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Abstract

Coastal litter accumulates along urban shorelines, yet the floating and stranded litter com-
partments of tourism-intensive coastal cities are rarely characterised side by side. We
conducted monthly macro-litter surveys over one year (April 2023-March 2024) at two
Dubrovnik sites less than 200 m apart, each representing a different litter compartment:
Porat harbour, a semi-enclosed basin retaining floating litter, and Posat, an urban beach
collecting stranded debris. Surveys followed the updated European MSFD marine litter
monitoring guidance. In total, 1325 items were recorded at Porat and 1768 at Posat. The
harbour was far more variable month to month (coefficient of variation 135% versus 77%),
consistent with episodic basin retention. Artificial polymers dominated both compartments
(84.9% at Porat; 79.2% at Posat), but the leading category differed: plastic fragments in
the harbour and expanded polystyrene on the beach. Composition differed significantly
between the two compartments (PERMANOVA, p = 0.038), though the separation was
modest. Because each compartment requires a different sampling method, compartment
and sampling method are fully confounded; absolute magnitudes are therefore reported
separately and not compared. At Posat, where cleaning was suspended, the Clean Coast In-
dex averaged 7.1 (moderate) but ranged from 1.5 to 21.9 between months, spanning all five
cleanliness classes. These distinct signatures indicate that single-compartment monitoring
may overlook urban coastal heterogeneity, and that mitigation requires compartment-
specific measures.

Keywords: marine litter; coastal pollution; clean coast index; tourism pressure; mediter-
ranean sea; temporal variability

1. Introduction

Plastic pollution is increasingly recognised as one of the most significant anthropogenic
pressures on marine ecosystems and coastal environments worldwide [1-3]. Since the
onset of large-scale plastic production in the 1950s, annual global output has risen from
approximately 1.5 million tonnes to more than 430 million tonnes [4]. Owing to their
durability, resistance to degradation, and widespread use, plastics persist for long periods
and accumulate in terrestrial and marine habitats, where they threaten biodiversity through
ingestion, entanglement, and habitat disturbance. Marine litter is commonly defined as any
persistent, manufactured or processed solid material discarded, disposed of, or abandoned
in marine and coastal environments [5,6]. Once at sea, it may remain afloat, accumulate on
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beaches, or sink to the seabed, with its distribution governed by hydrodynamic conditions,
riverine inputs, and human activities [6-8]. Plastics are the principal component of marine
litter worldwide and, owing to their buoyancy and persistence, may be transported over
considerable distances before fragmenting, sinking, or accumulating in specific depositional
areas [9,10]. In tourism-dependent coastal regions, litter accumulation also represents an
economic concern, as polluted beaches diminish the aesthetic and recreational value of
the coast [5].

Among global marine regions, the Mediterranean Sea is considered particularly vul-
nerable to marine litter pollution [11]. Its geographic confinement limits water renewal and
maintains elevated pollutant concentrations, while dense coastal settlement, year-round
maritime operations, and a pronounced summer tourism peak generate persistent, multi-
scalar litter inputs [3,11]. Reported plastic concentrations in the basin are comparable with
those in major oceanic accumulation zones [12].

Within the Mediterranean, the Adriatic Sea is among the most sensitive sub-basins,
with litter documented on beaches, at the sea surface, in seabed sediments, and within
marine organisms [13-15]. It is a semi-enclosed basin of approximately 138,600 km?,
extending some 800 km from the Gulf of Venice to the narrow Strait of Otranto [16].
Its surface circulation is predominantly cyclonic and is shaped by freshwater inflows,
seasonal gyres, and the Bora and Sirocco winds [17-19]. Rivers are a principal pathway
for land-based litter: the Po, Adige, and Isonzo in the north, and the Neretva and Buna-
Bojana in the south-east, are major conduits for transboundary debris [13]. Numerous
studies have documented floating debris, seabed litter, and beach litter throughout the
Adriatic [15,19-24]. These studies consistently report a predominance of anthropogenic
polymers, typically accounting for 90-95% of recorded items, particularly plastic fragments,
bottle caps, and polystyrene pieces [13,21,22]. Croatia is particularly exposed, given the
complexity and length of its coastline, which extends over 6278 km and includes 1246
islands [25]. This archipelagic configuration traps debris transported by regional currents,
so that much litter originates from transboundary sources and intensifies during autumn
and winter storms [13,19,24,26]. The deeply indented Croatian coast acts as a natural
retention system for debris carried by prevailing currents and winds [13], particularly under
the extremely unfavourable meteorological and hydrological conditions of autumn and
early winter storms [13,26]. The problem is particularly acute on the southern Dalmatian
islands. Under the prevailing circulation regime and during prolonged strong southerly
winds, there is a markedly increased accumulation potential for the accumulation of
transboundary debris on the exposed southern shores of Mljet, Vis, Kor¢ula, and Lastovo,
and on the PeljeSac peninsula, where steep, funnel-shaped bays concentrate incoming
debris and south-, south-east-, and south-west-facing beaches receive disproportionately
large litter loads [8,13,23,26,27]. Within the EU Marine Strategy Framework Directive [28],
urban coastal environments recognised as key entry points for litter [29], and harbours and
urban beaches may show distinct accumulation patterns, as semi-enclosed harbour basins
retain floating debris more efficiently than open, wave-exposed beaches [20,30]. However,
data on the quantities, distribution, sources, and pathways of Adriatic litter remain limited
and methodologically heterogeneous [26], and comparative, year-round studies contrasting
functionally distinct urban coastal environments within the same city are still scarce.

This study addresses that gap by investigating marine litter dynamics at two function-
ally distinct urban sites in Dubrovnik: the Porat harbour, a semi-enclosed basin within the
UNESCO World Heritage Site; and Posat, an urban beach beneath the historic city walls. Al-
though both experience intense seasonal tourism, they contain different litter compartments
(floating versus stranded litter) and differ in exposure and hydrodynamic conditions; each
compartment therefore requires its own sampling method, so compartment and method are

https://doi.org/10.3390/su18168239


https://doi.org/10.3390/su18168239

Sustainability 2026, 18, 8239

30f24

inseparable in any such comparison. Following the monitoring methodology recommended
under the MSFD [31], for the stranded compartment and an adapted surface-skimming
protocol for the floating compartment, the study aimed to (i) quantify and characterise
macro-litter abundance and composition within each compartment; (ii) identify temporal
accumulation patterns at monthly resolution and test whether the monthly fluctuations
of the two compartments are correlated; (iii) contrast the floating (harbour) and stranded
(beach) compartments using metrics that are independent of sampling geometry; (iv) assess
beach cleanliness and (v) derive management implications specific to each compartment.
Three hypotheses were tested:

(i) The floating compartment (harbour) exhibits greater month-to-month variability than
the stranded compartment (beach), and their monthly fluctuations follow independent
temporal trajectories;

(ii) The floating and stranded compartments carry distinct material signatures;

(iii) Litter accumulation increases during the tourist season, more strongly in the floating
compartment than in the stranded compartment.

2. Materials and Methods
2.1. Study Area

The study was conducted at two adjacent sites in Dubrovnik, Croatia, represent-
ing functionally distinct coastal environments: the Porat harbour and Posat urban
beach (Figure 1).
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Figure 1. Location of the sampling sites: Porat harbour (A) and Posat beach (B). The Kase breakwater
(C) is included as a reference feature. Photo courtesy of Igor Brautovic.

Porat harbour is a semi-enclosed harbour basin located within Dubrovnik’s historic
Old Town. The survey site extended 326 m along the harbour shoreline. It experiences
intense maritime traffic, including recreational vessels, tourist boats and service craft, and
lies close to urban infrastructure and tourism activities.

Posat is an urban beach directly beneath the city walls, less than 200 m from the harbour.
It was surveyed over its full length (104 m) and width (approximately 4 m, widening to
about 6.5 m at its broadest sections). The beach lies behind the Kase breakwater and the
small-craft berths and is subject to similar urban and tourism pressures (Figure 2).
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Figure 2. Representative photographs of the two study sites in Dubrovnik, Croatia. (A) Porat harbour;
(B) Posat beach. Photographs by B. Gangai Zovko.

Dubrovnik is a tourism-dominated coastal city, and both study sites lie within its most
intensively visited area. At the 2021 census, the administrative area of the City of Dubrovnik
had 41,562 permanent residents [32]. In 2023 the city recorded 1,246,178 tourist arrivals and
3,889,475 overnight stays, and in 2024 a further 1,356,136 arrivals and 4,270,230 overnight
stays [33,34]; of these, 1,173,114 arrivals and 3,738,098 overnight stays occurred during the
April-December 2023 part of our survey, and 74,512 arrivals and 162,504 overnight stays
during the January—-March 2024 part. Port traffic is concentrated in the passenger port of
Gruz, north-west of the Old Town, which recorded 10,989 vessel arrivals in 2023 and 11,541
in 2024; for Dubrovnik city harbour (Porat), official data are available only for cruise-ship
and yacht arrivals, totalling 332 in 2023 and 333 in 2024 [34].

2.2. Sampling

Monitoring was conducted monthly over a full annual cycle (April 2023-March 2024),
with both compartments surveyed during the same period each month to capture seasonal
variability. Beach surveys followed the Marine Strategy Framework Directive 2008/56/EC
(MSFD) macro-litter monitoring methodology [31], keeping the beach data comparable
with other MSFD-compliant programmes across the Adriatic and wider Mediterranean,
while the harbour was monitored using an adapted surface-skimming approach.

At Porat harbour, floating surface litter was skimmed along the 326 m transect using
a telescopic scoop net (Carp Zoom BETA-N2, 50 x 40 x 50 cm, 7 mm mesh; Energofish
Ltd., Budapest, Hungary); no towed or trawled gear was used at any point. At Posat, a
full standing-stock collection of all stranded litter was carried out over the entire beach,
covering its full length (104 m) and width (approximately 4 m, widening to about 6.5 m at
its broadest sections). Litter density is expressed per metre of shoreline; the Posat survey
area of 416 m? is used only for the Clean Coast Index. The beach met the MSFD length
and accessibility criteria, although its semi-sheltered position behind the Kase breakwater
should be considered when interpreting stranding dynamics (Figure 1). All visible litter
was collected manually during each monthly survey.

At our request, Cisto¢a Dubrovnik (the municipal utility responsible for cleaning
the sea and coastline) suspended cleaning of both Posat beach and Porat harbour for the
duration of the study, so that the litter recorded at each survey represents an unmanaged
standing stock rather than the residue of a cleaning cycle.

Because surface skimming and whole-area stranding capture different components
of the litter, the compartment and sampling method are fully confounded by design: the
floating fraction of a harbour basin cannot be recovered by standing-stock collection, nor a
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beach by surface skimming, so method cannot be varied within a compartment or fitted as
a covariate. All contrasts between the two compartments reported below are consequently
descriptive, and absolute magnitudes (abundance, mass, density) are reported separately
for each compartment rather than compared.

Items from both sites were processed identically. Each item was counted, weighed
(Vox KW2700 digital scale, 5 kg capacity, 1 g resolution; Vox Electronics, Guangzhou,
China), and assigned to a material category following MSFD guidelines [31]: artificial
polymer materials (plastic), processed wood, textile, rubber, paper/cardboard, metal,
glass/ceramics, and other materials. Where an item comprised several materials, it was
classified by its predominant component. Items were weighed in their wet state after excess
surface water had been removed, so recorded masses represent wet mass. Each item was
then assigned to a specific litter category (e.g., plastic fragments, cigarette butts, bottle
caps, food wrappers) to identify the most prevalent item types and potential pollution
sources. Atmospheric pressure, wind speed and wind direction were obtained from
the Croatian Meteorological and Hydrological Service [35] to describe the conditions
during sampling. These records refer to the sampling dates themselves, not to cumulative
antecedent conditions; because it is the rainfall, wind and wave energy of the preceding
days rather than the state of the atmosphere on the survey morning that mobilise litter,
the meteorological data are used only descriptively, and no statistical test relating litter to
meteorological variables was performed.

2.3. Data Analysis

For each compartment, monthly litter abundance was recorded as total item count
and total mass. Litter density was calculated as the number of items per metre of shoreline
(items/m). Density is expressed per metre rather than per 100 m or per kilometre, as
recommended for MSFD beach-litter reporting, because the surveyed beach is only 104
m long and the harbour transect 326 m; reporting per 100 m would require extrapolation
beyond the surveyed extent. Values are directly convertible for comparison with MSFD-
based studies by multiplying by 100 (mean 142 items/100 m at Posat and 34 items/100
m at Porat). Material composition was expressed as the percentage contribution of each
category to the total item count and total mass. Beach cleanliness was assessed using the
Clean Coast Index [36], calculated as:

Total number of litter items

CCI = — x 20
Survey area in m

Following the formulation adopted in Adriatic and Mediterranean beach-litter assess-
ments, all macro-litter items >= 2.5 cm were included in the numerator, rather than plastic
items alone as in the original formulation of Alkalay et al. [36]. This ensures comparability
with regional values reported for other Adriatic and Mediterranean beaches, most of which
were derived on the same basis. Areal normalisation was applied only to the CCI; litter
density was otherwise normalised to shoreline length. A representative width of 4 m was
adopted, yielding a survey area of 416 m? (104 m x 4 m). In the CCI calculation, the scaling
constant of 20 [36] proposed by the original authors was applied. Because several sections
of the site were locally wider, including them would raise the surveyed area and lower
the per-area values; the resulting density and CCI values should therefore be regarded as
conservative upper-bound estimates. CCI values were interpreted as very clean (<2), clean
(2-5), moderate (5-10), dirty (10-20), and very dirty (>20).

Temporal patterns were analysed at monthly resolution. A single grouping into
the tourist season (May—-September) and the off-season (October—April) was applied to
address the third hypothesis directly; no aggregation into calendar seasons was used in the
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descriptive analyses. Season was retained only as a grouping factor in the multivariate test
of compositional structure, to verify that no seasonal signal was present that would require
a coarser temporal level. Meteorological conditions on the sampling day are described
qualitatively only.

For each compartment, temporal stability was summarised by total annual abundance
(items and kg), monthly mean =+ standard deviation (mass and density), and for monthly
abundance, the minimum, maximum range, and the coefficient of variation (CV). Month-
to-month synchronicity between the two compartments was tested with Pearson’s r and
Spearman’s p across the twelve monthly surveys (1 = 12), with significance set at p < 0.05
(two-tailed). No statistical test involving meteorological variables was performed, for the
reason set out in Section 2.2.

Because the two compartments were sampled by different methods, absolute
magnitudes—total abundance, total mass, and density—are not directly comparable
between them and are reported separately for each compartment. The principal cross-
compartment comparison was restricted to dimensionless, geometry-independent metrics:
(i) material composition (percentage by count and by mass); (ii) the rank order of dominant
item categories; (iii) the relative temporal structure of accumulation (CV, timing of monthly
maxima, seasonal distribution as a percentage of the annual total, and the tourist- to off-
season ratio); and (iv) the month-to-month correlation in abundance and mass between the
two compartments.

Items smaller than 2.5 cm were excluded from the analysis because 2.5 cm is the lower
size limit of the macro-litter fraction under the MSFD monitoring guidance [31]; the 5 mm
threshold in that guidance separates micro-litter (<5 mm) from meso-litter (5 mm-2.5 cm),
neither of which was addressed here. One exceptionally large item was retained in all totals
and analyses.

Descriptive statistics were computed in Microsoft Excel (Microsoft Corporation, Red-
mond, WA, USA). In a separate exploratory analysis, differences between the two com-
partments were examined using Bray—Curtis dissimilarities [37] calculated from the raw
monthly counts of each material group. This analysis therefore reflects combined differ-
ences in material composition and total abundance. Because litter compartment, sampling
method and environmental setting are fully confounded, the multivariate analysis cannot
isolate an independent environmental site effect. Compositional patterns were visualised
by non-metric multidimensional scaling (NMDS) and tested with permutational multivari-
ate analysis of variance (PERMANOVA, 9999 permutations) [38] and analysis of similarities
(ANOSIM) [39]. Homogeneity of multivariate dispersion was assessed with permutational
analysis of multivariate dispersions (PERMDISP) [40], and the contribution of individual
material groups to between-compartment dissimilarity was quantified with similarity per-
centage analysis (SIMPER) [39]. Shannon and Simpson diversity indices were calculated
for each monthly sample and compared between compartments using Mann-Whitney U
tests. Seasonal structure in composition was also tested with PERMANOVA to establish
whether season needed to be retained as an analytical level. Analyses were performed in R
(version 4.5.3; R Foundation for Statistical Computing, Vienna, Austria) [41] with the vegan
package (version 2.7-5) [42].

3. Results

3.1. Litter Abundance
3.1.1. Temporal Patterns at Porat Harbour

Over the 12-month monitoring period (April 2023 to March 2024), a total of 1325
items with a combined mass of 30.46 kg was recorded at Porat harbour. Monthly abun-
dance showed pronounced temporal variability, ranging from a minimum of 7 items in
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March 2024 to a maximum of 551 items in May 2023 (Figure 3). This 79-fold difference
between the minimum and the maximum indicates highly episodic accumulation, and
the coefficient of variation for monthly item counts reached 135%, reflecting substantial
month-to-month fluctuation within the basin. Accumulation was concentrated in indi-
vidual months rather than spread evenly through the year: the May 2023 survey alone
accounted for 41.6% of all items collected at Porat during the year, indicating a concentrated
pulse of debris input. A single, unusually long plastic sheet (57 m; ~0.69 kg) was recorded
in the harbour in December 2023, the longest individual item found during the study and
an illustration of the large floating debris that the basin can trap.
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Figure 3. Monthly litter abundance (total item count) at Porat harbour and Posat beach
(April 2023-March 2024).

Monthly litter mass at Porat varied even more than item counts, reaching a max-
imum of 17.82 kg in May 2023 (Figure 3). The lightest months were March (0.01 kg,
7 items) and June (0.06 kg, 15 items), while the summer and early-autumn months
(July-October) yielded only 0.19-0.47 kg despite containing 28-83 items. The mean monthly
mass was 2.54 + 5.13 kg, with a coefficient of variation of 202%. The mean density of
floating litter density across the 326 m transect was 0.34 £ 0.46 items/m; this annual
mean conceals the extreme month-to-month range of the compartment, which spanned
approximately 0.02 items/m in March 2024 to 1.69 items/m in May 2023.

Grouped by tourism intensity, mean monthly abundance at Porat was 84% higher
during the tourist season (May—-September) than in the off-season (151 versus 82 items
per month). Litter mass showed the same pattern, at 3.76 kg per month during the tourist
season versus 1.67 kg per month in the off-season, a contrast that largely reflects the
exceptional May load (Figure 4).
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M Porat harbour M Posat beach

Figure 4. Monthly litter mass at Porat harbour and Posat beach (April 2023-March 2024).
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3.1.2. Temporal Patterns at Posat Beach

Over the same 12-month period, a total of 1768 items with a combined mass of 61.54 kg
was recorded at Posat beach. Monthly abundance ranged from 31 items in August 2023
to 455 items in April 2023 (Figure 3), a 15-fold range, and the coefficient of variation
for monthly item counts was 77%, indicating more consistent deposition than in the
harbour basin. Monthly mass reached a maximum of 23.09 kg in April 2023 and fell to
a minimum of 0.12 kg in August (31 items), with September the next lightest at 0.42 kg
despite 241 items, and remained below 0.66 kg across July—October; the mean monthly
mass was 5.13 % 6.46 kg, with a coefficient of variation of 126% (Figure 4). Mean density
was 1.42 +1.09 items/m. Because this value derives from whole-area standing-stock
collection along the 104 m beach, whereas the Porat value reflects surface skimming along a
326 m transect, the two densities sample different litter compartments and are not directly
comparable; each is reported only to characterise its own compartment.

As at Porat, accumulation was concentrated in individual months: the April 2023
survey accounted for 25.7% of the annual total at Posat. Grouped by tourism intensity,
however, the beach behaved differently from the harbour. Mean monthly abundance was
almost uniform between the tourist season and the off-season, whereas mass showed the
opposite pattern to that recorded at Porat: off-season mass averaged 7.09 kg per month,
roughly three times the tourist-season value of 2.38 kg per month (Figure 5).

N

[}

[$)]

(e8]

Mean mass (kg)
'

N

[uny

High tourist season (May-Sep) Off-season (Oct-Apr)
M Porat harbour m Posat beach

Figure 5. Mean monthly litter mass (kg) during high tourist season vs. off-season at Porat harbour
and Posat beach.

The mean annual CCI at Posat beach was 7.1, indicating a moderate level of pollution
(Figure 6). Monthly values varied widely (coefficient of variation in the monthly CCI (77%),
ranging from very clean in August 2023 (1.5) to very dirty in April 2023 (21.9), with the
maximum roughly fifteen times the minimum. May and September were dirty (11.5 and
11.6, respectively), and June and December were moderate (8.9 and 5.2). July, October,
November, January, February, and March were clean, and August was very clean. The
index therefore spanned from very clean to very dirty within a single survey year.
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Figure 6. Monthly Clean Coast Index (CCI) at Posat beach, April 2023-March 2024, based on all litter
items.

3.2. Material Composition
3.2.1. Floating Litter at Porat Harbour

At Porat harbour, plastic items overwhelmingly dominated the litter assemblage,
accounting for 84.9% of all items by count (Figure 7A). Wooden items formed the second
most abundant category (7.6% of items), followed by paper and cardboard, metal, rubber,
glass, textiles, and a residual ‘other” category. The material composition by mass, however,
showed a different pattern (Figure 7B). By mass, plastic remained the largest single fraction
(49.6%), but wood contributed almost as much (41.8%), and the residual ‘other’ category
accounted for 4.1%; the remaining categories each contributed very little.

¥ metal; 1.4% g glass; 0.3%

¥ wood; 7.6%

¥ paper; 4.5%
W textile; 0.2% other; 0.2%

plastic; 84.9%

W glass; 0.295 m  other; 1.234
¥ metal; 0.152

wood " plastic; 15.106
processed;

12.734

rubber; 0.080

B paper; 0417 textile; 0.438

Figure 7. Material composition of litter recorded at Porat harbour over the full survey year
(April 2023-March 2024): (A) relative composition by item count (1 = 1325) and (B) relative composi-
tion by mass (total = 30.46 kg). Percentages are rounded to one decimal place and may not sum to
exactly 100%.
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Paper and cardboard items, although present, contributed little by mass (1.4%). Metal
items, despite comprising only 1.4% of counts, represented 0.5% by mass.

3.2.2. Stranded Litter at Posat Beach

At Posat, plastic likewise dominated the assemblage by count (79.2%), followed by
smaller contributions from metal, glass and other materials (Figure 8A). The composition
by mass was distributed more evenly across material types (Figure 8B). Plastic accounted
for only 33.2% by mass, markedly lower than its numerical dominance. Wood contributed
25.3%, the second-largest fraction by mass, while the residual ‘other’ category, textiles,
rubber and metal all represented non-trivial proportions.

i glass/ceramics i other
0.1%

W textile
1.9%

® rubber
1.5%

plastic
79.20()

A

W other; 8

W glass/ceramics;
2.193

¥ metal; 3.073 plastic; 20.405

L Awood; 15.584

N rubber; 5.486

B

Figure 8. Material composition of litter recorded at Posat beach over the full survey year
(April 2023-March 2024): (A) relative composition by item count (1 = 1768) and (B) relative composi-
tion by mass (total = 61.54 kg). Percentages are rounded to one decimal place and may not sum to
exactly 100%.

N paper; 0.527 N textile; 6.268
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3.2.3. Dominant Item Categories

At the level of individual item types, the harbour assemblage was overwhelmingly
dominated by plastic pieces of 2.5-50 cm, which alone accounted for 384 items, far more
than any other category (Figure 9). Other identifiable plastic and polystyrene items, and
cigarette butts with filters, formed a clear secondary group, followed by other wood smaller
than 50 cm and shopping bags, including fragments. Crisps and sweet wrappers, lolly
sticks, polystyrene pieces of 2.5-50 cm, plastic drinks caps and lids, and cups, food trays,
food wrappers and drink containers completed the ten most frequent categories.

Bottle caps, lids & pull tabs
Plastic caps/lids unidentified M Posat M Porat
Drink bottles >0.51

Drink bottles <=0.51

Glass or ceramic fragments >2.5cm

Cups/food trays and wrappers/drink containers
Plastic caps/lids drinks

Lolly sticks

Crisps packets/sweets wrappers

Shopping Bags, incl. pieces

Other wood <50 cm

Cigarette butts and filters

Other plastic/polystyrene items (identifiable)

Plastic pieces 2.5 cm > < 50cm

|

Polystyrene pieces 2.5 cm > < 50cm

o

100 200 300 400 500 600

Figure 9. Top 10 litter item categories at Porat harbour and Posat beach by total item count
(April 2023-March 2024).

At Posat, the ranking was even more strongly dominated by a single category:
polystyrene pieces of 2.5-50 cm reached 569 items, almost three times the next most
frequent type, reflecting the prevalence of fragmented expanded polystyrene on the beach
(Figure 9). Next in the ranking were plastic pieces of 2.5-50 cm; cigarette butts and filters
ranked next, followed by other identifiable plastic and polystyrene items and glass and
ceramic fragments larger than 2.5 cm. Drinks bottles of 0.5 L or less, bottle caps, lids and
pull tabs, unidentified plastic caps and lids, drinks bottles larger than 0.5 L, and plastic
drinks caps and lids comprised the remainder of the top ten.

3.3. Multivariate Composition Analysis

Multivariate analysis of monthly composition by material group reinforced the con-
trast between the two compartments. Non-metric multidimensional scaling provided an
excellent two-dimensional representation of the Bray—Curtis dissimilarities (stress = 0.030;
Figure 10), and PERMANOVA detected a modest difference in the monthly material-group
assemblages recorded at Porat and Posat (pseudo-F = 3.02, R? = 0.12, p = 0.038), with a com-
parable result from ANOSIM (R = 0.11, p = 0.044). The separation was nonetheless limited,
and the harbour samples were considerably more variable from month to month than those
from the beach (numerically greater multivariate dispersion; mean distance-to-centroid
0.39 versus 0.27), mirroring the higher coefficient of variation reported above. Multivari-
ate dispersion did not differ significantly between compartments (PERMDISP, F = 2.94,
p =0.11). SIMPER attributed 73.5% of the average between-site dissimilarity (53.7%) to
plastic, with metal (6.7%) and wood (6.1%) the next most influential groups, confirming
that the contrast reflects the relative weighting of plastic against heavier materials rather
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NMDS of monthly litter composition by material (Bray-Curtis)

than the presence of exotic categories. Season, tested as a grouping factor within the same
multivariate framework, produced no significant compositional structure (PERMANOVA,
p = 0.37). This null result is the basis for analysing the twelve surveys at monthly resolution
rather than aggregating them into calendar seasons, and it identifies the contrast between
compartments rather than season, the only factor tested that produced a detectable compo-
sitional signal, although it accounts for a small proportion of the total variation (R? = 0.12).
Material diversity was marginally higher at Posat than at Porat (Shannon 0.75 vs. 0.55;
Simpson 0.34 vs. 0.28), consistent with the broader range of sources feeding the beach,
although this difference was not statistically significant (Mann-Whitney, p = 0.078).

Site
Stress = 0.030 x
Porat
0.2 = AA ‘. . x Posat
|
N OO' [ S\ 2 =
%—02- A Season
= - 5 A ® Spi
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—041 Ps A Summer
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Figure 10. Non-metric multidimensional scaling (NMDS) ordination of monthly litter composition
by material group (Bray—Curtis dissimilarity; stress = 0.030). Each point represents one monthly
survey, coloured by compartment and shaped by season; crosses mark compartment centroids.
The wider scatter of the Porat samples reflects the greater month-to-month variability in harbour
litter composition.

3.4. Comparison of the Two Compartments

Because the harbour was sampled by surface skimming and the beach by whole-area
standing-stock collection, the two datasets represent different fractions of the litter field;
the cross-compartment differences described below are therefore interpreted as process-
level contrasts (retention versus stranding) rather than strictly equivalent measurements.
Although both sites are located within the Dubrovnik urban coastal zone and subjected to
intense seasonal tourism, they exhibited distinct litter accumulation dynamics. The floating
compartment at Porat was far less stable over time than the stranded compartment at Posat,
with a coefficient of variation in monthly counts well above that of the beach (135% versus
77%). Absolute totals are not restated here, as they are not method-equivalent. Beyond this
difference in variability, the monthly fluctuations of the two compartments were unrelated,
whether measured by item count (Pearson r = 0.20, p = 0.53; Spearman p = —0.10, p = 0.76)
or by mass (r = 0.19, p = 0.56; p = 0.38, p = 0.22); no significant temporal correlation was
therefore detected between the harbour and beach compartments across the twelve months,
despite the two sites lying barely 200 m apart. The metrics that are directly comparable
between the two compartments, together with those that are method-dependent and
reported for context only, are summarised in Table 1.
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Table 1. Comparison of the two litter compartments, the floating litter of Porat harbour and the
stranded litter of Posat beach, grouped by comparability. Metrics in the upper block are dimensionless
or relative and are independent of sampling geometry; values in the lower block derive from different
sampling geometries (linear surface skimming vs. areal standing-stock collection) and are reported
for context only, not as equivalent measurements. Monthly dynamics in the two compartments were
effectively decoupled (Spearman’s p = —0.10 for abundance and 0.38 for mass; both non-significant).

Metric

Plastic share by count (%)
Plastic share by mass (%)
Leading item category
Coefficient of variation,
monthly abundance (%)
Month of peak abundance
Tourist- vs. off-season
abundance

Porat (Harbour) Posat (Beach) Comparable?
Directly comparable metrics (dimensionless or relative; independent of sampling geometry)
84.9 79.2 Yes
49.6 33.2 Yes
plastic fragments 2.5-50 cm  EPS fragments 2.5-50 cm Yes (qualitative)
135 77 Yes
May April Yes
+84% (151 vs. 82 per Nearly flat between tourist
Yes
month) season and off-season

Indicative only (different sampling geometry and litter compartment—not method-equivalent)

Sampling method

Spatial unit of
normalisation

Total abundance (items)
Total mass (kg)
Density (items/m)

Mean Clean Coast Index

surface skimming (floating  standing-stock (stranded
litter) litter)

whole-area collection;
linear transect; density per  density per metre of

metre of shoreline shoreline (m? used only for

CCI)
1325 1768 Indicative only
30.46 61.54 Indicative only
0.34 1.42 Indicative only
no.t apphcable (linear 7.1 (moderate) Site-specific
skimming)

3.5. Meteorological Conditions During the Survey

The meteorological conditions recorded on each survey date are described below.
They are reported as context for the surveys and are not analysed statistically: a single
same-day reading is a coarse proxy for the antecedent wind, wave and rainfall conditions
that mobilise litter in the days preceding a survey. The highest litter counts at Porat
were recorded on dates with reduced atmospheric pressure (highest at 551 items in May
2023 and 270 items in November 2023), while the lowest counts coincided with high-
pressure anticyclonic conditions (28 items in January 2024, 1028 hPa; 7 items in March
2024). At Posat, the seasonal pattern differed markedly, with peak abundance in April 2023
(455 items) preceding the main tourist influx. Consistent with this, the winds recorded on
the survey mornings were predominantly from the northern quadrant (N-NE), and no
southeasterly (Jugo) event coincided with a sampling date.

4. Discussion
4.1. The Floating Compartment: Porat Harbour

Porat’s litter was predominantly plastic by count, consistent with the overwhelming
predominance of artificial polymers reported across Adriatic and Mediterranean beach
surveys [13,22]. Plastic also remained the largest single fraction by mass, although wood
contributed almost as much. This composition is characteristic of a basin influenced
by food and beverage consumption, small-scale maritime activity and limited inputs of
heavier materials.
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Two caveats qualify the mass figures. Because items were weighed wet, the mass
contribution of water-retaining materials such as wood and textiles is likely overestimated
relative to plastic, so the wood—plastic mass parity should be interpreted with that in mind.
In addition, because the harbour was sampled by surface skimming, denser items that
had already sunk below the surface layer were not captured, so the plastic share by mass
may be inflated relative to a whole-water-column inventory. The low mass contribution of
paper and cardboard (1.4%), despite their presence in the counts, likewise suggests rapid
degradation or preferential loss of sodden cellulosic material during collection. The harbour
profile, dominated by fragmented hard plastic alongside food- and drink-related packaging,
is consistent with consumption-related littering and recreational maritime activity within
the enclosed basin.

The physical setting accounts for much of this signature. Porat is a semi-enclosed basin
with restricted exchange, weak wave energy and limited flushing, so debris entering from
vessels, harbour-side restaurants or wind-blown terrestrial sources tends to be retained,
sometimes for extended periods. This retention, combined with episodic inputs and the
absence of any cleaning of the basin during the survey year, explains the pronounced
temporal variability of the compartment, with the basin acting as a slow accumulation
zone for lightweight floating debris such as wrappers, fragments, films and bottle caps.
Heavier materials followed a different trajectory, sinking below the surface layer and
beyond the reach of a skimming survey. Because no cleaning took place during the study,
the repeated near-zero litter mass in several summer months, despite numerous visible
items, points to loss from the surface layer rather than to removal. Sheltered conditions also
allowed lightweight plastics to persist relatively intact until manual removal, so the harbour
assemblage was less weathered than that of the exposed beach. The most distinctive feature
of the compartment was not the quantity of litter but the magnitude of its month-to-month
variation. Porat showed pronounced temporal instability (CV = 135%), with relatively clean
surveys followed within weeks by markedly higher loads, and a single survey in May 2023
accounted for 41.6% of the annual total. Surveys that followed unsettled weather or periods
of increased maritime activity tended to yield higher counts, indicating that the timing
of sampling strongly influenced the observed conditions; because meteorological records
were available only for the sampling dates themselves, this association is presented as a
qualitative observation and was not tested statistically. The May 2023 peak was probably
driven by several overlapping factors rather than a single cause: it coincided with the start
of the tourist season and increased maritime activity, yet tourism alone is unlikely to explain
its magnitude. The preceding winter had been unusually wet, so spring runoff may have
mobilised terrestrial debris through stormwater systems into the basin. A secondary peak
occurred in November 2023 (270 items; 8.48 kg); although no south-easterly winds were
recorded during that sampling event itself, the increase may reflect the cumulative effect of
autumn storm conditions and Jugo episodes in the preceding days, which can transport
floating debris into sheltered coastal environments. A comparable late-spring maximum
has been documented in Mediterranean port environments [43], while autumn increases
in sheltered settings are consistent with rainfall-driven reactivation of watercourses that
deliver previously deposited waste to the sea [23]. These findings raise a methodological
concern for monitoring programmes that rely on infrequent single surveys, as isolated
observations may represent longer-term conditions in a compartment of this kind poorly.

Quantifying the anthropogenic pressures behind these inputs remains difficult.
Dubrovnik received 1,246,178 tourist arrivals and 3,889,475 overnight stays in 2023, and
1,356,136 arrivals and 4,270,230 overnight stays in 2024 [33,34], so the seasonal pressure on
the urban coast is substantial by any measure, and mean monthly abundance at Porat was
84% higher during the tourist season than during the off-season. These are annual totals,
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however, and could not be matched to the monthly resolution of the surveys, so the tourism
signal rests on the tourist- versus off-season contrast rather than on a month-by-month
comparison with visitor numbers. Recorded port traffic is similarly unresolved in time:
Dubrovnik city harbour accounted for 332 arrivals in 2023 and 333 in 2024, against 10,989
and 11,541 at the nearby passenger port of Gruz [34], so Porat receives only a small share of
the city’s recorded vessel movements. The craft that dominate the basin, namely excursion
and taxi boats and small recreational vessels, are not captured by these statistics, and mar-
itime activity within Porat therefore remains a plausible but unquantified contributor to the
litter recorded there. Carlson et al. [20] showed that floating debris in the Adriatic is largely
transported by basin-scale circulation and identified the Dubrovnik—-Montenegro-Albania
coastline as an important source region for the southern Adriatic, which suggests that
the basin may retain not only locally generated litter but also material advected from the
wider region.

4.2. The Stranded Compartment: Posat Beach

The stranded compartment contained a broader and more heterogeneous mix of mate-
rials. Plastic dominated by count (79.2%) but accounted for only 33.2% of the mass, while
wood contributed 25.3%, and the residual ‘other” category, textiles, rubber and metal all
represented non-trivial proportions. This distribution is consistent with a wide range of
inputs, likely including urban runoff, municipal waste and terrestrial materials delivered
during storm events, the latter being a recognised pathway for litter accumulation on
exposed southern Adriatic shores during autumn and early-winter storms [22,23]. The
higher prevalence of metal and glass supports inputs from municipal waste streams rather
than direct littering alone, and glass and ceramic fragments, which were among the beach’s
leading categories, are consistent with a weathered, storm- and runoff-influenced signature.
The single dominant item type was expanded polystyrene of 2.5-50 cm, which reached
569 items, almost three times the next most frequent category. Although plastics were
numerically dominant, bulkier materials such as wood, rubber and textiles contributed dis-
proportionately to total mass, indicating that a visually plastic-dominated assemblage does
not necessarily equate to mass-dominated plastic pollution, a pattern rarely highlighted in
Mediterranean beach studies that rely on item counts rather than mass [13,22].

The physical setting of the beach differs fundamentally from that of the basin. Al-
though partially sheltered by the Kase breakwater, Posat remains exposed to waves, long-
shore currents and seasonal storms, and functions as a shoreline receptor for stranded
debris. Its location beneath Dubrovnik’s city walls is visually striking but hydrologically
problematic, as several urban drainage channels terminate near the beach and deliver
stormwater and entrained debris directly onto the shoreline. The dominance of expanded
polystyrene reflects its very low density and high surface-area-to-volume ratio, which
make it exceptionally buoyant and wind-driven, so that it is readily stranded high on the
shoreline where it fragments under UV exposure and abrasion. The energetic environment
of the beach, with wetting and drying cycles, sand and stone abrasion and UV exposure,
accelerates fragmentation, so that larger objects break into brittle fragments that remain
visually abundant while contributing little mass. Ceramics illustrate the same process:
dense ceramics rarely drift into a sheltered basin, but high-energy waves transport them
efficiently onto exposed shores. Wave action, wetting-drying cycles and shoreline abra-
sion accelerate this fragmentation irrespective of substrate, consistent with the weathered,
fragment- and ceramic-bearing assemblage recorded here.

Temporally, the stranded compartment behaved quite differently from the floating one.
Monthly abundance was less variable (CV = 77%): the maximum occurred in April 2023, a
month before the harbour maximum and before the main tourist influx, and mean monthly
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abundance was almost uniform between the tourist season and the off-season. Mass
followed the opposite pattern to abundance, with off-season values roughly three times
those of the tourist season, a distribution driven by heavy, storm-related debris delivered
outside the peak visitor period. Taken together, these patterns suggest that recreational
beach use during peak tourism months does not strongly determine litter accumulation at
this site, and that local morphology, runoff dynamics, hydrodynamic processes and waste
infrastructure may be at least as influential as visitor numbers. The April maximum is
broadly consistent with Mediterranean patterns in which post-winter runoff and increasing
boating activity coincide, although at Posat it clearly preceded rather than accompanied
the tourist season.

4.3. Comparisons Enabled by the Study Design

Given the sampling design, only a limited set of comparisons is defensible. Absolute
abundance, mass, and density are not method-equivalent and are therefore not compared.
The analysis is instead restricted to dimensionless or relative metrics that are independent
of sampling geometry, including plastic share by count and by mass, the rank order of
dominant categories, the relative temporal variability within each compartment, and the
correlation between compartments (Table 1). Within these methodological constraints,
several consistent differences between compartments nevertheless emerged.

Across these metrics, the two compartments showed distinct patterns. Both compart-
ments contained plastic fragments, cigarette butts, and identifiable plastic items among
their dominant categories, consistent with the top-ranked litter types reported across the
wider Adriatic-Ionian region [13]. However, they differed in their most abundant category:
fragmented hard plastic dominated the basin, whereas expanded polystyrene dominated
the stranded compartment. This morphotype sorting has a plausible physical basis. Buoy-
ant film and foam polymers such as polyethylene and expanded polystyrene remain at the
surface and are transported by wind and currents, whereas denser items are more readily
deposited on the shore or seabed [14]. This interpretation is also consistent with evidence
that semi-enclosed channel waters promote litter retention and longer residence times [15].

Multivariate analysis indicated a significant compositional difference between com-
partments (PERMANOVA, p = 0.038; ANOSIM, p = 0.044), although the effect size was
small (R? = 0.12) and separation in ordination space remained modest. Importantly, this
difference cannot be attributed solely to environmental variation because compartment
and sampling method are fully confounded (Section 4.6). Consequently, the observed
compositional differences should be interpreted as describing the sampled compartments
rather than as providing a formal test of environmental effects.

Monthly fluctuations in abundance and mass were statistically decoupled between
compartments, indicating that two compartments separated by less than 200 m followed
largely independent temporal trajectories throughout the survey year. Season, tested
within the same multivariate framework, had no significant effect on composition. Within
the limitations imposed by the sampling design, compositional differences between the
sampled compartments was the only tested factor associated with compositional structure,
though most compositional variation remained unexplained. Material diversity was slightly
higher in the stranded compartment (Shannon index 0.75 versus 0.55), but this difference
was not statistically significant.

4.4. Comparison with Mediterranean and Adriatic Studies

At the broadest scale, the harbour compartment reflects patterns reported for the
wider Mediterranean. The Porat profile—fragmented hard plastic together with cigarette
butts, food and drink packaging, and expanded polystyrene—closely matches the floating-
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litter composition reported for small Mediterranean ports on Mallorca, where unidentified
soft and hard plastic fragments, cigarette butts and foamed polystyrene also predomi-
nated [43]. Notably, that study recorded its highest litter loads in late spring (May—June)
rather than at the height of summer, mirroring the pronounced May peak at Porat and
reinforcing the conclusion that peak-season visitor numbers alone do not govern harbour
litter accumulation.

Focusing on the Adriatic, the Dubrovnik results align with the region’s pervasive
plastic dominance. Plastics accounted for 84.9% of items at Porat and 79.2% at Posat,
with Porat approaching and Posat falling somewhat below the 90-95% artificial polymer
share reported from central Adriatic sites [21,22]. At the regional scale, DeFishGear data
indicate that approximately 92% of marine litter on the Croatian coast consists of anthro-
pogenic polymeric material [23]. Dominant item categories were likewise consistent: plastic
fragments, bottle caps and polystyrene pieces—among the most common on Croatian
beaches [22]—predominated here too, particularly at Posat. The most directly comparable
Croatian study [15] simultaneously assessed floating macro-litter (mean 175 items/km?),
floating micro-litter (127,000 particles/km?) and seabed micro-litter (36 particles/100 g dry
mass) in the central Adriatic, showing that surface and seabed dynamics are governed by
different processes and do not co-vary. This supports treating the floating and stranded frac-
tions here as functionally distinct compartments rather than interchangeable proxies. These
distinctions are relevant for management, because measures effective in one compartment
may not be equally effective in the other, a point taken up in Section 4.5.

In the southern Croatian Adriatic, surveys of the semi-enclosed coves of Mljet Island
similarly found plastics accounting for more than 80% of stranded litter, with more than 70%
attributed to transboundary sources (Albania, Italy, Greece, Montenegro) and the heaviest
loads in coves facing south-east [27], consistent with the current- and Jugo-driven delivery
proposed for the study region. The pronounced variability of the floating compartment
also illustrates a broader methodological point: regional studies that aggregate data across
many sites—for example, densities averaged across 31 beaches [13]—can obscure such
variability. Source attribution is further complicated by fragmentation: Mokos et al. [22]
reported that 43.77% of collected items could not be assigned to any source category, and
DeFishGear data indicate an even larger undetermined fraction of 57.7%, again dominated
by 2.5-50 cm plastic fragments [23]. The same limitation applies here, particularly for the
residual ‘other” category at the harbour (4.1% by mass).

Placing the Posat result in a wider context is less straightforward than it appears,
because published Clean Coast Index values span more than two orders of magnitude and
are reported with varying temporal resolution (Table 2). The annual mean of 7.1 recorded
here falls between the clean annual means reported for northern Adriatic beaches near
Ferrara [44] and the very dirty conditions at Vodenjak Cove on Iz Island in the central
Adriatic [22]. For reference, the plastic-only index yields an annual mean of 5.6 (range
0.9-16.7); artificial polymer materials accounted for 79.2% of items by count, so the two
versions are directly interconvertible. The annual mean of 7.1 recorded here lies within the
range reported for northern Adriatic beaches and is somewhat higher than values reported
for other southern Adriatic sites, including Neum, Igalo, Albanian beaches and the Neretva
estuary. At the opposite end of the spectrum, heavily polluted sites such as Vodenjak Cove,
Sakarun and Zaglav beach illustrate the large spatial variability of beach litter accumulation
across the Adriatic. Similar temporal variability was also evident at Posat. Although the
annual mean CCI indicated moderate cleanliness, monthly values ranged from very clean
conditions in August 2023 to very dirty conditions in April 2023, spanning from very clean
to very dirty categories within a single year. This substantial variability demonstrates that
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annual averages or infrequent surveys may obscure the episodic, process-driven nature of
litter accumulation.

Table 2. Comparative overview of the Clean Coast Index (CCI) reported for beaches in different
regions of the Adriatic Sea and the wider Mediterranean. * indicates CCI values calculated using
only plastic and polystyrene, whereas all other values were calculated using the “all items” formula.

Region Site CCI Source
Ferrara (ITA) 1.55-10.25 [44]
NW Adriatic beaches =
(ITA) 25-114 [45]
Boccasette beach (ITA) 3.36-9.67 [46]
. Slovenian beaches
North Adriatic (Debeli Rti¢, Simonov
Zaliv, Portoroz, 5.67-49.29 [47]
Jadranska, Bele Skale,
Seca) (SLO)
Slovenian beaches (Bele
Skale, Fiesa (Piran), 3.3-9.8 [13]
Strunjan) (SLO)
Vodenjak cove, 17 Island
(CRO) 484 [22]
Puntamika (CRO) 22 [21]
Central Adriatic Omis (CRO) 43 [13]
Sakarun (CRO) 150 [21]
Lojis¢e (CRO) 29 [21]
Zaglav beach (CRO) 211 [13]
Neretva (CRO) 9.6 [13]
Neum (BIH) 3.1-4 [13]
Saplunara (CRO) 8.2 [13]
South Adriatic Posat beach, Dubrovnik .
(CRO) 7.1 This study
Kamenovo (MON) 11 [13]
Igalo (MON) 45 [13]
Albanian beaches (ALB) 3.1-5.9 [13]
NW Mediterranean Pelagos sanctuary (ITA) 1-36 * [48]
SW Mediterranean Morocco beaches (MAR) 0.86-1 [44]
Ipsos (GRE) 18.2 [49]
Ionian Sea Arillas (GRE) 8.5 [49]
Chalikounas (GRE) 1.7 [49]
Sea of Marmara Istanbul (TR) >20 [44]

Two features of the comparison deserve emphasis. First, the annual mean is a poor
summary statistic for an urban beach of this kind: the monthly values at Posat span 1.5
to 21.9, so the same beach could be classified anywhere from very clean to very dirty
depending on the month in which a single survey happened to be conducted. Studies
reporting a single index value, or a value derived from one or two surveys, are therefore not
strictly comparable with year-round monitoring. Moreover, seasonal comparisons among
CClI studies remain difficult because many publications report only annual or study-wide
average values without resolving seasonal variability. Even multi-season monitoring can
mask this variability once reduced to an annual figure: on the Ferrara coast, all four sites
returned annual means within the ‘Clean’ band, yet Volano rose to ‘Moderately clean’
in spring [44]. Second, the cleaning regime is a first-order confounder that is rarely re-
ported. Low summer CCI values elsewhere have been attributed to mechanical and manual
cleaning concentrated in the bathing season rather than to reduced input [44]. During the
present study, however, beach cleaning at Posat was suspended by agreement with Cistoc¢a
Dubrovnik, so the reported values reflect natural litter accumulation rather than the effects
of routine maintenance. Because cleaning was suspended at Posat for the duration of this
study, the values reported here describe accumulation directly, and are in that respect more
conservative than indices measured on managed beaches. The seasonal structure of the
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index reinforces this: at the more exposed central Adriatic cove of Vodenjak, the highest CCI
values were recorded in winter, attributed to Sirocco (Jugo) episodes and surface circulation
that transports litter from the southern Adriatic [22]—consistent with the characteristic
occurrence of Jugo winds before winter surveys reported by Mokos et al. [22]—the same
delivery invoked above—whereas Posat’s much lower annual mean (7.1 versus 48.4) is
consistent with its comparatively sheltered position beneath the city walls.

Finally, the extreme CCI values reported for Zaglav beach on Vis and Sakarun show
that exceptionally high litter accumulation can occur on beaches with contrasting geomor-
phological characteristics (Table 2). Although shoreline type may influence litter retention
and fragmentation, hydrodynamic exposure appears to be the dominant control. Rocky
shores may enhance fragmentation of larger plastic items into smaller pieces, whereas
sandy beaches may accumulate transported litter across broad depositional areas. The oc-
currence of extremely high CCI values at both beach types therefore suggests that exposure
to prevailing currents and storm-driven transport, rather than substrate alone, governs the
highest litter accumulations.

4.5. Management and Monitoring Implications of Compartment-Specific Litter Dynamics

Porat harbour lies within the UNESCO World Heritage Site of the Old City of
Dubrovnik, whose 2021-2026 Management Plan identifies improved waste management
and separate collection in the harbour and its buffer zone as a priority action and designates
the Institute for the Restoration of Dubrovnik as the coordinating body [50]. Responsibility
for coastal cleanliness in Dubrovnik is shared between several bodies. Cleaning of the
sea surface and shoreline within the city is carried out by the municipal utility Cistoca
Dubrovnik, whereas the harbour area itself falls under the county port authority, and
marine litter monitoring in Croatian waters is framed by the Marine Strategy Framework
Directive [28] and its national implementation. During the present study, in agreement
with Cisto¢a Dubrovnik, no cleaning activities were carried out in the study area to ensure
that the observed quantities of marine litter reflected natural accumulation patterns and
were not influenced by routine maintenance. No monitoring programme specific to either
of the two compartments studied here was in place during the survey year. The results
argue against a single coastal strategy, because the two compartments differ in the timing
of their inputs, in the dominant item type and in the processes that retain the material.
For the floating compartment, the pronounced periodicity argues against a fixed cleaning
calendar. Because a single survey recovered 41.6% of the annual load, removal efforts
triggered by events, following periods of heavy rainfall or sustained south-easterly winds,
would intercept a disproportionate share of the material, while passive collection devices
positioned in the retention corner of the basin would capture lightweight floating debris
continuously between such events. For the stranded compartment, the single dominant
item type was expanded polystyrene, which fragments rapidly once ashore and becomes
progressively harder to recover; intercepting it before it reaches the shoreline, by screening
of the urban drainage channels that terminate near the beach and through source control
on expanded polystyrene packaging used in the harbour area, is likely to be more effective
than repeated removal of fragments from the sand. In both compartments, the finding that
one survey can represent a large fraction of the annual load implies that the effectiveness
of any measure can only be judged against sustained, year-round monitoring rather than
seasonal snapshots.

4.6. Limitations and Future Research

Three limitations constrain the inferences drawn above. First, litter compartment
and sampling method are completely confounded. Method does not vary within a com-
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partment and cannot be fitted as a covariate, so the compositional contrast reported here
(PERMANOVA, ANOSIM, SIMPER) necessarily reflects both the environmental difference
between a retention basin and a stranding shoreline and the differential capture efficiency
of surface skimming and standing-stock collection. In particular, the under-representation
of dense, sunken items at Porat and of buoyant items that never strand at Posat is as much
a consequence of the sampling methods as of the environmental characteristics of the two
compartments. The contrast is therefore presented as a description of two compartments,
not as a test of an environmental effect. Second, meteorological data were available only
for the sampling dates; cumulative antecedent rainfall, wind and wave energy over the
preceding days were not, so no relationship between weather and litter accumulation
could be tested, and the meteorological patterns noted above remain qualitative. Third,
the available tourism and port statistics are annual totals for 2023 and 2024, whereas the
surveys ran monthly from April 2023 to March 2024; visitor pressure and vessel movements
could therefore be quantified in magnitude but not resolved in time, so neither could
be tested directly against monthly litter abundance. Resolving these limitations would
require a design in which both compartments are sampled at each site, in which continuous
antecedent meteorological and hydrodynamic records are available, and in which visitor
and vessel counts are obtained at the same monthly resolution as the litter surveys. A
further constraint is one of scale rather than method: both compartments lie within a
single harbour area, so the study describes the compartment structure of one urban coastal
system and is not spatially replicated. Whether the same contrast between retention and
stranding holds elsewhere can only be established with comparable year-round data from
additional cities.

5. Conclusions

This year-round study characterised two litter compartments that coexist within a
single urban coastal setting: the floating litter retained in the semi-enclosed basin of Porat
harbour and litter stranded on the adjacent Posat beach. The floating compartment accu-
mulated litter in episodic pulses and was far more variable from month to month than
the stranded compartment (coefficient of variation in monthly abundance 135% versus
77%), with a single survey accounting for 41.6% of its annual total. The two compartments
showed no significant temporal correlation in their monthly patterns, consistent with the
greater variability predicted for the floating compartment (H1). They carried distinguish-
able, though modestly separated, compositional signatures (H2); because compartment
and sampling method are inseparable, these differences are reported descriptively rather
than as evidence of an environmental effect, and their attribution to distinct sources and
transport pathways is discussed as interpretation only. H3 was only partially supported:
abundance in the harbour did rise during the tourist season (an 84% increase in mean
monthly abundance), but the tourist contribution could not be separated from hydro-
meteorological forcing, which the present data cannot quantify, and no seasonal signal in
abundance was evident on the beach. Plastic dominated numerically in both compartments,
yet the weight-based analysis showed that non-plastic materials contributed substantially
to total mass, wood alone rivalling plastic in the harbour and plastic accounting for only a
third of the mass on the beach, which qualifies the conventional plastic-centred view of
coastal litter.

Beach cleanliness at Posat averaged a moderate Clean Coast Index of 7.1, but individual
months spanned all five cleanliness categories within a single year, from very clean in
August to very dirty in April. Because cleaning was suspended for the duration of the study,
these values reflect direct accumulation rather than the residue of a cleaning cycle, and they
show that single-survey or annual-mean assessments can mask the episodic, process-driven
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nature of urban litter accumulation. Because two sites barely 200 m apart followed largely
independent monthly patterns, effective monitoring in tourism-dominated coastal cities
requires sustained, year-round, multi-site observation rather than infrequent snapshots.

Dubrovnik’s marine litter problem cannot be attributed solely to tourism pressure. It
appears instead to be shaped by the interaction of urban infrastructure, waste management,
coastal hydrodynamics and patterns of human activity, whose relative contributions could
not be disentangled in this exploratory comparison of two compartments. The contrast
between them is nonetheless instructive for management: the semi-enclosed basin retained
lightweight floating debris in episodic pulses, largely linked to consumption and vessels,
whereas the semi-sheltered beach acted as a receptor for runoff, storm transport and
debris washed ashore by the sea. Effective mitigation therefore calls for compartment-
specific measures, event-triggered removal and passive interception in the basin, and
upstream interception of expanded polystyrene and drainage-borne debris at the beach,
rather than a single coastal strategy. Because a substantial fraction of the debris was of
unresolved and partly transboundary origin, local action must be paired with a better
understanding of the regional circulation and terrestrial pathways that link distant sources
to the Dubrovnik coast.
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