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A B S T R A C T

Rivers are major transporters of land-based litter to coastal environments, yet the extent to which river flow and
distance from the river mouth shape beach litter accumulation remains insufficiently understood. The Neretva
River, the largest river system in the eastern Adriatic, and Mali Ston Bay, a semi-enclosed coastal area into which
it flows, were used as a case study to investigate the influence of seasonal river discharge and spatial proximity to
the river mouth on beach litter dynamics. Monthly surveys conducted over two years (2021–2022) at beaches lo-
cated near and far from the river mouth quantified litter abundance, weight, and composition in relation to sea-
sonal hydrological conditions. Increased river discharge during the wet season led to a significant rise in beach
litter loads, with both abundance and weight more than doubling compared to the dry season. Proximity to the
river mouth also played a key role in debris distribution, with higher litter loads at deltaic beaches than those far-
ther away in the bay. Plastics dominated the litter composition across all sites and seasons, with single-use plas-
tics particularly prevalent. Despite pronounced seasonal and spatial variability, interannual litter accumulation
remained stable, suggesting persistent pollution sources. These findings emphasize the importance of upstream
waste management, riverine litter interception, and seasonally targeted beach cleanups, particularly near river
mouths, as well as the need for regulatory actions, such as restrictions on single-use plastics, and long-term moni-
toring to mitigate river-driven coastal litter pollution.

1. Introduction

Marine litter—persistent, manufactured or processed solid material
that has been discarded, disposed of or abandoned in the marine and
coastal environment—has emerged as a transboundary pollutant of
global concern (Galgani et al., 2015; Jambeck et al., 2015). In recogni-
tion of its widespread impacts, the European Union's Marine Strategy
Framework Directive lists marine litter as a key descriptor of Good En-
vironmental Status (European Commission, 2008). Land-based activi-
ties are widely considered the dominant source, contributing ≈ 80 % of
the total mass of marine litter, whereas shipping, fisheries and other
sea-based activities account for the remainder (Jambeck et al., 2015;
Schmidt et al., 2017; van Emmerik and Schwarz, 2020). Rivers alone
are estimated to transfer between 0.8 and 2.7 million t yr−1 of plastic
waste to the ocean, underscoring their role as key conveyors of land-
derived debris (Schmidt et al., 2017; van Emmerik et al., 2022). Once
introduced, litter may strand on shorelines, remain afloat or sink to the

seabed depending on its density and local hydrodynamics (Cózar et al.,
2015; Galgani et al., 2015).

Rivers convey a broad spectrum of anthropogenic debris - from plas-
tics and textiles to metals and glass - originating from land-based activi-
ties. Key pathways introducing this waste into river systems are urban
runoff, wastewater discharges, recreational use of waterways and direct
littering, which collectively make rivers a major contributor of marine
debris (Williams and Simmons, 1997; Kiessling et al., 2019; van
Emmerik and Schwarz, 2020). Plastics are the most prevalent type of
litter found in both rivers and coastal environments, due to their buoy-
ancy, persistence, and widespread use in consumer products (Derraick,
2002; Bond et al., 2018). Other types of litter, such as glass and ciga-
rette butts, are more often linked to direct disposal or local non-riverine
sources (Bravo et al., 2009; Kiessling et al., 2019). While anthropogenic
activities are the primary source, natural forces such as floods, wind,
and currents can further mobilize and redistribute litter into river sys-
tems (Tramoy et al., 2020). Despite growing recognition of riverine in-
puts to marine litter, empirical data on the volumes and composition of
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debris transported by rivers - particularly in the Mediterranean - remain
scarce. Although a number of recent studies have begun to examine
how river discharge and the distance from river mouths influence
shoreline litter patterns (Rech et al., 2014; Ryan and Perold, 2021;
Maclean et al., 2021), quantitative assessments remain geographically
sparse and methodologically inconsistent, so the overall influence of
these factors is still not well constrained. High river flow, especially
during storm events or periods of heavy rainfall, can greatly increase
the amount of litter carried downstream and deposited along coastlines
(Laverre et al., 2023; van Emmerik et al., 2019b). In addition to river
flow, factors such as coastal winds, ocean currents, wave action, and
shoreline geomorphology can all play critical roles in determining
where litter is distributed and deposited (Carson et al., 2013; Galgani et
al., 2015). These environmental drivers interact with litter-specific
properties - notably buoyancy, together with item size and shape - fur-
ther modulating dispersal pathways (Fazey and Ryan, 2016; Maclean et
al., 2021). As a result, beaches - the dynamic interface between land
and sea - act as natural sinks that accumulate debris, much of it deliv-
ered by nearby rivers (Liubartseva et al., 2016; Vlachogianni et al.,
2018; Zeri et al., 2018).

Understanding the spatial and temporal dynamics of litter transport
along the rivers and from rivers to beaches is crucial for developing ef-
fective management strategies to reduce marine pollution (Williams et
al., 2016; Mugilarasan et al., 2021). River systems exhibit distinct litter
profiles based on upstream land use, population density, economic ac-
tivities, and hydrological regimes (Williams and Simmons, 1999;
Carson et al., 2013). Typically, the amount of litter deposited along
coastlines decreases with increasing distance from river mouths, as ob-
served for both plastic debris and natural materials like driftwood
(Rech et al., 2014; Ryan and Perold, 2021; Doong et al., 2011). Addi-
tionally, the spatial distribution of debris is often influenced by prevail-
ing coastal winds and surface currents, which can direct floating litter
toward or away from shorelines (Rech et al., 2014). While these
processes are increasingly recognized - evidenced by recent global-scale
modelling work (Van Sebille et al., 2020) - the relative influence of
river discharge, coastal hydrodynamics, and beach morphology on lit-
ter deposition patterns, particularly for persistent materials like plas-
tics, remains insufficiently understood.

In the Adriatic region, where comprehensive data are scarce,
Liubartseva et al. (2016) applied a modelling approach to estimate
riverine plastic inputs. Their findings identified the Neretva River as
one of the top contributors to marine litter in the basin, accounting for
approximately 2.8 % of total inputs, highlighting its regional impor-
tance. Accordingly, the Neretva River, the largest river system in the
eastern Adriatic basin, provides a compelling case study for examining
the impact of river inflow on marine litter deposition. Flowing through
diverse landscapes and populated areas, the Neretva River eventually
discharges into Mali Ston Bay, a semi-enclosed coastal area known for
its rich biodiversity and economic importance, particularly aquaculture
and tourism. At its mouth the Neretva forms a low-lying, sandy delta
characterized by high river discharge and direct freshwater influence.
In comparison, Mali Ston Bay is more sheltered and influenced chiefly
by marine currents rather than river flow (Kršinić et al., 2016). This
contrasting geographical and environmental setting provides an ideal
opportunity to explore the relative importance of river flow and dis-
tance from the river mouth in determining beach litter dynamics.
Specifically, by conducting monthly sampling surveys over a two-year
period at beaches near and far from the Neretva river mouth, the study
aimed to: quantify the amount of litter accumulated at different loca-
tions along the Neretva River Delta and Mali Ston Bay; analyze the com-
position of beach litter, focusing on material type and the prevalence of
single-use plastics; investigate the relationship between river flow and
litter accumulation at varying distances from the river mouth; examine
temporal trends in litter accumulation, including seasonal and interan-
nual variations. By addressing these questions, this study contributes to

a better understanding of how rivers influence the accumulation of
beach marine litter, not only in the Adriatic region but also in broader
coastal contexts. The insights gained into the spatial and temporal dy-
namics of litter transport could help policymakers and environmental
managers develop more targeted and effective strategies for reducing
marine litter pollution in coastal areas.

2. Materials and methods

2.1. Study area

The Neretva River is the largest karst watercourse of the Dinaric
Alps in the eastern part of the Adriatic basin/watershed. Originating in
the mountainous regions of central Bosnia and Herzegovina, the river
traverses a diverse landscape, characterized by valleys, forests, and hu-
man settlements, before eventually reaching the coastal region of Mali
Ston Bay in Croatia and emptying into the Adriatic Sea (Fig. 1). The
river is approximately 225 km long, with the last 30 km of its course
forming a wide alluvial delta.

Hydrological processes of the Neretva River and Mali Ston Bay con-
fluence zone shape a dynamic estuarine ecosystem with diverse wet-
lands, marshes, and lagoons supporting important ecological processes
and fostering biodiversity. The Neretva delta is therefore listed under
the Ramsar Convention as internationally important, while the bay of
Mali Ston is protected as a special marine nature reserve.

A further essential aspect of the region's climate and ecosystem is
the dynamic nature of the Neretva River discharge, which averages 332
m3s−1 annually (Orlić et al., 2006; Gajić-Čapka et al., 2017). Fluctua-
tions of the flow throughout the year are largely influenced by precipi-
tation levels. The wet season typically begins in November and lasts un-
til May, with peak precipitation levels occurring in November and
March, as a result of heavy rainfalls and snow melt, respectively
(https://www.fhmzbih.gov.ba/latinica/HIDRO/godisnjaci.php#, Fig.
2). During this period the Neretva River experiences high flows that can
lead to flooding of the surrounding areas. Conversely, the dry season,
which usually runs from June to October, is characterized by signifi-
cantly lower precipitation levels, leading to reduced water levels and a
more placid flow.

Besides freshwater inflow from the Neretva River, hydrodynamic
conditions in the study area are further shaped by several submarine
springs within the Mali Ston Bay (Viličić, 1989). The Bay exhibits a typ-
ical estuarine circulation pattern, with surface outflow of brackish wa-
ter and bottom inflow of marine water, especially during wet season.
This circulation can be disrupted by strong northeasterly (bura) winds,
which are frequent in winter. During dry seasons, when freshwater in-
put is limited, water circulation becomes highly wind-dependent
(Vukadin, 1989). The prevailing summer wind pattern consists of the
maestral (NW) during the day and burin (NE) during the night. The gen-
eral surface circulation in the Adriatic Sea, characterized by a northerly
flow along the eastern coast and often intensified by southern winds
and waves, which are key drivers of floating debris transport and accu-
mulation along the eastern Adriatic coast and islands (Vlachogianni et
al., 2018), is significantly reduced in this area due to the bay's sheltered
and enclosed configuration.

From a socio-economic perspective, the area is sparsely populated,
with fewer than 10,000 coastal inhabitants and only a modest seasonal
increase during the summer tourist period. The absence of major indus-
try results in relatively low direct anthropogenic pressure, although lo-
calized inputs from agriculture, small-scale tourism, and recreational
use may still contribute to litter loads.

2.2. Data collection and analyses

To determine if river flow and distance from the river mouth are sig-
nificant predictors of the accumulation of beach marine litter, monthly

2

https://www.fhmzbih.gov.ba/latinica/HIDRO/godisnjaci.php


CO
RR

EC
TE

D
PR

OO
F

N. Stagličić et al. Marine Pollution Bulletin xxx (xxxx) 118459

Fig. 1. Map of the study area of the Neretva River Delta and Mali Ston Bay. Beach sampling sites are represented by red circles. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Monthly river flow of the Neretva River (2010–2019). Dots represent the distribution of average monthly river flow values across the 10-year period; the red
line indicates the 10-year average flow pattern. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this ar-
ticle.) Source: https://www.fhmzbih.gov.ba/latinica/HIDRO/godisnjaci.php#.

sampling surveys were conducted over the period of two years, in 2021
and 2022, at four beaches, two directly on the delta of Neretva River
(Opuzen and Komin), and 2 further away from it (Klek and Moračna) in
the Mali Ston Bay area (Fig. 1). To contextualize site-specific influences,
Table 1 summarizes key environmental and anthropogenic characteris-
tics of each surveyed beach, including sediment type, prevailing hydro-
dynamic conditions, proximity to human infrastructure, and beach use
patterns. Beach cleaning was carried out monthly throughout the year
and weekly during the summer months. Sampling was always con-
ducted prior to cleaning in coordination with the concessionaire. For
consistency, all results are presented on a monthly basis.

At each sampling occasion, a 100 m long transect was placed along
each beach parallel to the shoreline, and all litter larger than 2,5 cm
was collected in the area ranging from the water edge to the back of the
beach (determined by the presence of vegetation). The same transect lo-

cation was used for each site throughout the study to ensure sampling
consistency over time. Collected litter items were identified and classi-
fied as reported in the Master List of Categories of Litter Items (Galgani
et al., 2013) and they were counted, weighed, and grouped by material
(plastics, cloth/textile, glass/ceramic, metal, rubber, paper/cardboard,
processed/worked wood, unidentified). Beach litter is expressed as
number of items or mass per 100 m transect (N/100 m; kg/100 m). The
contribution of single-use plastics to the total litter items collected was
also evaluated. The items were categorized as single-use plastics ac-
cording to the listed plastic products in the annex of the Directive (EU)
2019/904 of the European Parliament and of the council of 5 June
2019 on the reduction of the impact of certain plastic products on the
environment.

To test for differences in beach litter quantity (total abundance (N)
and weight (W)) and composition (%N and %W for material type
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Table 1
Environmental and anthropogenic characteristics of the four surveyed
beaches in the Neretva River Delta and Mali Ston Bay area that may influence
marine litter accumulation.

Beach

Delta area Bay area

Komin Opuzen Klek Moračna

Beach type Semi-rural Semi-rural Semi-urban Remote
Type of beach use Tourism,

surfing
Tourism,
surfing

Tourism Tourism

Level of beach use Low,
moderate
(summer)

Low,
moderate
(summer)

Low,
moderate
(summer)

Low,
moderate
(summer)

Sediment Sand Sand Pebble Pebble
Prevailing current NW, W NW E E
Prevailing winds N, NW N, NW N, NW N, NW
Distance from river

mouth (km)
0,01 2 12,7 13,7

Distance
(km)/position from
nearest town

3,5/N 5/N 15,8/N 16,7/N

Distance from nearest
harbour (km)

3,5 5 15,8 16,7

Distance from nearest
aquaculture site
(km)

13 11,5 5 6

Presence of beach bar Only in
summer

Only in
summer

Only in
summer

Only in
summer

Presence of discharge
of waste water

No No No No

Cleaning Monthly,
weekly
(summer)

Monthly,
weekly
(summer)

Weekly
(summer)

Weekly
(summer)

groupings) univariate and multivariate permutational analyses of vari-
ance (PERMANOVA, Anderson, 2001) were employed, respectively, ac-
cording to a 3-way orthogonal sampling design with factors: Year
(fixed, 2 levels: 2021 and 2022), Season (fixed, 2 levels: wet and dry)
and Area (fixed, 2 levels: Delta and Bay). The averages of 7 (November
to May) and 5 (June to October) monthly samples, corresponding to the
wet and dry season, respectively, were obtained for each of the 4 beach
locations in order to stabilise the high variance prior to analyses, which
were all based on Euclidean distance measure calculated on untrans-

formed data and each term of the analysis was tested using 9999 ran-
dom permutations of appropriate units. Terms found to be significant in
the full design were further examined using a posteriori pair-wise com-
parison with the PERMANOVA t statistic and 999 permutations. To
identify the categories of litter that most contributed to the differences
between levels of the significant factor, a similarity percentage analysis
(SIMPER; Clarke and Gorley, 2015) was carried out. All the analyses
were performed using PRIMER-E software (Clarke and Gorley, 2015)
with the add-on package PERMANOVA+ (Anderson et al., 2008).

3. Results

Throughout the two-year study period, marine litter was consis-
tently observed across all sampling events and locations. A total of
13,614 litter items, with a combined weight of 416.4 kg, were collected
from the surveyed beaches. Plastics dominated the litter composition,
being present on every transect (100 % occurrence). Metal was the sec-
ond most prevalent material, appearing on 64 % of the transects, fol-
lowed by rubber and paper/cardboard, which were found on 57 % and
54 % of the transects, respectively. Cloth/textile (43 %) and wood
(41 %) were recorded in slightly fewer than half of the transects, while
glass/ceramics were less frequent and appeared on 30 % of them.

Among the plastic debris, cigarette butts and filters, plastic frag-
ments, strings and cords, and plastic bags were the most frequently en-
countered, each with an occurrence rate exceeding 90 %. Metal litter
was predominantly comprised of bottle caps and lids (48 %) and foil
wrappers (37 %), while rubber (27 %) and paper/cardboard (32 %)
categories were mainly represented by variously sized pieces. Addition-
ally, single-use category items were pervasive across all sites (100 % oc-
currence), and fishing-related debris was also widespread, appearing on
93 % of the transects surveyed.

A breakdown of the ten most abundant litter items recorded across
all sites during the study period is provided in Fig. 3. The data are ag-
gregated over both years and presented separately for the Delta and Bay
areas. Plastic fragments (2.5 cm < 50 cm), cigarette butts and filters,
string and cord, and small plastic packaging (e.g., bags and wrappers)
ranked highest in overall abundance. These results highlight the domi-
nant role of commonly used single-use plastics in addition to their con-
sistent presence across sites, while also showing subtle differences in
item-specific accumulation between areas.

Fig. 3. Top 10 litter items found in the Neretva River Delta and Mali Ston Bay area, calculated on an aggregated basis of total litter counts in all beaches during two
year study period (2021–2022).
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The analysis of marine litter accumulation on beaches revealed sig-
nificant spatial and temporal variations in both total litter abundance
and weight. The Delta area exhibited the highest litter abundance dur-
ing the wet season of 2022, with an average of x ± SD = 229.0 ± 51.3
items per 100 m stretch (Fig. 4). Conversely, the lowest abundance was
recorded in the Bay area during the dry season of the same year, averag-
ing x ± SD = 43.9 ± 25.0 items/100 m. A three-way PERMANOVA
analysis highlighted that two factors – Area (p = 0.01; Table 2), and
even more pronouncedly Season (p = 0.003; Table 2) - had a signifi-
cant impact on the amount of litter found. No significant effects were
observed for any of the interaction terms, indicating that geographic lo-
cation in terms of distance from the river mouth (Delta vs. Bay) and sea-
sonal variations (wet vs. dry) independently affect litter accumulation
without synergistic effects. The number of litter items collected during
the wet seasons (x ± SD = 184.9 ± 48.9 items/100 m) showed an in-
crease of 112.8 % compared to the dry seasons (x ± SD = 86.9 ± 46.9
items/100 m). Additionally, the Delta area consistently exhibited
higher litter abundance, with values averaging
x ± SD = 168.0 ± 52.7 items/100 m, which was 61.8 % greater than
the litter abundance in the Bay area (x ± SD = 103.8 ± 70.4 items/
100 m). In terms of yearly variation, the data revealed a homogeneity
in litter accumulation, with only a slight increase of 3.2 % in the overall
litter abundance from 2021 to 2022. This suggests that while there are
significant spatial and seasonal variations, the annual accumulation of

litter remains relatively stable over the study period. To further exam-
ine seasonal dynamics and their consistency with river flow fluctua-
tions, we calculated monthly average litter abundance for the Delta and
Bay sites, pooling data across both years due to the absence of signifi-
cant interannual differences (Table 2, Fig. 5). The resulting pattern re-
veals elevated litter accumulation during the winter and early spring
months—coinciding with the Neretva River's wet season—and lower
values during the dry summer and early autumn period. The monthly
trend closely reflects the typical seasonal cycle of river discharge in the
region.

The highest mean litter weight was recorded during the wet season
of 2022 in the Bay area (x ± SD = 6.2 ± 2.4 kg/100 m), primarily at-
tributable to a few large individual metal pieces and only slightly ex-
ceeding the wet season values for the Delta area (Fig. 4), which re-
mained consistent across both years (in 2021: x ± SD = 6.0 ± 0.3 kg/
100 m; in 2022: x ± SD = 6.0 ± 0.1 kg/100 m). The lowest litter
weight was observed in the Bay area during the dry season of 2021,
with a mean value of x ± SD = 1.9 ± 1.3 kg per 100 m stretch. Litter
weight distribution largely mirrored the patterns described for litter
abundance, with statistical significance observed only for the Season
factor (p = 0.02; Table 2). Specifically, litter weight during the wet
seasons (x ± SD = 5.6 ± 1.9 kg/100 m) exhibited a two-fold average
increase (103.4 %) when compared with the dry seasons
(x ± SD = 2.7 ± 1.4 kg/100 m). Although no significant differences

Fig. 4. Mean litter abundance (±SD) in (a) number of items (N/100 m) and in (b) weight (kg/100 m) at beach locations along the Neretva River Delta and Mali Ston
Bay during the dry and flood seasons of 2021 and 2022.
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Table 2
Three-way crossed univariate PERMANOVA testing for differences in beach
marine litter total abundance (N) and weight (W) among survey years (fixed,
2 levels: 2021 and 2022), river flow season (fixed, 2 levels: wet and dry) and
area (fixed, 2 levels: Delta and Bay).
Source of variability df N W

MS Pseudo-F MS Pseudo-F

Year 1 68.89 0.05 0.97 0.27
Season 1 38,438 27.37** 32.17 8.87*
Area 1 16,454 11.72* 5.83 1.61
Year × Season 1 7.29 0.01 0.98 0.27
Year × Area 1 1863.8 1.33 1.18 0.32
Season × Area 1 1453.8 1.04 0.76 0.21
Year × Season × Area 1 1022.2 0.73 0.71 0.19
Residual 8 1404.3 3.63

df: degrees of freedom; MS: mean sum of squares; pseudo-F: F value by permuta-
tion.
Levels of significance: * = P < 0.05; ** = P < 0.01.

Fig. 5. Average monthly litter abundance (items per 100 m) recorded over the
two-year study period (2021–2022) at Neretva River Delta and Mali Ston Bay
area beaches.

were detected between the Delta and Bay areas, the Delta did show a
tendency for greater litter accumulation as mean litter weight there
(x ± SD = 4.8 ± 1.4 kg/100 m) was 33.9 % higher that of the Bay
area (x ± SD = 3.6 ± 2.7 kg/100 m). As with litter abundance, the
year-to-year comparison of litter weight revealed minimal changes,
with a 12.6 % increase between 2021 and 2022, indicating a consistent
pattern of litter deposition over time.

The analysis of litter composition revealed significant differences in
the numeric percentage by material type only among the Delta and Bay
areas (Table 3). Artificial polymer materials (plastics) consistently dom-
inated the litter composition across all areas studied (Fig. 6). Due to this
predominance, the SIMPER analysis identified plastics as a key contrib-
utor to the observed differences in numerical composition. Notably,
76.3 % of the dissimilarity in numerical composition was attributed to a
shift in the proportion of plastics, which represented an average of
96.5 % of the total number of litter items in the Bay Area, compared to
88.6 % in the Delta Area. All other material types were sparsely repre-
sented, each accounting for <5 % of the numerical composition.

Regarding weight percentage composition by material type, no sig-
nificant variations were observed (Table 3). Similar to the numerical
findings, plastics emerged as the predominant material by weight, con-
stituting an average of 69.2 % of the total litter weight (Fig. 6). In con-
trast, average weight proportions of all other material types were below
10 %. The litter composition also showed stability in the numerical pro-
portions of single-use plastic items throughout the study (Fig. 6). On av-
erage, single-use plastics accounted for nearly half (45 %) of the total
litter items collected, with little variation between years, seasons, or ar-
eas. This numerical predominance and consistency demonstrate the

Table 3
Results of three-way crossed multivariate PERMANOVA for the effects of year
(fixed, 2 levels: 2021 and 2022), river flow season (fixed, 2 levels: wet and
dry) and area (fixed, 2 levels: Delta and Bay) on beach marine litter composi-
tion in terms of percentage composition of material type by number (%N)
and weight (%W).
Source of variability df %N %W

MS Pseudo-F MS Pseudo-F

Year 1 53.22 2.08 275 0.60
Season 1 2.76 0.11 576.77 1.26
Area 1 301.84 11.80* 689.03 1.51
Year × Season 1 2.68 0.11 502.96 1.10
Year × Area 1 1.15 0.05 143.66 0.32
Season × Area 1 0.78 0.03 157.56 0.35
Year × Season × Area 1 0.74 0.03 317.43 0.69
Residual 8 25.57 456.87

df: degrees of freedom; MS: mean sum of squares; Pseudo-F: F value by permuta-
tion.
Levels of significance: * = P < 0.05; ** = P < 0.01.

persistent and widespread presence of single-use plastics as a dominant
component of beach litter in the studied river-influenced coastal set-
ting.

4. Discussion

Marine litter pollution remains a persistent environmental challenge
driven by complex and interrelated factors (Galgani et al., 2015). This
study investigated the role of riverine inflow in the accumulation of
beach marine litter, focusing on spatial and temporal variations along
the Neretva River Delta and Mali Ston Bay, and is the first to address
this issue in the eastern Adriatic coast. The findings confirm that river
discharge is a key determinant of litter deposition patterns, with signifi-
cant differences observed between seasons and locations. These results
contribute to the growing body of research emphasizing the role of flu-
vial systems in transporting anthropogenic debris to coastal environ-
ments (Schmidt et al., 2017; Crosti et al., 2018; van Emmerik and
Schwarz, 2020). Understanding the mechanisms governing litter trans-
port and deposition is essential for developing effective mitigation
strategies. The interplay between riverine inflow, hydrodynamic forces,
and human activities shapes the distribution of marine litter, highlight-
ing the necessity of targeted intervention measures to reduce its accu-
mulation (Haberstroh et al., 2021; van Emmerik et al., 2022).

4.1. Influence of river flow and distance on litter accumulation

The results demonstrated that litter accumulation was significantly
influenced by seasonal variations in river flow, with both litter abun-
dance and weight markedly higher during the wet season. This trend is
consistent with previous studies showing that high-discharge periods,
particularly those driven by rainfall or snowmelt, intensify the mobi-
lization of land-based waste and its transport downstream (van
Emmerik and Schwarz, 2020; van Emmerik et al., 2023a), ultimately in-
creasing the amount of debris reaching adjacent coastal areas. In addi-
tion to enhancing litter fluxes, such high-flow events have also been as-
sociated with the downstream displacement of freshwater species into
marine environments, as documented by the unusual occurrence of
softmouth trout (Salmo obtusirostris) along the eastern Adriatic coast
following extreme flooding (Tutman et al., 2023).

During these high-discharge periods, litter is carried over extended
distances and tends to accumulate in shoreline zones directly influ-
enced by river outflows (Carson et al., 2013; van Emmerik et al., 2019b,
2023b). Conversely, during dry periods, reduced precipitation and
lower river flow limit the influx of new debris, resulting in compara-
tively lower litter loads (van Emmerik et al., 2019b, 2023b). Seasonal
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Fig. 6. Marine litter composition (%) by material type at beach locations along the Neretva River Delta and Mali Ston Bay during the dry and flood seasons of 2021
and 2022, shown by (a) number of items (N), (b) weight (W), and (c) proportion of single-use plastic (SUP) items.

fluctuations in river discharge not only deliver fresh inputs of waste but
also remobilize material previously deposited along riverbanks, con-
tributing to dynamic and cyclical deposition patterns (van Emmerik et
al., 2019a). A short-lived “first-flush” pulse can also occur at the start of
the wet season, when the initial storms mobilize debris that has accu-
mulated on the catchment surface, producing litter loads that are dis-

proportionately high relative to instantaneous discharge (van Emmerik
et al., 2019b; Maclean et al., 2021). The ultimate stranding location of
this material is further influenced by buoyancy-related differences
among plastic types: very light expanded-polystyrene fragments and
sealed, air-filled bottles tend to strand near the river mouth, whereas
more flexible film packaging, having slightly higher effective density,
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can disperse farther alongshore (Maclean et al., 2021). Together, these
findings confirm the critical role of river hydrology in shaping the mag-
nitude and timing of coastal litter accumulation. Understanding these
fluvial-marine linkages is essential for predicting pollution patterns and
designing effective mitigation strategies in river-influenced coastal sys-
tems.

Spatially, beaches flanking the Neretva River Delta displayed consis-
tently higher litter abundance - and a less-pronounced but still greater
mass load - than those in the more enclosed Mali Ston Bay. This pattern
further supports the hypothesis that riverine transport is a major deter-
minant of beach litter accumulation, with proximity to the river mouth
strongly influencing deposition trends. Similar spatial gradients have
been documented in studies on riverine driftwood and plastic accumu-
lation (Doong et al., 2011; Rech et al., 2014), where beaches closer to
river outflows receive higher litter loads due to direct discharge of
transported debris. Complementing these observations, a regional mod-
elling study by Liubartseva et al. (2016), which simulated the transport
of floating plastic debris in the Adriatic Sea, identified the Po River
Delta as a key source, with an estimated flux of 70 kg km−1 day−1 ulti-
mately dispersed along the coastlines of Italy, Slovenia, and Croatia.
These simulated transport patterns underscore the potential for trans-
boundary pollution and illustrate how riverine plastic inputs can shape
litter distribution both at regional and local coastal scales.

The greater litter accumulation at deltaic beaches is likely the result
of multiple interacting factors, including higher fluvial input, wave and
tidal action, which together facilitate the deposition of transported de-
bris along nearby shorelines (Tramoy et al., 2020). In contrast, beaches
within more enclosed coastal environments, such as Mali Ston Bay, may
experience reduced litter deposition due to limited direct riverine input
and lower hydrodynamic energy, leading to less frequent litter redistri-
bution. The lack of a significant interaction effect between area and sea-
son in our findings suggests that while proximity to the river mouth
plays a crucial role in shaping spatial litter distribution, seasonal varia-
tions in river discharge exert an independent influence on litter trans-
port and deposition. This highlights the need for a multifaceted ap-
proach when analyzing beach litter accumulation, considering both hy-
drological and geographical factors in predicting pollution trends.

4.2. Litter composition: dominance of plastics and the role of single-use
items

Plastics dominated the marine litter composition across all study
sites, with a particularly high proportion of single-use items. Interest-
ingly, the increase in litter abundance and weight during the wet sea-
sons did not correspond to substantial changes in litter composition.
Plastics were the most prevalent type of litter throughout the study, re-
gardless of season, indicating that river flow primarily affects the quan-
tity of litter rather than the types of materials being deposited. This
finding is consistent with global assessments indicating that plastics
constitute the majority of riverine and coastal litter due to their durabil-
ity, buoyancy, and widespread use in consumer products (Derraick,
2002; Jambeck et al., 2015). The high prevalence of cigarette butts,
plastic fragments, strings, cords, and plastic bags in this study mirrors
patterns observed in other river-influenced coastal regions (Bruge et al.,
2018; Bauer-Civiello et al., 2019; Schirinzi et al., 2020; Palmas et al.,
2022), suggesting that urban runoff, improper waste disposal, and
recreational activities are major contributors.

Notably, the Mali Ston Bay area exhibited a slightly higher propor-
tion of plastics compared to the Neretva River Delta area. This discrep-
ancy may be attributed to differences in transport and retention dynam-
ics, as plastics, particularly low-density polymers, are more prone to
prolonged drift and accumulation in semi-enclosed coastal systems due
to reduced hydrodynamic flushing (Cózar et al., 2015; Tramoy et al.,
2020). In contrast, the Neretva River Delta region exhibited a greater
material diversity, with higher relative contributions from metal, cloth,

and wood, likely reflecting more direct and heterogeneous inputs from
riverine transport. The consistent presence of single-use plastics across
all sites and seasons underscores their persistent nature and widespread
dispersal in the environment. This pattern likely reflects buoyancy dif-
ferences within the floating-plastic group: items whose density lies only
slightly below that of seawater—such as flexible polyethylene (PE) or
polypropylene (PP) films - are readily advected away from the river
mouth, whereas very light materials, including fragments of expanded
polystyrene (EPS) or sealed polyethylene-terephthalate (PET) bottles,
tend to strand quickly owing to their greater freeboard and windage
(Maclean et al., 2021). High-density polymers, being less buoyant and
more prone to sinking, were recorded only infrequently. Field observa-
tions indicate that illegal waste dumping along the Neretva River, par-
ticularly in its middle course approximately 80 km upstream, may rep-
resent a key source of this pollution (P. Tutman, pers. obs.), reinforcing
the need for targeted policy measures to reduce the prevalence of sin-
gle-use plastics in riverine and coastal environments (Jambeck et al.,
2015).

4.3. Temporal stability in litter accumulation patterns

Despite pronounced seasonal and spatial variability, year-to-year
comparisons of litter abundance and weight revealed minimal changes,
indicating a stable long-term pattern of litter accumulation. The slight
annual increase in overall litter abundance and weight (3.2 % and
12.6 %, respectively) suggests that while short-term fluctuations occur,
the underlying drivers of litter deposition remain persistent over time.
While litter persistence and residence time may vary, the consistent
monthly sampling and transect clean-ups across both years support the
interpretation that this trend reflects genuine changes in accumulation
pressure, rather than residual deposition. Nevertheless, because the
present data span only two years, this inference is preliminary and
should be verified with longer-term records. This stability is in line with
studies reporting that once established, beach litter accumulation pat-
terns tend to persist unless there are substantial changes in waste man-
agement practices or hydrological regimes (Thiel et al., 2013; Ryan,
2015; Bauer-Civiello et al., 2019).

The observed stability in beach litter accumulation may be linked to
consistent upstream waste input sources and the relatively predictable
seasonal hydrodynamic conditions of the Neretva River. While episodic
high-flow events may introduce temporary spikes in litter deposition
(Doong et al., 2011; van Emmerik et al., 2023a), the general trends ap-
pear to be governed by recurring seasonal cycles rather than interan-
nual variability (van Emmerik et al., 2019b, 2023b; Haberstroh et al.,
2021). In addition to riverine discharge, other environmental factors
such as wind patterns, coastal currents, and wave energy may influence
the spatial distribution of litter, particularly for floating and seafloor
debris, contributing to localized accumulation near river mouths
(Galgani et al., 2015). Additionally, local factors such as beach accessi-
bility, tourism pressure, or proximity to settlements may also shape lit-
ter profiles by introducing direct human inputs that can obscure purely
hydrodynamic deposition patterns. For instance, the presence of mate-
rials such as metal and cloth at some sites may indicate mixed origins,
not solely attributable to riverine transport. Recognizing the interplay
between these factors is essential for interpreting litter data and devel-
oping effective mitigation strategies. These findings emphasize the im-
portance of sustained, site-specific monitoring efforts to detect long-
term shifts in litter dynamics, identify sources, and inform adaptive
coastal management.

4.4. Management implications

The persistent pollution of the Neretva River reflects broader land-
use and waste management challenges across its transboundary basin.
In parts of the upper and middle catchment, particularly where munici-
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pal waste services are limited, unmanaged landfills and illegal dumping
near riverbanks contribute significantly to litter entering the river sys-
tem. During periods of high flow or snowmelt, this waste is readily mo-
bilized and transported downstream, ultimately affecting coastal envi-
ronments. These conditions underscore the need for coordinated, cross-
border efforts to reduce land-based waste inputs and improve overall
catchment management.

Beyond the Neretva catchment, this study reinforces several broader
principles for managing marine litter in river-influenced coastal zones.
The pronounced effect of river discharge on beach litter accumulation
highlights the need for upstream waste reduction initiatives (Galgani et
al., 2015; Jambeck et al., 2015; Liubartseva et al., 2016), including im-
proved waste management infrastructure, public awareness campaigns,
and policies targeting high-risk litter categories (e.g., single-use plas-
tics). Implementing preventive measures such as riverine litter inter-
ception systems - e.g. floating barriers or trash traps - could help reduce
the downstream transport of debris before it reaches coastal areas
(Crosti et al., 2018; van Emmerik et al., 2022).

Spatial variation in litter accumulation also suggests that targeted
beach cleanup efforts should prioritize high-deposition areas near river
mouths (Rech et al., 2014), particularly during the wet season when lit-
ter influx is at its peak (van Emmerik et al., 2019b; Laverre et al., 2023).
Furthermore, the persistent presence of single-use plastics across all
sites supports the need for policy interventions, such as restrictions on
disposable plastic products and the implementation of extended pro-
ducer responsibility schemes (Directive (EU) 2019/904; Schirinzi et al.,
2020), to mitigate their contribution to marine litter.

Given the relatively stable year-to-year accumulation patterns ob-
served in this study, long-term monitoring programs should be estab-
lished to track trends, identify emerging sources, assess the effective-
ness of mitigation measures, and adapt management strategies as
needed. Cross-sectoral cooperation among local authorities, environ-
mental organizations, and research institutions will be essential for de-
veloping comprehensive strategies to reduce marine litter and protect
the ecological and economic value of river-influenced coastal environ-
ments.

5. Conclusions

This study provides valuable initial insights into how riverine inflow
influences beach litter accumulation in the eastern Adriatic, emphasiz-
ing the key roles of seasonal river discharge and proximity to the river
mouth in determining spatial and temporal deposition patterns. Plas-
tics, particularly single-use items, emerged as the dominant litter cate-
gory, underscoring their persistent environmental impact. Despite sea-
sonal and spatial variability, the stability of annual litter accumulation
suggests that long-term waste input sources remain largely unchanged.

Addressing this issue requires effective management strategies fo-
cused on reducing upstream waste generation, enhancing waste inter-
ception in river systems, and implementing targeted cleanup efforts at
high-deposition zones near river mouths. In addition, future research
should explore the interactions between riverine and marine hydrody-
namics in greater detail to refine predictive models of litter transport
and deposition. Bridging these knowledge gaps, alongside the imple-
mentation of science-based, regionally coordinated policies will be es-
sential to mitigating the ecological and economic impacts of marine lit-
ter pollution in river-influenced coastal environments.
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