–sea 
system do not follow a single fate pathway. Instead, they are partitioned 
among retention within the Venice Lagoon, export toward the Adriatic 
shelf or beyond the model domain, and bottom-associated accumula
tion. Therefore, the lagoon should be interpreted as an important 
retention environment, but not as a closed sink.

Climate change, sea-level rise, and the operation of the Mo.S.E. 
barriers are projected to increase lagoonal residence times (Ferrarin 
et al., 2022, 2024) and drive persistent alterations of the lagoonal cir
culation (Rubinetti et al., 2023). However, these processes were not 
explicitly simulated in the present study, and their potential effects on 
plastic retention therefore remain an open question and represent a 
future application of the framework. By linking emissions to transport, 
our proposed framework can support future investigations of these yet- 
unresolved dynamics and their role in pollutant accumulation.

Within this context, our findings provide model-based information 
that may help identify priority areas for management consideration. The 
strong dependence of particle loads and the extent of model-predicted 
potential accumulation zones on riverine inputs indicates that 
reducing emissions at the source—especially in the largest contributing 
basins—would be expected to reduce overall pollution levels. At the 
same time, the persistence of recurrent hotspot areas suggests that 

Fig. 10. Comparison of model-predicted potential accumulation-zone distributions across scenarios. (a) Spatial overlap of simulated hotspots for Baseline (blue), 
High-load (red), and Low-Load (yellow). (b) Simulated hotspot frequency across scenarios, indicating areas consistently identified as potential accumulation zones 
(1–3 scenarios). All areas are identified using the ≥10 items m− 2 threshold. (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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emission reduction alone may not sufficient to eliminate accumulation, 
as these zones are maintained by intrinsic hydrodynamic retention 
processes. In transitional systems such as lagoons, circulation patterns, 
geomorphology, and exchange dynamics create preferential accumula
tion zones (Cucco and Umgiesser, 2015; Ghezzo et al., 2015). This im
plies that mitigation planning could benefit from considering both 
upstream controls and in-system dynamics, including the identification 
of persistent accumulation zones and the timing of peak transport pe
riods. These findings suggest that plastic-pollution management may 
benefit from combining source reduction, improved waste management, 
and transport-based interventions, as emphasized in recent global as
sessments (Adom, 2026). However, such interventions must be carefully 
designed, as their effectiveness remains difficult to quantify and inter
ception and removal systems may alter local flow conditions, interfere 
with sediment transport, or pose risks to aquatic organisms through 
bycatch or habitat disturbance (Leone et al., 2026).

4.2. Validation limitations and interpretation of model-predicted 
accumulation zones

A key limitation is that the model-predicted potential accumulation 
zones could not be directly validated against observations of macro
plastic accumulation at comparable spatial and temporal scales. To 

partially address this limitation, we performed a semi-quantitative 
comparison between simulated Lagrangian transport pathways and 21 
GPS-tracker trajectories collected within the MISP project in the Venice 
Lagoon. This comparison supported the plausibility of several simulated 
transport pathways at the lagoon scale, but it should not be interpreted 
as formal validation because the GPS deployments were carried out in 
2025, whereas the hydrodynamic simulation used in this study refers to 
2019.

Existing field studies provide useful contextual evidence of plastic 
contamination in the Venice Lagoon; however, they cannot be used for 
direct validation of the simulated accumulation zones. The survey of 
Madricardo et al. (2019) was based on data collected in 2013 and 
focused on the seafloor of tidal channels and inlets, providing spatially 
restricted coverage compared with the 2019 lagoon-wide particle 
transport simulations presented here. In addition, Madricardo et al. 
(2019) mapped macro-litter on the lagoon seafloor, which may 
include macroplastic items, whereas the present study simulates mac
roplastic particle transport and potential accumulation. Therefore, the 
two datasets differ in temporal coverage, spatial extent, environmental 
compartment, and represented transport processes, making a direct 
comparison unsuitable for validation purposes. Similarly, Vianello et al. 
(2013) investigated small microplastic particles in surface sediments at a 
limited number of shallow-water sampling sites, which differs from the 

Fig. 11. Particle budget summary. (a) Monthly particle counts under the Baseline scenario, showing contributions from exited particles, Venice Lagoon retention, 
and Adriatic Sea shelf. (b) Scenario comparison (Baseline, High-load, Low-Load) of total particle counts, highlighting differences in retention and exit 
among scenarios.
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present model outputs in terms of particle size class, sampling matrix, 
spatial coverage, and sampling period.

As a result, the simulated patterns should be interpreted as model- 
predicted potential accumulation zones, rather than as empirically 
observed hotspots. The comparison with GPS-tracker trajectories pro
vides an observational consistency check of transport pathways, but 
dedicated observations of macroplastic distribution would be required 
for direct validation of predicted accumulation zones. Future validation 
efforts could include targeted litter surveys, shoreline accumulation 
monitoring, cleanup records, and river monitoring data collected at 
spatial and temporal scales comparable to the model outputs.

4.3. Uncertainty in riverine emission estimates

Uncertainties in the estimation of riverine inputs propagate through 
the modeling chain. Although the probabilistic model captures key 
drivers of plastic mobilization, it does not explicitly account for all 
processes influencing plastic release. Similar limitations have been 
highlighted in recent studies, which emphasize the large uncertainty 
associated with plastic emission estimates (Mellink et al., 2024; Pinto 
et al., 2024; Roebroek et al., 2022).

The OAT sensitivity analysis provides useful insight into how 
parameter choices affect the spatial probabilistic emission model, but 
the results should be interpreted as a local screening exercise rather than 
as a full uncertainty propagation. For the Brenta and Dese rivers, the 
annual macroplastic emission estimates were most sensitive to param
eters controlling plastic mobilization, particularly the precipitation and 
wind coefficients, and to parameters defining the lower probability 
thresholds for riverine transport. The land-use coefficient also influ
enced the estimated emissions, indicating that assumptions on surface 
connectivity and land-cover-dependent transport can substantially 
affect basin-scale plastic inputs.

The subsequent regional sensitivity analysis showed that the ranking 
of contributing rivers was generally stable under variations in the pre
cipitation, wind, and land-use parameters, whereas changes in the lower 
river-transport thresholds (ι or μ) substantially altered both total emis
sions and river ranking. This indicates that source attribution is partic
ularly conditional on assumptions controlling the minimum 
downstream transport probability and reinforces the need to calibrate 
these parameters using regional observations.

By contrast, the discharge coefficient κ produced only limited 
changes in annual ME under the current reference configuration. This 
weak response should not be interpreted as evidence that discharge is of 
minor importance for plastic transport. Rather, it reflects the adopted 
parameterization, in which κ has a very small reference value and the 
lower-threshold discharge probability μ is already close to unity. Under 
these conditions, the discharge-related term has limited leverage on the 
final river-transport probability, particularly when probabilities 
approach saturation or are capped at 1. This represents an important 
structural uncertainty, since flood events and high-discharge periods can 
strongly influence plastic mobilization and downstream transport in real 
river systems.

More generally, the sensitivity patterns reported here are conditional 
on the adopted parameter set. The parameters used in the spatial 
probabilistic model follow the global framework of Meijer et al. (2021), 
but they may not be equally representative of regional river–coastal 
systems. In the absence of local macroplastic emission observations, the 
present analysis identifies the assumptions that exert the strongest in
fluence around the reference configuration, but it does not provide 
formal confidence intervals for ME. Local riverine macroplastic moni
toring data would therefore be required to calibrate the emission pa
rameters, reassess model sensitivity under a region-specific 
configuration, and improve the interpretation of absolute emission 
magnitudes, source attribution, and downstream accumulation 
estimates.

The monthly emission estimates should therefore be interpreted as 

representing seasonal input patterns rather than event-scale plastic de
livery. Monthly averaging can smooth short-lived hydrological events 
and may underestimate short-term pulses in plastic transport. The daily 
sensitivity analysis showed that observed discharge variability can 
redistribute emissions within a month, particularly during high-flow 
periods. However, the total monthly ME and the cumulative sum of 
daily ME in November differed only slightly, again reflecting the limited 
sensitivity of the current parameterization to discharge variability 
alone. A full event-scale emission model would require daily spatial 
predictors for rainfall, wind, and waste mobilization, which were not 
available in this study. The discharge-related formulation should 
therefore be reassessed once local observational data become available, 
as parameters transferred from broader-scale applications may not fully 
capture river-specific responses in the Venice Lagoon catchments.

4.4. Sensitivity to hotspot threshold and particle properties

The hotspot threshold should be interpreted as an operational cri
terion rather than an absolute ecological boundary. The sensitivity 
analysis showed that the estimated hotspot extent changes with the 
selected threshold, but the main accumulation cores remain spatially 
stable. This supports the use of the 10 items m− 2 threshold for identi
fying model-predicted potential accumulation zones, while highlighting 
that absolute hotspot area estimates should be interpreted with caution.

Furthermore, the representation of macroplastic particles is simpli
fied. The model assumes uniform properties in terms of size, shape, and 
buoyancy, while in reality plastic debris exhibits a wide spectrum of 
characteristics that influence transport behavior. Processes such as 
fragmentation, biofouling, and degradation can modify buoyancy over 
time, potentially altering vertical distribution and retention patterns. 
These processes are not explicitly resolved and may affect the accuracy 
of long-term transport and accumulation estimates.

The sensitivity analysis confirms that bottom-associated accumula
tion should be interpreted cautiously since the predicted vertical dis
tribution and hotspot pattern depend strongly on the prescribed settling 
velocity. In the baseline simulation, more than half of the cumulative 
particle-density metric was associated with the bottom layer, but this 
fraction varied substantially across the tested settling velocities. The 
fast-settling case increased the bottom fraction and concentrated hot
spots closer to river mouths, whereas the slow-settling case favored a 
larger water-column contribution and more extensive water-column 
hotspots. Moreover, the low hotspot overlap with the baseline case in
dicates that the spatial pattern of model-predicted potential accumula
tion zones is not fully robust to this parameter choice. Since 
resuspension after deposition is not included, bottom-layer accumula
tion should not be interpreted as permanent benthic storage. Rather, 
these results represent potential retention zones for simplified macro
plastic behavior classes defined by the assumed settling velocity and 
particle properties.

4.5. Future research and transferability of the framework

Future research should focus on improving both the representation 
of inputs and the characterization of transport processes. A priority is to 
quantify the relative contribution of individual rivers to the formation of 
specific simulated hotspots, as well as to assess the connectivity between 
source areas and accumulation zones. This could be achieved through 
targeted Lagrangian experiments and connectivity analyses, allowing a 
more detailed understanding of source–sink relationships within the 
lagoon system. Future work should also prioritize dedicated field ob
servations, including riverine plastic monitoring, floating-litter surveys, 
shoreline accumulation records, and sediment sampling, to verify 
whether the simulated accumulation patterns correspond to observed 
macroplastic distributions.

Finally, the extension of the framework to scenario-based 
simulations—including changes in climate forcing, river discharge, 
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and sea-level conditions—would provide valuable insights into the 
future evolution of plastic pollution in transitional coastal environ
ments. By integrating land-based emissions with hydrodynamic trans
port, the approach proposed here offers a flexible methodological 
framework that can, in principle, be adapted to other lagoon, estuarine, 
and river–sea systems. However, its transferability should not be inter
preted as directly quantitative. Application to other systems, and espe
cially to broader or global scales, would require re-evaluation and 
recalibration of key assumptions, input datasets, emission parameters, 
spatial resolution, hydrodynamic forcing, and particle-property settings. 
Model performance should therefore be reassessed whenever the 
framework is applied beyond the Venice Lagoon or to larger spatial 
scales.

5. Conclusions

This study presents an integrated modeling framework linking land- 
based plastic generation, riverine delivery, and coastal transport within 
a unified source-to-sink approach. By coupling a spatial probabilistic 
emission model with a three-dimensional hydrodynamic–Lagrangian 
transport model (SHYFEM), the framework overcomes the common 
separation between terrestrial emission estimates and marine transport 
modeling, explicitly resolving how environmental forcing and human 
pressures control the magnitude and timing of plastic inputs to coastal 
systems.

Applied to the Venice Lagoon, selected as a natural laboratory for its 
strong riverine influence and semi-enclosed hydrodynamics, the 
framework demonstrates its ability to resolve both the spatiotemporal 
variability of riverine plastic emissions and their downstream propa
gation through a complex transitional environment. The results show 
that plastic inputs are highly uneven among river basins and strongly 
modulated by seasonal hydrometeorological conditions, with a rela
tively small number of basins contributing most of the total load.

A key finding is that the magnitude of accumulation responds 
strongly to changes in riverine inputs, whereas the core location of 
hotspot areas remains comparatively stable across scenarios. This in
dicates that source variability controls how much plastic enters and 
accumulates in the system, while circulation patterns and exchange 
dynamics largely determine where persistent accumulation occurs. In 
this respect, the lagoon acts as the primary retention zone, while the 
adjacent shelf functions mainly as a transport pathway rather than a 
long-term sink. This distinction is important for management, since it 
suggests that the spatial distribution of potential accumulation cannot 
be inferred from source magnitude alone, but must also account for the 
transport and retention properties of the receiving system.

From a management perspective, these findings highlight that 
effective mitigation strategies must account for both source dynamics 
and in-system transport processes. Reducing emissions in the most sig
nificant river basins can substantially decrease overall plastic loads 
entering coastal systems. However, the persistence of hydrodynamically 
driven accumulation zones indicates that source-control measures alone 
may not eliminate pollution, as these areas are maintained by intrinsic 
circulation and retention mechanisms.

By explicitly linking emission areas with transport pathways and 
accumulation zones, the proposed framework can support the prioriti
zation of monitoring and mitigation efforts in both space and time. It 
enables the identification of critical source regions, optimal locations for 
further evaluation of in-system mitigation (e.g., interception or 
cleanup), and periods of enhanced transport, thereby supporting more 
targeted and efficient management actions. However, the effectiveness 
and ecological consequences of specific interventions, such as inter
ception or removal systems, were not directly assessed and would 
require dedicated field and modeling studies.

The results demonstrate that integrating land-based emissions with 
coastal transport processes can improve the interpretation of plastic 
pathways in river-dominated and semi-enclosed coastal systems. The 

framework offers a flexible basis for future scenario testing and 
management-oriented applications, but quantitative transfer to other 
systems requires local calibration, validation, and reassessment of key 
emission and particle-transport parameters.
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Ruzafa, A., 2015. Connectivity in three European coastal lagoons. Estuar. Coasts 38, 
1764–1781. https://doi.org/10.1007/s12237-014-9908-0.
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González-Fernández, D., Cózar, A., Hanke, G., Viejo, J., Morales-Caselles, C., Bakiu, R., 
Barceló, D., Bessa, F., Bruge, A., Cabrera, M., 2021. Floating macrolitter leaked from 
Europe into the ocean. Nat. Sustain. 4, 474–483. https://doi.org/10.1038/s41893- 
021-00722-6.
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Falcieri, F.M., Falcini, F., Ferrarin, C., Foglini, F., Gissi, E., Ghezzo, M., Grande, V., 
Guarneri, I., Lanzoni, A., Laurent, C., Lorenzetti, G., Madricardo, F., Manfè, G., 
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