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Abstract

Saltmarshes have emerged as important sinks for microplastic (MP) pollution, yet little
is known about the long-term accumulation and retention mechanisms of MPs in these
environments. This study presents the first chronological record of MPs in Mediterranean
saltmarsh sediments, using sediment cores dated via a combination of AMS radiocarbon
(14C) and radionuclide (210Pb, 137Cs, 241Am) from two saltmarshes located on the Adri-
atic Sea coast of Croatia (Blace and Jadrtovac). MPs were extracted and analysed across
core depths and assessed in relation to geochemical parameters (organic matter (OM),
carbonates, organic carbon (C-org), total nitrogen (TN), phosphorus (P) forms’ content,
and grain size distribution). Results show that MPs first appear in sediments dated to
1950 in Jadrtovac and post-1960 in Blace, with concentrations increasing markedly in more
recent surface layers. Jadrtovac exhibited higher MP concentrations (up to 0.5 MPs g−1),
dominated by fibres (86%) associated with urban and maritime sources, while Blace showed
lower concentrations, dominated by fragments (60%), likely from localised sources such
as agriculture or single-use packaging. Polymer analysis confirmed contrasting source
profiles, with rayon and cellophane dominating in Jadrtovac, and polypropylene and olefin
in Blace. MPs positively correlated with OM, C-org, P, TN and sand content, and negatively
with clay and carbonate content. Principal component analysis (PCA) confirmed that MPs
were associated with organic-rich, sandy sediments. These findings demonstrate that OM
composition and sediment texture significantly influence MP retention and highlight the
role of saltmarshes as long-term archives of plastic pollution in low-energy coastal settings.

Keywords: microplastic; saltmarshes; Adriatic Sea sediment; microplastic retention;
chronological record; sediment core dating; sedimentary organic matter; organic carbon;
total nitrogen; phosphorus; granulometric composition

1. Introduction
Microplastic (MP) pollution has been widely documented in marine environments

and is increasingly recognized as a significant environmental concern, impacting various
ecosystems, including saltmarshes [1–4]. Saltmarshes are critical coastal habitats that
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provide essential ecological services for biodiversity and trap sediment providing nature-
based coastal protection [5,6]. They also act as a carbon sink, delivering significant benefits
for climate change mitigation [7,8], and act as natural water filters that trap and remove
pollutants [9,10]. Saltmarsh ecosystems are exceptionally vulnerable to human pressures
including pollution, eutrophication and land claim [11], coupled with climate change-
driven impacts such as sea-level rise [12]. However, the growing presence of MPs in these
environments poses a potentially serious and largely unquantified threat to their ecological
integrity and the organisms that depend on them.

MPs, defined as plastic particles smaller than 5 mm in diameter [2,13], originate from
diverse sources, including the degradation of larger plastic debris, industrial processes,
synthetic fibres from textiles and fishing gear. MPs are distinguished, according to their
origin, into primary (produced to be of microscopic dimensions) or secondary (formed
through degradation processes in the environment) [14].

Due to their persistence and mobility, MPs have been found in marine envi-
ronments worldwide, with documented accumulation in oceans, coastal waters and
sediments [1,15–17]. This has led to MP pollution frequently being considered as a po-
tential proxy material for the dating of stratigraphic sequences associated with the An-
thropocene [18]. Saltmarshes have recently been identified as potential MP sinks due
to the retention of fine sediments, reducing water movement and disturbance, thereby
facilitating pollutant accumulation, including MP entrapment. Saltmarsh sediments can
serve as an archive of MP contamination because the dense mat of grass roots and rhizomes
provides stability to sediment columns, which can diminish potential bioturbation and
hydrodynamic sediment disturbances [3]. The investigations of different wetland systems
proved that saltmarsh habitats accumulate the highest abundance of MPs, highlighting the
pivotal role of saltmarsh habitats in shaping MPs dynamics in coastal areas [19,20]. The
accumulation of MPs in saltmarshes may disrupt sedimentary processes by interacting with
natural sediments and colloids to alter their settling behaviour [21], alter habitat structure
and pose risks to both resident and migratory species [22,23].

Saltmarshes frequently receive large inputs of nutrients and also particulate and
dissolved organic matter during tidal flooding, where they may be buried and serve as a
substrate for decomposition processes [24]. Sedimentary OM in saltmarsh coastal wetlands
has received special attention because it retains characteristics of its autochthonous, extant
and anthropogenic sources [25]. OM plays a fundamental role in saltmarsh ecosystems,
influencing nutrient cycling, sediment structure, and microbial activity [26].

A variable proportion of saltmarsh sedimentary organic matter [27–29] has an al-
lochthonous source, deriving from suspended particulate organic matter, and is often
adsorbed on mineral matter and on estuarine and marine phytoplankton, microphyto-
benthos, and non-local macrophyte litter carried to the marsh surface by waves and tides.
Vertical accretion in saltmarshes is largely driven by organic matter accumulation in relation
to inorganic sediment deposition [30,31]. Thus, sedimentary OM accumulation dynamics
provide saltmarsh environments with great potential for C storage, as the C captured
through plant photosynthesis is buried and preserved in SOM over time [32,33].

Emerging research suggests a potential link between sedimentary OM and MP accumu-
lation in coastal environments. MPs can interact with OM through adsorption, aggregation,
or biofilm formation, influencing their transport, degradation and persistence in sedi-
ments [34,35]. In saltmarshes, where organic-rich sediments facilitate particle retention,
OM may enhance the deposition and stabilization of MPs. Conversely, changes in OM
content due to anthropogenic disturbances, eutrophication or climate change could alter
MP dynamics by affecting sedimentation rates and decomposition processes [36].
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A relatively small number of studies have reported the presence of MPs in saltmarsh
sediments in contrast to coastal and open sea sediments [3,37–39]. Research in Portuguese
saltworks revealed significant MP contamination in sediments, water and salt products,
emphasizing the pervasive and ubiquitous nature of MP pollution [40]. Relatively few stud-
ies which investigated MPs in estuarine sediments have examined the relationship between
MP abundance, particle size and TOC. Results have been conflicting, with some finding
a clear link between the parameters where fine-grained sediments and OM abundance
increased MP concentrations, while others have failed to confirm one [41]. Investigations
in the United Kingdom indicated saltmarshes as important components of MP source-
fate-transport networks [42]. Other studies in the United Kingdom have demonstrated
that synthetic fibres and plastic fragments dominate MP contamination in saltmarshes,
with concentrations strongly influenced by anthropogenic inputs and hydrodynamic condi-
tions [3]. Despite these findings, data on MP contamination in Mediterranean saltmarshes
remain unstudied. Given the ecological and socio-economic importance of these habi-
tats [43], there is an urgent need to assess the extent and nature of MP pollution in these
coastal environments.

The Adriatic Sea, particularly along the Croatian coast, is increasingly recognised
as a hotspot for marine plastic litter, driven by high coastal population density, tourism,
intensive fisheries, and maritime transport activities, as well as the transboundary litter
transfer [44,45]. Despite this, systematic monitoring of marine litter has historically been
limited [44,46]. The DeFishGear project (2013–2016), a pioneering regional initiative, re-
mains the only large-scale effort assessing both macro- and microplastic pollution across
various marine compartments, including sea surface, sediments, and fish stomachs. Results
from this project revealed widespread plastic contamination on beaches [47], seabed [48,49],
on the sea surface and sandy beach sediment [50], and within biota [51], highlighting
the extent of anthropogenic impact on the Adriatic ecosystem. These results have been
confirmed by other studies [52–56]. Floating plastic fragments and MPs were the domi-
nant litter types [48,50,54], reflecting inputs from both land-based sources and maritime
activities [45,47]. These findings underscore the importance of extending research into
understudied coastal habitats, such as saltmarshes, which may act as long-term sinks for
plastic debris due to their sedimentary characteristics and low hydrodynamic energy. This
study builds on that foundation by providing the first MP dataset from Croatian saltmarsh
sediments, further contextualising marine plastic pollution in the semi-enclosed sea basin
of the Adriatic.

Croatian saltmarshes, primarily located along the Adriatic coastline, exist within
karstic environments characterized by nutrient-poor soils and vegetation of low diversity
but high ecological importance [43]. These dynamic habitats have developed over millennia,
influenced by Holocene relative sea-level changes and anthropogenic activities [57,58]. For
example, in the Croatian Neretva Delta, changes in the land use like drainage and other
human activities have threatened marsh vegetation and biodiversity [59]. The micro-
tidal range of the Adriatic Sea and the enclosed nature of the many coastal bays suggest
that Croatian saltmarshes may serve as effective MP traps. However, systematic studies
quantifying MP concentrations, sources, and composition in these environments are lacking.

This study aims to address these knowledge gaps by investigating MP pollution and
its potential interactions with sedimentary characteristics and OM composition in two
Croatian saltmarshes where suitable sediment records exist and have previously been used
for relative sea-level change studies [60–62]. Using sediment core analyses, chronological
dating, and MP identification techniques, this paper seeks to

1. Quantify MP concentrations and spatial distribution in saltmarsh sediments;
2. Identify the types and polymer compositions of the MPs present;

https://doi.org/10.3390/microplastics5010030

https://doi.org/10.3390/microplastics5010030


Microplastics 2026, 5, 30 4 of 26

3. Establish a chronology of MP deposition using sediment cores to determine historical
trends in contamination;

4. Examine the relationship between MP accumulation and geochemical parameters in
sediments (organic matter (OM), carbonates, organic carbon (C-org), total nitrogen
(TN), phosphorus (P) forms content, and grain size distribution);

5. Assess the role of sedimentary and environmental factors in MP retention. We hy-
pothesise that (1) MP abundance increases toward the sediment surface, reflecting
rising plastic production and coastal population growth, and (2) higher MP reten-
tion is associated with OM-rich, fine-grained sediments compared to coarse-grained
or carbonate-rich sediments. By exploring the potential interactions between sedi-
mentary OM composition, sediment texture and MPs, this study provides a novel
perspective on MP behaviour in Adriatic saltmarsh ecosystems. The findings will
contribute to a broader understanding of MP pollution in coastal wetlands and sup-
port future monitoring efforts and management strategies in the Adriatic region
and beyond.

2. Materials and Methods
2.1. Study Areas

The first site is located on the outskirts of Jadrtovac (171 inhabitants) situated within
Morinje Bay (43◦40′48′′ N, 15◦57′24′′ E), approximately 3 km south of Šibenik (Figure 1A).
The saltmarsh is located on the eastern side of the bay and is roughly 130 m at its widest
point. The mean daily tidal range at the site is approximately 23 cm. It is a typical karstic
environment with limited vegetation and poor soils on the surrounding slopes. The bay
was infilled as relative sea-level rose during the Holocene, resulting in the deposition of
4.5 m of sediment [61].

Figure 1. Study area along the Croatian Adriatic coast showing core sampling locations at Jadrtovac
(B) and Blace (C), with insets displaying detailed site views and broader regional context. (A) Regional
map showing the Adriatic coast, with a red box indicating the broader geographical context within
Europe and the Mediterranean basin (inset). Core sites are marked with red and light blue points,
respectively (Basemaps: Esri Satellite and OSM Standard).
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The second site is situated around 120 km south of Jadrtovac and comprises a remote
small pocket of saltmarsh north of Blace, a small fishing village (273 inhabitants) approx-
imately 10 km south of Ploče (Figure 1C). The saltmarsh extends for around 40 m at its
widest point, and the mean daily tidal range is identical to Jadrtovac site at 23 cm [61].

Previous sedimentological analyses of the same cores [60] revealed that both Blace
and Jadrtovac exhibit variable lithological compositions downcore, with alternating layers
of organic-rich mud, muddy sand, and silty sand. These sedimentary transitions suggest
that OM content is influenced not solely by diagenetic aging or time since deposition but
also by changing depositional environments, including hydrodynamic conditions and
vegetation coverage. Such variability provides an important framework for interpreting
OM and MP distributions in this study. Due to differences in hydrodynamic conditions
and sediment input, the two saltmarshes exhibit contrasting sedimentation rates, with
Jadrtovac accumulating more rapidly (0.20–0.25 cm yr−1) than Blace (0.10–0.15 cm yr−1).
Consequently, age–depth relationships differ between cores, and chronological comparisons
are made within, rather than between, sites.

2.2. Sampling

Four sediment cores were collected using a columnar 50 mm diameter transparent
polyvinyl chloride (PVC) core tube. Sediment cores were left in tubes, taped and wrapped
securely for transportation to the laboratory for analysis. Two sediment cores were collected
from each site (Jadrtovac and Blace), with sliced subsamples taken every 1 cm for geochemi-
cal parameters and microplastic analysis, using a metal cutter and edges discarded to avoid
contamination. Each core was analysed independently to capture spatial variability within
each marsh. For the determination of the C-org, TN, total and inorganic P, OM content
and CaCO3 content, sediment cores were also sliced at 1 cm intervals, stored in PVC bags
and frozen.

2.3. Age Determination of Samples

In this study, the chronology of the sediment samples was established using previously
published data for Jadrtovac and Blace study areas [60]. This approach integrates Accelera-
tor Mass Spectroscopy (AMS) 14C dating with short-lived radionuclides (210Pb, 226Ra, 137Cs,
and 241Am) for sediments deposited within the last century. As the original cores used for
these chronologies were collected in 2011, minor age corrections were applied to account
for the time elapsed between the original sampling and the collection of cores for this study.
Linear interpolation of sedimentation rates derived from the published age-depth models
was used to estimate surface ages consistent with the 2024 sampling date, under the as-
sumption of relatively constant recent sedimentation rates in these low-energy, micro tidal
environments. While there is an acknowledgement that small deviations in recent sedimen-
tation may occur, this approach ensures temporal alignment of the MP and chronological
datasets within an acceptable uncertainty range for decadal-scale interpretation.

The sediment cores for MP analysis were obtained from the same locations as the
cores used for chronological analysis, ensuring consistency in the stratigraphic framework.
Chronological data were derived from previously dated sediment cores at both locations,
using a constant rate of supply (CRS) 210Pb model supported by 137Cs fallout horizons and
supplemented by AMS 14C dating where available. For the most recent layers (post-2011),
linear interpolation was applied, with an estimated uncertainty of ±2–5 years [60]. Full
radionuclide profiles and age–depth models are presented in Supplementary Figures S1–S4.

2.4. MP Extraction

All sediment samples were processed once due to limited material availability, using
consistent extraction and quantification protocols. MP abundance is expressed as the
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number of MP particles per gram of dry sediment (MPs g−1). Sediment samples were
initially subjected to air-drying, either on a drying rack or in a 40 ◦C oven, to eliminate
any residual moisture. Following this, the dried samples were ground using a mortar and
pestle and sieved through a 4.60 mm aperture sieve. Plastics with dimensions exceeding
4.60 mm were manually segregated and retained for further analyses, while the remainder
was discarded. The <4.6 mm fraction was selected based on the operational definition of
MPs (<5 mm) and to exclude larger MP debris, in line with previous sediment studies (e.g.,
Hidalgo-Ruz, Gutow [63]).

To remove sedimentary OM, the sieved sediment was placed into a 250 mL beaker and
treated with 30% hydrogen peroxide (H2O2) until fully submerged. This beaker was then
sealed with a watch glass, and the digestion process was monitored closely for two hours
to ensure safety. Following an overnight passive reaction at ambient room temperature,
the sample was subjected to a controlled heating regime within a fume cupboard, using
a hotplate of <40 ◦C. During this phase, deionised water was periodically introduced to
maintain moisture levels. Post-heating, the sample settled overnight after which the clear
supernatant was carefully removed via pipetting.

CaCO3 was removed by adding 2M of hydrochloric acid (HCl) to the sediment sample
until the 50 mL mark on the beaker was reached. After an overnight incubation, the sample
underwent a warming on a hotplate until the reaction started, situated within a fume
cupboard. Once adequately treated, the sample was allowed to cool and settle, a process
followed by several rounds of washing with deionised water and subsequent settling to
ensure sample purity.

Sediment was removed to a 50 mL centrifuge tube and subjected to centrifugation at
3000 rpm for 3 min. The sediment was then treated with a 1.6 solution of NaCl, followed
by another round of centrifugation. The uppermost 10 mL of the solution, rich in floating
MPs, was pipetted and preserved for analysis. Density separation using saturated NaCl
solution (1.2 g/cm3) was repeated three times per sample to ensure efficient extraction.
Supernatants were combined, filtered, and examined under a stereomicroscope.

Finally, the sample underwent filtration utilizing a Hartley pattern filter funnel specifi-
cally designed for 25 mm filters. Post-filtration, the residue deposited on the filter paper
was relocated to an aluminium tray and subjected to overnight drying in a 40 ◦C oven.
Although no recovery tests were performed during this study due to limited available mate-
rial, the NaCl density separation is a widely applied method MP extraction from sediment
due to its simplicity, non-toxicity and compatibility with a range of polymers. Previous
studies report recovery efficiencies for NaCl solutions ranging from approximately 60%
to 85%, depending on polymer type, particle shape and size [64–68]. While high-density
polymers such as PET and PVC may be underrepresented using this method, the approach
remains widely used and validated for low- and medium-density polymers.

2.5. Identification of MPs

MPs were identified and quantified using a stereoscopic microscope (Stemi DV4,
Carl Zeiss AG, Oberkochen, Germany) with a magnification range of 8.0× to 32.0×. The
microfibers were characterised based on their colour (transparent, black, brown, red,
pink/purple, blue, green, yellow, and orange) and based on the roughness of their sur-
faces. All visually identified particles retained on the filter (>150 µm) were extracted from
the filter and placed on a microscope slide to identify their chemical composition with
µFTIR (Fourier-Transform Infrared spectroscopy). The µFTIR analysis was performed
with a Nicolet iN10 Infrared Microscope (Thermo Fisher Scientific, Waltham, MA, USA),
with the spectral range spanning from 7600 to 450 cm−1 and in the 4000–600 cm−1 range,
which covers the main polymer fingerprint region. The apparatus is equipped with an
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ultra-fast motorised stage and with a liquid nitrogen cooled MTC detector (mercury cad-
mium telluride detector). In total, 64 co-scans were collected with an aperture dimension
of 25 × 25 microns on reflectance mode for each particle. All µFTIR measurements were
performed using identical acquisition parameters for all samples to ensure analytical
consistency and particles smaller than 150 µm were not analysed due to limitations as-
sociated with visual sorting, manual handling and stereoscopic identification on GF/F
filters. Particles were retrieved employing the OMNICTM PictaTM software and Spectra-
Gryph software (v1.2.16). In this study, reflectance mode was decided as the best method,
due to the thickness (4.2 mm) of GF/F [69]. Each polymer spectrum was then compared
with specific polymer reference libraries, FLOPP-FLOPP-e using a 70% or greater similar-
ity threshold [70]. Potential spectral overlap and polymer degradation were considered
during interpretation.

2.6. Procedural Contamination Controls for MP Determination

All apparatus was rinsed three times with purified water and then dried before use.
Plastic equipment was replaced with glassware equipment wherever possible. The plastic
equipment was rinsed three times with purified water and dried for 24 h in an oven at
40 ◦C. The glassware equipment was washed with DECON 90 and placed in a muffle
furnace for 4 h at 400 ◦C. To ensure that all the solutions (H2O2 and NaCl) were free of
plastic, they passed through filtration into a glassware flask. The laboratory coats were
made from polyester material; thus, it was decided to exclude white polyester fibres
from the results. The processing of samples was performed in a contamination-restricted
laboratory, in a fume cupboard or in an enclosed glove box where various blanks were
positioned to control airborne contamination. Procedural blanks and field blanks were
analysed alongside samples, showing negligible contamination.

2.7. Particle Size Analysis

For particle size analysis, the 1 cm thick subsamples were stored at −20◦ C and freeze-
dried. The weighed dry sediment sample was mixed with distilled water, left overnight and
sieved through a 0.5 mm sieve. Particles > 0.5 mm were dried and sieved on a sieve set of 0.5,
1, 2 and 4 mm. Particles < 0.5 mm were suspended and measured using laser granulometry
(Mastersizer 3000E, Malvern Panalytical Ltd., Malvern, Worcestershire, United Kingdom).
Once the results were obtained, the Gradistat v8.0 spreadsheet was used to obtain the
sediment particle size distribution. Grain size parameters (Mz—mean size, Md—median,
So—sorting, Sk—skewness, Kg—kurtosis) were calculated according to Folk and Ward [71]
and sediment types expressed using the Folk classification [72].

2.8. Geochemical Analysis in Sediments

Sediment was divided into subsamples 1 cm thick, frozen (−18 ◦C) and brought to the
Institute of Oceanography and Fisheries in Split, Croatia, for further analysis.

To determine the OM content in subsamples, the weight loss on ignition method
was used following treatment with hydrogen peroxide (H2O2) and subsequent heating at
450 ◦C for six hours [73] (Vdović et al., 1991). Carbonate content, expressed as CaCO3 (%),
was assessed as the loss of weight after the digestion with 5 mL of 4 M HCl for two hours,
following the method by Loring and Rantala [74].

For analysis of P concentration in sediment, freeze-dried subsamples were ground
and sieved (Φ < 250 µm). Extraction of IP and TP was obtained [75]. Orthophosphate
concentration in extracts was determined on spectrophotometer UV MINI 1240 (Shimadzu,
Analytical Instruments Division, Kyoto, Japan) according to Grasshoff, Kremling [76]. Stan-
dard reference material SRM 1646a—Estuarine Sediment (NIST) was used for evaluating
the reliability of method (recovery: 96.1%).
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C-org and TN in sediment subsamples were analysed using CHNS-O analyser
(UNICUBE, Elementar, Frankfurt, Germany). Sediment for C-org analysis was first exposed
to concentrated HCl for 24 h to remove inorganic carbon, in accordance with the method de-
scribed by Verardo, Froelich [77]. CHNS-O analyser performed a daily internal calibration
using standard sulphanilamide (C6H8N2O2S) according to the instrument’s protocol. Sam-
ple weight for N analysis was 20–30 mg, and 25–35 mg for C-org samples (which started
from 1 g of initial weight of sample untreated with HCl). During the analysis, blanks and
standards were analysed to check for instrument stability. If the percentage difference
between the two replicates was higher than 20%, replicate samples were reanalysed. The
limit of detection for C and N was 10 ppm (µg/g).

2.9. Statistical Analysis

All statistical and graphical analyses were performed using R (v.4.3.1, R Core Team,
2023) and Python (v.3.10) within Jupyter Notebooks (v.7.3.2). R packages including ggplot2,
patchwork, reshape2, dplyr, tidyverse, FactoMineR, and factoextra were used for data
wrangling, visualisation, correlation matrices, non-parametric tests (e.g., Wilcoxon rank-
sum), and principal component analysis (PCA).

Python was additionally used to generate specific multi-panel geochemical plots (e.g.,
C-org, TN, TP, C/N ratios) and to produce figures combining primary and secondary
y-axes (e.g., sediment depth and sediment age). Data were handled and visualised using
libraries including pandas, matplotlib, and seaborn. This dual-platform approach enabled
flexible and reproducible visualisation of depth-resolved trends in MPs and associated
sedimentary parameters.

3. Results
3.1. MP Distribution, Concentration and Composition

The concentration of MPs in the Blace core was limited to the upper 6 cm of the
sediment profile (Figure 2A). The highest concentration was recorded at 1–2 cm depth, with
0.05 MPs g−1., corresponding to the years post-2020. Concentrations fluctuated between
0.03 and 0.04 MPs g−1 from 2 to 6 cm and absent below 6 cm, indicating no detectable MPs
before 1960. While a complete age model was extended beyond 11 cm, ages below this
depth—approaching 1890—are considered less reliable due to the reduced resolution and
increasing uncertainty of the radiometric dating method.

The Jadrtovac core exhibited detectable levels of MP accumulation throughout the
upper 13 cm and as far back as 1950 (Figure 2B). The highest concentration, 0.5 MPs g−1,
were observed at 4–5 cm depth corresponding to the 1990s. Concentrations ranged between
0.1 and 0.5 MPs g−1 in the upper 13 cm in the 20th century, with values decreasing to
undetectable levels in older sediment below 13 cm.

In Blace, fragments dominated (60%), while fibres accounted for 40% of the total MPs
recorded (Supplementary Figure S5). In contrast, fibres were dominant in Jadrtovac (86%)
with fragments contributing 14%. Polymer analysis (Figure 3) revealed that polypropylene
was the most abundant polymer in Blace (50%), followed by olefin (20%), rayon (10%),
polyethylene (10%), and low-density polyethylene (LDPE, 10%). In Jadrtovac, rayon and
cellophane each constituted 29% of the total polymers, followed by phenoxy resin and
polyether (12% each), and smaller contributions from polyvinyl, calcium stearate and
acrylic (6% each).
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Figure 2. Microplastic concentrations (MPs g−1) in sediment cores from (A) Blace and (B) Jadrtovac.
Red dashed lines indicate key plastic-related events; the shaded area marks the post-1950 “Plastic
Era.” Peaks are annotated with estimated ages and ±5-year uncertainty. Linear regression analysis
showed significant positive trends of MPs with timeline (p = 0.013) and negative trends with depth
(p < 0.001).

Figure 3. Cumulative polymer composition of MPs from all depths in core sediments at Blace
and Jadrtovac.

3.2. Geochemical Parameters in Sediment

The particle size distribution of sediments reflects different depositional energies and
sorting conditions between the two sites, which may influence MP retention capacity. At
the Blace, gravel-sized particles are absent, and the most abundant particles are silt-sized,
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except for the first 4 cm where sand-sized particles prevail (Supplementary Table S1). The
values of Mz (mean) and Md (median) in the first 4 cm are fine and very fine sand, with a
fining trend to medium and coarse silt and coarse silt below 4 cm. The sediment at Blace is
poorly sorted, and below 13 cm it is very poorly sorted. The skew (Sk) and kurtosis (Kg)
values indicate that one fraction of particles predominates in the sediment samples; finer
particle fractions dominate below 13 cm, while coarser particles are present in samples
above this depth.

At Jadrtovac, the most common particles are also silt (Supplementary Table S2), as
confirmed by the values of Mz and Md, where the predominant grains are medium and
coarse silt. Unlike Blace, gravel sized particles are recorded, particularly in the upper
samples above 4 cm. The sediment is very poorly sorted or extremely poorly sorted. The
values of Sk and Kg indicate bimodality with an equal proportion of particles in two
fractions and a smaller number of samples of finer particles predominating.

The vertical distribution of OM and carbonate content in sediment cores from Blace
and Jadrtovac is presented in Figure 4. In Blace, OM content is low and relatively stable
with depth, ranging from 1.6% at 17 cm to a maximum of 8.4% at 2 cm. The carbonate
content increases with depth, from 26.3% at 1 cm to 44.3% at 17 cm. In Jadrtovac, OM
content is markedly higher in surface layers, peaking at 66.5% at 3 cm, and declines to 6.9%
at 18 cm. Carbonate content shows high variability with depth, ranging from 3.2% at 2 cm
to 46.1% at 15 cm.

Figure 4. Vertical profiles of organic matter (%) and carbonate content (%) in sediment cores from
two coastal saltmarshes: (A) Blace and (B) Jadrtovac. Depth (cm) is shown on the left y-axis, and the
corresponding sediment deposition year (based on 210Pb dating) is shown on the right y-axis.

The range of OM content (1.15–19.25%) is less at Blace compared to Jadrtovac
(6.26–66.58%). The highest value is recorded in the surface layer, indicating the pres-
ence of decomposed OM and input of vegetative detritus. Non-carbonate particles prevail
at both sites with a wider range at Jadrtovac (0.98–46.30%) compared to Blace (25.3–42.97%).

TP at Blace (Figure 5A) ranges from 15.4 µmol g−1 (5–6 cm) to 37.5 µmol g−1 (recorded
in 0–1 cm). TP sharply decreases below 2 cm and then exhibits only minor variation with
depth. Analysis of P forms showed IP ranging from 10.7 to 16.4 µmol g−1 and relatively
even distribution down core. OP ranged from 3.5 µmol g−1 to 25.8 µmol g−1 with the
highest value at 1 cm, similar to the TP profile. Calculation of the portion of certain P forms
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inside the P pool indicates IP form prevailing in the TP with portion of 60% in relation to
OP form.

Figure 5. Vertical profiles of phosphorus fractions (i), organic carbon (ii) and total nitrogen (iii) in
sediment cores from (A) Blace and (B) Jadrtovac. Depths are shown alongside corresponding years
on the right axis, highlighting temporal trends in organic matter and nutrient accumulation.

At Jadrtovac TP (Figure 5B) ranges from 26.5 (17 cm) to 91.8 µmol/g (3 cm). TP
concentrations sharply decrease from 3 cm to 6 cm. Analysis of P forms showed IP in range
from 8.9 to 19.9 µmol g−1 with the vertical profile exhibiting minor variations to 18 cm. OP
ranged from 15.0 µmol g−1 to 82.8 µmol g−1 with the profile similar to TP concentrations.
At Jadrtovac the calculated portion of P forms inside the P pool showed OP form prevailed
with 72% in relation to IP.

C-org at Blace (Figure 5A) ranges from 0.13% (5 cm) to 4.26% (0–1 cm). The C-org
profile exhibits a very sharp decrease after the surface sediment layer, and values gradually
fluctuate down the core. TN ranged from 0.04 (8 cm) to 0.58 (0–1 cm) with the highest
values in the near surface layers and relatively uniform vertical down-core distribution.

At Jadrtovac, C-org values (Figure 5B) ranges from 1.11% (18 cm) to 18.65% (14 cm). The
C-org values exhibit a sharp decrease from 4 cm to 6 cm and then gradually fluctuates in the
core profile. TN ranges from 0.095 (18 cm) to 1.11 (0 to 1 cm) with minor down-core variation.

3.3. Quantitative Analysis

The correlation analysis for Blace (Figure 6A) and Jadrtovac (Figure 6B) reveals distinct
but overlapping patterns in the relationships between MP concentrations (MPs g−1) and
sedimentary parameters. In both cores, MP concentrations were positively correlated with
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OM (Blace: r = 0.69; Jadrtovac: r = 0.68) and sand content (Blace: r = 0.21; Jadrtovac:
r = 0.69). These are in accordance with positive correlations observed between MPs and
C-org, N-TOT and OP in sediment (Blace: r = 0.58; r = 0.56; r = 0.82; Jadrtovac: r = 0.70;
r = 0.92; r = 0.80, respectively). Conversely, negative correlations were observed with depth
(Blace: r= −0.63; Jadrtovac: r= −0.64), clay content (Blace: r= −0.45; Jadrtovac: r= −0.75),
and carbonate content (Blace: r= −0.24; Jadrtovac: r= −0.71).

Figure 6. Pearson correlation matrices for MPs, environmental and sedimentary variables in core sedi-
ments from (A) Blace and (B) Jadrtovac (The raw data can be found in Supplementary Tables S1 and S2).
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MP fibre content exhibited similar patterns in both cores, positively correlating with
OM and sand content, while showing negative correlation with clay and depth. Conversely,
MP fragments showed distinct associations, positively correlating with gravel (Jadrtovac:
r = 0.89), while exhibiting negative correlations with clay (Blace: r= −0.42; Jadrtovac:
r= −0.76) and depth (Blace: r= −0.60; Jadrtovac: r= −0.62).

These relationships are further contextualised by vertical distribution of grain size
fractions in both sediment cores (Figure 7). Blace is characterised by consistently high
proportions of silt and clay throughout the profile. In contrast, the Jadrtovac core exhibits
greater textual variability, with higher sand and occasional gravel content in surface layers
from 0 to 4 cm.

Figure 7. Vertical distribution of grain size fractions in core sediments from (A) Blace and
(B) Jadrtovac.

Principal component analysis (PCA) was conducted separately for the Blace and
Jadrtovac sites to assess key geochemical and sedimentological drivers of variation in MP
distribution (Figure 8).

At Blace (Figure 8A), the first principal component (Dim 1, 40.6%) was driven primarily
by OM-related parameters, including C-org (%), TN (%), Total P (µmol/g), and Organic P
(µmol/g), all of which were strongly aligned with MPs g−1 and fibre abundance. These
variables showed inverse relationships with depth, clay, carbonates, and silt. The second
component (Dim 2, 32.8%) was influenced mainly by clay (%) and depth (cm).

In contrast, the Jadrtovac PCA (Figure 8B) revealed a dominant Dim 1 (74.4%) as-
sociated with Total P, Organic P, C-org, TN, MPs g−1, and sand (%), indicating strong
collinearity between MP concentrations and nutrient-rich, sandy sediment. Dim 2 (7.9%)
captured variation related to inorganic P and fibre, with a weaker influence from depth.
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Figure 8. Principal component analysis (PCA) biplots illustrating the contributions of geochemical,
textural, and microplastic variables to the first two principal components for sediment core samples.
(A) Blace core: Dim 1 and Dim 2 explain 40.6% and 32.8% of the variance, respectively. (B) Jadrtovac
core: Dim 1 and Dim 2 explain 74.4% and 9.9% of the variance, respectively.

Non-parametric Wilcoxon rank-sum tests were conducted to assess significant dif-
ferences in sedimentary and geochemical parameters between the two saltmarshes
(Supplementary Table S3). Results showed significant differences (p < 0.001) for OM
content, Organic and Total P and sand content, all of which were markedly higher
in Jadrtovac. MP concentrations also differed between sites (p = 0.050), with higher
median values recorded at Jadrtovac. Carbonate content showed a weaker difference
(p = 0.096), while differences in clay content and C/N ratio were not statistically significant.
These results support statistically the observed geochemical and MP distinctions between
the sites.
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4. Discussion
This study highlights associations between MP distribution and sedimentary char-

acteristics, including organic enrichment and sediment texture, in saltmarsh cores from
Croatia. While both sites showed that MP concentrations tend to be elevated in organic-
rich and sandier layers, these patterns likely reflect the interplay of sediment properties,
depositional processes and temporal trends.

Jadrtovac, located within Morinje Bay and surrounded by a karstic landscape with
shallow, nutrient-poor soils and sparse vegetation cover, is subject to inputs from urban,
industrial and maritime activities. Land-use data from Šibenik County Planning Office
(2022) show that Jadrtovac is adjacent to areas with wastewater outfalls and port activity,
corroborating urban and maritime input as potential MP sources. The proximity of the
site to Šibenik, a regional urban centre, likely contributes to higher MP concentrations and
the dominance of fibres (86.4%), commonly associated with clothing, textile and fishing
activities. The enclosed nature of the bay and its limited tidal range may facilitate MP
retention, leading to their accumulation over time. Furthermore, the sediment infill from
the late Holocene relative sea-level rise [62] suggests a stable depositional environment
conducive to preserving MP records in the upper saltmarsh layers. These findings align
with studies in UK saltmarshes, where synthetic fibres were found to be the dominant
MP type due to proximity to urban centres and wastewater discharge [42,78]. Similarly,
Portuguese saltmarshes have been shown to accumulate significant amounts of synthetic
fibres, further supporting the role of urban and industrial activities in fibre deposition [79].

In contrast, Blace, a smaller and more remote saltmarsh near Ploče, exhibits lower
MP concentrations, with fragments (60%) dominating over fibres. The limited exposure to
direct urban or industrial inputs suggests that the MPs in Blace originate primarily from
localized sources. The presence of higher proportions of polypropylene (50%) and olefin
(20%) suggests inputs from agricultural or packaging-related activities, consistent with
the surrounding land-use activities. Polypropylene and polyethylene terephthalate were
also found as the main types of MPs affecting some coastal wetlands in Yancheng coastal
wetlands [80], in the Pearl River Delta [81] or in Anzali Wetland [82]. These findings are also
comparable to saltmarsh studies in the USA, where MP fragments were found in higher
proportions in areas with agricultural runoff and lower urban influence [83]. The lower MP
concentrations in Blace may also be attributed to the reduced sediment retention capacity of
this smaller saltmarsh and its less dynamic tidal environment, a pattern similarly observed
in other Mediterranean saltmarshes with limited hydrodynamic energy [3].

To place the observed MP concentrations in a broader European context, values from
this study (up to 0.5 MPs g−1 in Jadrtovac and 0.15 MPs g−1 in Blace) were compared to
published data from various saltmarshes (Table 1). Blakeney Point (UK) recorded average
concentrations of 3.4 MPs g−1, while the Wadden Sea (Germany) reported approximately
2 MPs g−1 [84]. In the Lima Estuary (Portugal), concentrations reached up to 3 MPs g−1 in
vegetated marsh zones [79], and in the Venice Lagoon (Italy), values ranged from 0.217 to
0.672 MPs g−1 [85]. A recent core-based study in the Thames Estuary (UK) found MP levels
reaching 2.67 MPs g−1 in saltmarsh sediments adjacent to urban and industrial areas [42].
The lower values in our study likely reflect reduced urbanisation and anthropogenic
pressures at the Croatian sites, as well as differences in tidal energy and sediment dynamics.

At Jadrtovac, the range of C-org values detected in sediment (0.13–4.26%) was compa-
rable with values from saltmarshes in west Iberian (1.3–10.7%) [86] and with saltmarshes
in the UK (3.6–9.0%) [87]. According to the EURO-CARBON database [88], the typical
saltmarsh range is 0.1–41.56% with and average value of 5.01 ± 5.96% for European re-
gional seas. Values recorded for Jadrtovac (1.11% to 18.65%) are also inside the wider range
as well as within the range found for saltmarshes in Barnegat Bay, USA (3.2–33.7%), [89].

https://doi.org/10.3390/microplastics5010030

https://doi.org/10.3390/microplastics5010030


Microplastics 2026, 5, 30 16 of 26

Fluctuations of C-org values in the sediment core can be assigned to geochemical processes
in sediment, root activities or the OM input from the vegetation [90–92].

Table 1. Comparison of MP concentrations in European saltmarsh sediments.

Location MPs (kg−1) MPs (g−1) Notes Reference

Blakeney Point, UK 3400 ± 390 3.4 ± 0.39 Remote site, low urban influence;
measured using Nile Red fluorescence [84]

Wadden Sea, Germany 2000 ± 68 2.0 ± 0.07 Large saltmarsh area; varying
deposition zones analysed [84]

Lima Estuary, Portugal Up to 3000 Up to 3.0
Max concentration in vegetated

sediment; values variable by
vegetation and site

[79]

Venice Lagoon, Italy 217–672 0.217–0.672
Microplastics found in surface

sediments, with higher values in
tidal channels

[85]

Thames Estuary, UK Up to 2670 Up to 2.7 Enclosed saltmarsh cores with strong
OM correlation [42]

Jadrtovac, Croatia
(this study) 0.03–0.50 0.03–0.50 Highest concentration in surface

sediments (4–5 cm) This study

Blace, Croatia
(this study) 0.02–0.15 0.02–0.15 MPs only found in upper 6 cm,

consistent with recent inputs This study

In the Jadrtovac area, flysch deposits dominate along the coast [93]. Through the
weathering of marl from flysch sediment, larger quantities of muddy sediment appear, and
due to the variable proportion of carbonates and silicate particles in the deposited sediment,
the carbonate content changes with depth. Blace is located in an area where carbonate
rocks of Jurassic age are found at the surface [94], but due to the influx of terrigenous non-
carbonate particles from the Neretva River, the carbonate content is lower. These results
are consistent with trends in OM and carbonate content from other areas of the eastern
Adriatic [95–97]. OM content of marsh soils of the Venice Lagoon, measured similarly
through LOI, ranged between 1% and 50%, with remarkable variations both among and
within the study areas [98]. Vertical trends of OM content showed variable patterns at
different sites. Analysis of OM content in 10 saltmarshes of the microtidal Venice Lagoon
suggested that changes in the depositional environment are of primary importance in
determining OM depth distribution with vertical patterns in OM related to factors such as
autochthonous and allochthonous organic inputs, sediment properties, relative sea-level
rise, fluvial inputs and wave action [99].

TN range (0.04–0.58%) at Blace was inside the ranges found for Portuguese saltmarshes
(0.09–0.84%) [86,100] that were explained by enrichment from the estuary or N inputs from
agriculture. TN values at Jadrtovac (0.10–1.11) were similar to those from Barnegat Bay,
USA where TN ranged from 0.23 to 1.4%. TP content range found at Blace (0.048–0.116%)
was in the range detected in sediments elsewhere in the world, for example, in Blakeney
saltmarsh, UK (0.064–0.216%) [87], and in Chinese saltmarshes (0.05–0.07%) [101]. The TP
range for Jadrtovac (0.082–0.285) is closer to values found for USA saltmarsh sediments
(0.019–0.390%). According to ref. [102], the average TP in saltmarsh sediment in Spain
was 0.111 ± 0.002%. The irregular vertical distribution of TP in the marsh sediment cores
reflects biogeochemical and physical processes [101] that include adsorption, desorption,
bioturbation and oxido-reduction processes, affecting the different P forms, similar to
findings in other coastal marine sediments [103].

The N and P contents in Chinese wetlands changed significantly with depth [104]
and varied due to climate, hydrological conditions, vegetation types, and the intensity of
human disturbance [105,106].
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The C/N ratio is often used to distinguish the origin of sedimentary OM from algae
or terrestrial plants. Typical C/N ratios for marine algae OM vary between 4 and 10, while
OM from terrestrial vascular plants typically has ratios of >20 because it contains cellulose,
lignin and tannins [107]. C/N values calculated for the saltmarshes in this study (Blace
average 10.24; Jadrtovac average 13.22) indicate a mixture of terrestrial and marine OM.
C/N ratios were found for Portuguese saltmarsh sediments that also indicated an OM
origin from the mixture of debris from plants, marine algae and bacteria [86,90]. These C/N
values are comparable to those reported in other Mediterranean coastal environments. For
example, in the Gulf of Trieste (northern Adriatic), C/N ratios in surface sediments ranged
from 6.7 to 13.3, reflecting contributions from both marine and terrestrial OM sources [108].
Similarly, surface sediment C/N ratios in the Western Mediterranean have been reported
to range from 3.2 to 25, with higher values indicative of terrestrial plant input [109]. These
published values reinforce the interpretation that OM in Croatian saltmarsh sediments is
derived from both marine algae and terrestrial vegetation. Vertical fluctuations of C/N
ratios can be explained by the changes in the OM sources (changes in the balance between
marine and terrestrial inputs). Fluctuations can also be driven by changes in sedimentation
rate, and sources can be impacted by changes in tidal activity and river discharge at different
time scales—driven by anthropogenic activities or climatic events [86].

A very high positive correlation between C-org and TN was found for both investi-
gated Croatian saltmarshes (R2 = 0.90 and R2 = 0.86), followed with a high OP correlation
(Figure 6), indicating that these elements share similar sources of OM. Furthermore, pos-
itive correlations between all investigated C-org, TN, OP and sedimentary OM confirm
this finding. The correlation analysis (Figure 6) and PCA (Figure 8) results highlight that
MP concentrations are closely associated with organic-rich and sandy sediments in both
cores. At both sites, the first principal component (PC1) represents a composite organic–
geochemical enrichment gradient, characterised by strong positive loadings of OM, C-org,
TN, and P fractions, together with MPs and fibre abundance. This axis reflects depositional
environments where organic-rich and sandier sediments promote MP retention. In contrast,
negative loadings along PC1 are associated with greater depth, carbonate content, and finer
sediment fractions, indicating reduced MP accumulation under these conditions.

The second principal component (PC2) captures secondary variability related to sedi-
ment texture and stratigraphic position, distinguishing contributions from clay, silt, and
depth that are not directly aligned with organic enrichment. Importantly, the separation of
PCA biplots for Blace and Jadrtovac reveals site-specific depositional controls, with Jadr-
tovac showing a stronger coupling between MPs, sand content, and organic geochemical
parameters, consistent with its enclosed, low-energy depositional setting. These findings
reinforce that MP retention in saltmarsh sediments is governed not by grain size alone, but
by the interaction between organic enrichment, sediment texture, and depositional regime.

While both OM and MPs tend to increase toward the surface due to recent inputs,
this correlation is not purely time-dependent. As shown in the vertical profiles of both
cores and supported by stratigraphic and geochemical variability described in previous
sedimentological study [60], zones of elevated OM content and MP concentrations are not
always co-located with the most recent sediments. Instead, compositional layering and
changes in depositional regimes (e.g., a transition from tidal flat to saltmarsh) appear to
influence MP distribution.

Although fine-grained sediments are commonly assumed to be more effective at
retaining MPs due to their lower permeability and higher surface area, the enrichment
of MPs observed in organic-rich, sandy layers suggests that additional mechanisms are
involved. In saltmarsh environments, hydrodynamic sorting may concentrate organic
particles and MPs in lower-energy depositional phases, even within sand-dominated
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sediments [42]. OM can enhance MP retention by promoting aggregation, flocculation
and biofilm-mediated adhesion, thereby increasing particle stability within the sediment
matrix [34,36]. Sandy sediments with elevated organic content may therefore provide
sufficient porosity for physical trapping while organic coatings facilitate particle bind-
ing. These combined effects likely explain the higher MP concentrations observed in
organic-rich sandy sediments, highlighting that MP retention is not governed by grain
size alone but by the interaction between sediment texture, organic enrichment and
depositional energy.

Positive correlations between MPs and organic matter (r = 0.61–0.68), as well as be-
tween MPs and C-org, TN, and OP, indicate that MP accumulation is associated with
organic-rich sedimentary environments. However, these relationships should be inter-
preted as correlative rather than causal, as both OM and MP concentrations are influenced
by stratigraphic age, depositional processes, and sedimentary context.

These associations were further confirmed by non-parametric Wilcoxon rank-sum
tests (Supplementary Table S3), which revealed significant differences between the two
sites in OM content, organic and total P, and sand content (p < 0.001). MPs concentrations
also differed significantly (p = 0.050), supporting the observed spatial divergence. Recent
studies on the impact of MPs and the physicochemical properties of wetland sediments in
China have also shown that MP pollution increases the content of C-org, available P, and
TN content [105]. OM has been shown to enhance MP accumulation by increasing adhesion
to sediment particles and promoting aggregation through biofilm formation [110,111].

In addition to OM, vegetation may also play a role in enhancing MP retention in
saltmarsh sediments. Vegetated areas are known to promote sediment accretion by reducing
flow velocities and increasing surface roughness [112], which can facilitate the trapping of
both fine particles and MPs. Furthermore, vegetation contributes to OM input through root
biomass and decaying litter, indirectly reinforcing MP retention by enhancing aggregation
and biofilm formation [113]. Similar findings have been reported in estuarine and saltmarsh
environments, where MPs were found to be more concentrated in sediments with high OM
content due to the binding capacity of organic particles [34].

Conversely, negative correlations with clay content (r = −0.45 to −0.75) and carbonate
content (r = −0.24 to −0.71) found in this study suggest that MPs are less likely to be
retained in finer-grained or carbonate-rich sediments, the opposite to the original hypothesis
set in this paper. This aligns with the findings from UK estuarine systems, where lower MP
retention has been observed in high-carbonate and fine-grained sediments due to reduced
binding efficiency [79]. Investigations of the estuarine sediments in UK did not find a
strong correlation between MP abundance and particle size, which were explained by
complex tidal hydrodynamics [41]. The stronger correlation between MPs and sand content
in Jadrtovac compared to Blace suggests that dynamic sedimentary processes in enclosed
coastal systems may further influence MP retention, a pattern consistent with studies in
intertidal environments [79,114].

The depth profiles of MP concentrations in both sites reflect an increasing accumulation
over time, with the highest concentrations recorded in the upper layers, corresponding to
the last two to three decades, as hypothesised. This pattern is consistent with global trends
in rising plastic pollution since the mid-20th century [115–117]. In Jadrtovac, MPs first
appear at depths dated back to 1950, coinciding with the onset of global mass production.
Sources for such early MP detection are likely to be linked to maritime activity rather
than atmospheric deposition given the site context. The predominance of fibres and
polyethylene (PE) in the older sediment layers corresponds with the widespread adoption
of synthetic ropes and textiles in maritime and fishing sectors [118,119]. In contrast, the
increased presence of polypropylene (PP) and olefins in more recent layers—especially in
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Blace—likely reflects the rise in single-use packaging and agricultural plastics since the
1980s. This depth-dependent shift in polymer composition mirrors global production
patterns and supports the influence of changing local land-use practices and MP sources
over time. The persistent occurrence of fibres. Often associated with synthetic textiles,
also points to urban wastewater discharge and textile-derived microfibres from household
laundering as contemporary sources of MPs, introduced via urban drainage systems and
wastewater effluent. These findings are consistent with previous research, suggesting that
saltmarshes can act as long-term reservoirs of MP pollution, with MPs preserved in deeper
sediment layers due to low oxygen conditions and minimal sediment disturbance [42,120].

In Blace, by contrast, MPs appear only after 1950, with detectable concentrations
limited to sediments dated post-1960. The absence of microplastics below 6 cm in Blace
suggests a more recent introduction, likely reflecting differences in local pollution sources
and sedimentation rates. This lag in MP deposition compared to Jadrtovac highlights
the contrasting influence of local anthropogenic pressures and remoteness from direct
pollution sources.

While the general stratigraphic integrity of the saltmarsh cores is supported by consis-
tent chronological markers [62] and MP trends, we cannot entirely rule out the possibility
of some reworking or vertical mixing during sediment deposition [121]. Observations of
horizontally aligned sediment structures and laminae in the cores confirmed minimal evi-
dence of burrowing macrofauna, such as crabs or polychaetes, supporting the assumption
of limited bioturbation in these low-energy microtidal systems. So, given the low-energy,
microtidal nature of the Adriatic saltmarshes, such as those in Jadrtovac and Blace, and the
absence of MP in core sediment below 14 cm, the likelihood and extent of sediment mixing
is low compared to higher-energy tidal systems [122]. Thus, the observed MP profiles are
considered to reflect genuine historical deposition trends.

Overall, the results of this study highlight the complexity of MP retention in saltmarsh
environments, where factors such as OM content, sediment texture, and proximity to
pollution sources interact to shape MP accumulation. These findings reinforce the role of
saltmarshes as important but understudied MP sinks and emphasise the need for further
research on the long-term fate of MPs in these coastal systems. Limitations of this study
include a small sample size (n = 3 cores per each site), lack of direct hydrological measure-
ments, and limited spatial coverage. Future studies should include additional replicates,
sediment trap deployments, and analyses of degradation rates to fully understand MP fate.

A limitation of this study is the absence of replicate analyses and formal recovery
testing, due to the restricted quantity of sediment per interval. Although this constrains the
quantification of analytical variability and may lead to the underestimation of high-density
MPs, the NaCl extraction method used here is widely adopted and typically achieves
recovery rates of 60–85% for common polymer types [64–68]. These factors should be
considered when interpreting polymer composition results.

Although not directly assessed in this study, the identified concentrations and types
of MPs (e.g., fibres and fragments) may pose ecological risks to benthic organisms via
ingestion, tissue abrasion, or toxicity. Fibres, in particular, have been associated with
intestinal blockage, inflammation, and reduced feeding in sediment-dwelling invertebrates
such as polychaetes and bivalves [123,124]. Laboratory experiments have also shown
that microplastics can alter burrowing behaviour, metabolic rates, and nutrient cycling
in benthic environments [36,125]. These potential ecological effects remain hypothetical
in our study but are consistent with observations in similar coastal sedimentary habitats,
highlighting the need for further research in the specific context of Croatian saltmarshes.
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5. Conclusions
This study demonstrates that the concentration, type and polymer composition of

MPs deposited in Croatian saltmarshes are influenced by sedimentary parameters, OM
composition, and proximity to local pollution sources; however, with only two sampling
locations, such influences remain preliminary and should be interpreted cautiously. Jadrto-
vac, with its urban and maritime influences, exhibits higher MP concentrations, dominated
by fibres from fishing activities and textiles, likely linked to wastewater discharge and
clothing-derived microfibres from urban drainage systems. In contrast, Blace, a more
remote site, contains lower MP concentrations, with fragments linked to agricultural and
packaging-related sources, reflecting contrasting local land-use activity. The strong correla-
tion between MPs and OM composition (OM content, C-org, TN and OP content) suggests
that organic-rich sediments enhance MP retention, likely through adhesion and aggregation
processes. However, finer-grained and carbonate-rich sediments exhibit lower retention,
highlighting the role of sediment composition in MP transport and deposition. The in-
creasing MP concentrations in the upper sediment layers reflect the global rise in plastic
pollution since the mid-20th century, with earlier contamination detected in Jadrtovac,
potentially linked to maritime activities. Importantly, MPs first appear in the Jadrtovac
core around the onset of global mass plastic production (1950); on the other hand, in Blace,
they are detected at least a decade later, highlighting the temporal and spatial variability of
plastic pollution onset across different saltmarsh environments. These findings reinforce
the role of saltmarshes as important MP sinks and emphasise the need for further research
on the interactions between OM components and MPs, as well as long-term monitoring
of plastic pollution in coastal environments. Finally, this study provides evidence that
organic-rich, sandy saltmarsh sediments enhance microplastic retention and that dated
sediment cores can serve as historical archives of plastic pollution during the Anthropocene.
However, limitations include a small number of cores, possible underestimation of particle
degradation, and the absence of additional environmental variables (for example, pH and
salinity) that may influence retention. Future studies should integrate broader spatial
sampling, assess degradation rates, and incorporate ecological impact assessments.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/microplastics5010030/s1. Figure S1. Fallout radionuclide
concentrations in the Blace core: (a) total 210Pb, (b) unsupported 210Pb, (c) 137Cs and (d) 241AM versus
depth. Error bars represent analytical uncertainty (Shaw, 2013) [60]. Figure S2. Fallout radionu-
clide concentrations in the Jadrtovac core: (a) total 210Pb, (b) unsupported 210Pb, (c) 137Cs and
(d) 137Cs/210Pb activity ratio versus depth. Error bars represent analytical uncertainty (Shaw,
2013) [60]. Figure S3. Radiometric chronology for the Blace core, based on CRS 210Pb and 137Cs dates
(1963, 1986), with calculated sedimentation rates (Shaw, 2013) [60]. Figure S4. Radiometric chronology
for the Jadrtovac core, based on CRS 210Pb and 137Cs dates (1963, 1986), with calculated sedimentation
rates (Shaw, 2013) [60]. Figure S5. Cumulative distribution of MP types (fibres and fragments) across
all depths in core sediments from Blace and Jadrtovac. Figure S6. FTIR spectra of selected microplastic
particles isolated from sediment cores: (a) Green fragment (rayon) from Jadrtovac, (b) White fragment
(polyethylene) from Jadrtovac, (c) Blue fibre (cellophane) from Blace, (d) Brown fragment (nylon)
from Blace. Table S1. Vertical distribution of biogeochemical, sedimentological, and microplastic
parameters in sediment cores from Blace, Croatia, showing temporal trends from 2021 to 1807 based
on 1 cm depth intervals. Table S2. Vertical distribution of biogeochemical, sedimentological, and
microplastic parameters in sediment cores from Jadrtovac, Croatia, illustrating temporal trends from
2020 to 1884 based on 1 cm depth intervals. Table S3. Results of Wilcoxon rank-sum tests comparing
sediment parameters between Blace and Jadrtovac salt-marsh cores. Significant differences are indi-
cated as follows: *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05, p ≤ 0.1, ns = not significant. Parameters marked
“Invalid” were excluded due to missing or incompatible data.
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56. Stagličić, N.; Bojanić Varezić, D.; Kurtović Mrčelić, J.; Pavičić, M.; Tutman, P. Marine litter on the shallow seafloor at Natura 2000
sites of the Central Eastern Adriatic Sea. Mar. Pollut. Bull. 2021, 168, 112432. [CrossRef]
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Record and the Impact of Sea-Level Rise in the Karst Lake Velo Blato and the Wetlands on Pag Island (Croatia). Water 2022,
14, 342. [CrossRef]

58. Pratolongo, P.; Leonardi, N.; Kirby, J.R.; Plater, A. Chapter 3—Temperate Coastal Wetlands: Morphology, Sediment Processes, and
Plant Communities. In Coastal Wetlands, 2nd ed.; Perillo, G.M.E., Wolanski, E., Cahoon, D.R., Hopkinson, C.S., Eds.; Elsevier:
Amsterdam, The Netherlands, 2019; pp. 105–152.
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of sediments under the canopy of invasive alga Caulerpa racemosa var. cylindracea (Pelješac Peninsula, Adriatic Sea). Fresenius
Environ. Bull 2013, 22, 3030–3040.

98. Puppin, A.; Tognin, D.; Ghinassi, M.; Franceschinis, E.; Realdon, N.; Marani, M.; D’Alpaos, A. Spatial patterns of organic matter
content in the surface soil of the salt marshes of the Venice Lagoon (Italy). Biogeosciences 2024, 21, 2937–2954. [CrossRef]

99. Puppin, A.; Tognin, D.; D’Alpaos, A. Depth-distribution patterns of Soil Organic Matter in the tidal marshes of the Venice Lagoon
(Italy). J. Geophys. Res. Biogeosci. 2024, 130, e2024JG008327. [CrossRef]

100. Cartaxana, P.; Catarino, F. Allocation of nitrogen and carbon in an estuarine salt marsh in Portugal. J. Coast. Conserv. 1997, 3,
27–34. [CrossRef]

101. Zhou, J.; Wu, Y.; Kang, Q.; Zhang, J. Spatial variations of carbon, nitrogen, phosphorous and sulfur in the salt marsh sediments of
the Yangtze Estuary in China. Estuar. Coast. Shelf Sci. 2007, 71, 47–59. [CrossRef]

102. Jiménez-Cárceles, F.J.; Álvarez-Rogel, J. Phosphorus fractionation and distribution in salt marsh soils affected by mine wastes and
eutrophicated water: A case study in SE Spain. Geoderma 2008, 144, 299–309. [CrossRef]
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