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Abstract

The marine environment is affected by the increasing presence of microplastics (MPs; < 5 mm), and the seafloor acts as
a sink for these particles. Locations with different predominant seafloor habitat and protection level applied were selected
from Cabrera Marine-Terrestrial National Park (henceforth, Cabrera MPA) (western Mediterranean Sea) with the aim to
assess the distribution of MPs along the sediments of this Mediterranean MPA. A total of 37 samples were collected. A
high diversity of sediment between locations was detected according to the Udden-Wentworth classification and locations
were clustered into two main groups according to the predominance of different particle size fractions. The identification of
MPs was carried out according to the sediment particle size classification. A total of 1431 MPs and a mean value (+ SD) of
314.53 + 409.94 items kg~' D.W. were identified, and 70% of the particles were fibers. Statistically higher abundances of
MPs were found in sediments collected from sandy habitats, with a mean value of 630.80 + 636.87 items kg_1 D.W., com-
pared to the abundances of MPs found in locations with different predominant seafloor habitats, that ranged from 136.79 +
156.33 items kg~' D.W. in habitats with similar predominance of seagrass and sand to 223.02 + 113.35 items kg~ D.W. in
habitats with similar predominance of rocks and sand. The abundance of MPs regarding each sediment particle size fraction
differed between years and locations, and the abundance of MPs according to each identified shape differed between sampling
years, particle size fraction, and predominant seafloor habitat. The present study highlights the ubiquitous presence of MPs
in seafloor sediments from a MPA. Furthermore, the results suggest that the predominant seafloor habitat can modulate the
presence of MPs in marine environments in both general abundances and shape of items.
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Introduction

The abundance of microplastics (MPs; < 5 mm) is continu-
ously increasing in marine ecosystems as a consequence of
their direct or indirect release into the marine environment
from wastewater plants, sewage discharges (Kazour et al.
2019; Naji et al. 2021), or river effluents (Lebreton et al.
2017; Simon-Séanchez et al. 2019) amongst others. Once
in the marine environment, these items can experience dif-
ferent fates as being ingested by biota (Compa et al. 2019;
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Rios-Fuster et al. 2019; Oliveira et al. 2020), colonized by
different organisms creating biofilms on the surfaces of plas-
tics (Liu et al. 2020; Wright et al. 2020), or being passively
transported to other regions far from the location of their
source (Compa et al. 2020b; Van Sebille et al. 2020) and
throughout the water column (Dai et al. 2018).

The presence of MPs has been reported in marine habitats
including the sea surface, the seafloor, and the water col-
umn (Alomar et al. 2016; Compa et al. 2020b; Rios-Fuster
et al. 2022b; Fagiano et al. 2023). The physical characteris-
tics of the MPs affect their distribution within the different
marine habitats and depths of the seawater. In this sense,
polymers with a higher density than seawater rapidly sink
and accumulate on the seafloor (Enders et al. 2015; Eo et al.
2021). However, polymers that have a lower density than
seawater are exposed to different processes, such as bio-
film formation, which can alter the density of the polymer,
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inducing in the last instance its sinking and accumulation on
the seafloor (Wu et al. 2019). In addition, the shape of the
polymer can also affect the distribution of plastics within the
water column since fragments can sink at a faster velocity
than fibers and filaments (Kooi et al. 2016).

The Mediterranean Sea presents high concentrations of
marine debris as a result of being surrounded by developed
areas, but also due to the high maritime traffic routes, along
with a large number of touristic and industrial activities
(Grelaud & Ziveri 2020). In this sense, Marine Protected
Areas (MPAs), such as the Cabrera Marine-Terrestrial
National Park (henceforth, Cabrera MPA) in the western
Mediterranean Sea, are indirectly exposed to this type of
pollution (Blaskovi¢ et al. 2017; Giovacchini et al. 2018;
Compa et al. 2022b). Cabrera MPA is characterized by a rich
biodiversity with endemic species such as Posidonia oce-
anica and key species such as Pinna rudis, Epinephelus mar-
ginatus, Scorpaena scrofa, or Palinurus elephas, amongst
others (Refiones et al. 1997; Goii et al. 2008; Gvozdenovic
et al. 2019). In addition, Cabrera MPA has an important
benthic community and most of the species are filter feeders,
which is a non-selective feeding behavior (Rib6 et al. 2021)
highlighting the importance of assessing the deposition of
MPs on sediments.

It is well known that seafloor characteristics, such as sedi-
ment grain size or habitat, directly affect the distribution of
marine organisms, but recently, it has been reported that it
can also affect the deposition of MPs in the sediments: for
example, Posidonia oceanica can trap and retain MPs within
their structures, reducing the MP abundance from their sur-
roundings (Sanchez-Vidal et al. 2021), and evidencing the
importance to consider the predominant seafloor habitat in
studies assessing the presence of MPs in sediments.

The aims of the present study are (i) to classify the sedi-
ment samples according to the predominant particle size
fraction; and (ii) to detect differences in MPs accumulation
based on granulometry of the sediment, the predominant
habitat of the seafloor, and the protection level applied in
different locations of Cabrera MPA.

Materials and methods
Study area

The study area is located within the shallow coastal waters
of the Cabrera Marine-Terrestrial National Park (hence-
forth, Cabrera MPA) (Fig. 1). Cabrera MPA has an area of
90,800.52 hectares, of which 89,482.52 are marine and 1318
are terrestrial, and is located on the south-eastern coast of
the island of Mallorca in the Balearic Island Archipelago.
The coastline has a high variety of morphologies including
cliffs, coves, and bays, and is extremely rocky, with rocky

@ Springer

outcrops on the shoreline. The samples were collected from
13 locations with different levels of protection according to
the park’s legislation: sailing prohibition, and nighttime and
daytime anchoring allowence in the specific and regulated
Cabrera MPA buoys. The locations were classified accord-
ing to the predominant seafloor habitat representing its area:
rocky, sandy, seagrass, sandy and rocky, and seagrass and
sandy (Table 1).

Sediment samples

A total of 37 sediment samples were collected in summer
months simultaneously to transects conducted in scuba div-
ing surveys to evaluate the macrodebris along the seafloor
in the study area. At each location, two sediment samples
were collected. Depth was calculated as the mean depth of
the initial and final depth of transects performed. During
the last week of July and the first week of August 2019,
two samples from 12 locations were collected, resulting in
a total of 24 samples, and during the first 2 weeks of July
2020, two samples from 6 locations and an additional single
sample in one location were collected, resulting in a total of
13 samples (Fig. 1). The first 5 cm of seafloor sediment was
collected using a 500 ml core.

Granulometry analysis

Once in the laboratory, 100 ml of each sediment sample
was dried at 60 °C in the oven for 24—72 h depending on the
moisture of each sample. Each sediment sample (ranging
from 77 to 177 g depending on the sediment and grain char-
acteristics) was placed into the sieve stack and the sample
was shaken for 10 min. This sieve stack consisted of six
stainless steel sieves with mesh diameters of 2, 1, 0.5, 0.25,
0.125, and 0.063 mm. The subsamples retained in each sieve
and in the collector were weighed to determine the propor-
tion of sediment in each sieve fraction. Sediment from each
location was classified according to the Udden-Wentworth
grain classification: 2 mm (granules), 1 mm (very coarse
sand), 0.5 mm (coarse sand), 0.25 mm (fine sand), 0.125
mm (fine sand), and 0.063 mm (very fine sand) (Alomar
et al. 2016). For this, the mean particle size of the sediment
grains was calculated (¢) following the Udden-Wentworth
scale: ¢ = —log, (d).

Microplastic analysis

For each of the particle size fractions, MPs were isolated and
extracted following a combination of two accepted methods:
density separation with saturated sodium chloride solution
NaCl) (1.2 g cm™; 1:3 ratio) for samples with low organic
matter content (Woodall et al. 2014), and a flotation separa-
tion process with 96% ethanol (EtOH) followed by visual
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Table 1 Site characteristics according to protection level, predominant seafloor habitat, and mean + standard deviation (SD) sampling depth (m)

Area Location MPA protection level Predominant seafloor habitat Mean + SD depth (m)
Enciola S’Avarador des Far Sailing prohibited Rocky 3.72 +£3.10
Es Burri Es cal6 des Macs Sailing prohibited Sandy and rocky 393 +£2.26
L’Olla Sailing prohibited Seagrass 4.35+0.88
L’Oll6 Sailing prohibited Sandy 455+ 181
Es Port Es cal6 de ses Giiies Nighttime anchoring permitted Seagrass 5.55+3.27
Es cal6 des Forn Daytime anchoring only Mixed 3.10 £ 0.99
Sa Platgeta Nighttime anchoring permitted Sandy 1.10 £ 0.41
Sa platgeta des Pages Nighttime anchoring permitted Seagrass and sandy 2.85 + 1.04
S’Espalmador Nighttime anchoring permitted Sandy 429 +2.34
Estells Codolar dels Estells Sailing prohibited Seagrass 4.10+0.73
Estells Sailing prohibited Rocky 433 +3.64
Santa Maria Cala en Ganduf Sailing prohibited Seagrass and sandy 414 +2.15
Cala Santa Maria Sailing prohibited Rocky and seagrass 3.73 +£2.10
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sorting for vegetal-rich samples (Herrera et al. 2018). Sedi-
ment samples with NaCl were agitated for 30 s and left to
settle for 5 min. The supernatant was removed and filtered
through a glass fiber filter (branchia; 1.2 pm pore size and
47 mm diameter) using a vacuum pump. This process was
repeated three times for each sample. For samples with a
high content of organic matter, mainly with Posidonia
oceanica, 96% EtOH was applied for flotation separation
between plastic polymers and organic material. The biologi-
cal material was removed and the settled fraction (containing
denser plastic polymers) was dried in the oven for 24-48 h
for visual sorting under the stereomicroscope and plastic
identification. Direct visual sorting was done under a ster-
eomicroscope (Euromex holland, Nexius zoom) for those
subsamples with small quantity of sediment. All identified
items were classified according to color and to shape as fib-
ers, fragments, films, and ropes and filaments (Fossi et al.
2019) with 40x as maximum magnification used. Results
are expressed as the mean value of the items identified in the
two samples collected at each location, and as the number
of items identified per kilogram of dry weight (D.W.) of
sediment.

Contamination control

At all times during laboratory work, all surfaces and instru-
ments were thoroughly cleaned daily with EtOH and tech-
nicians wore 100% cotton laboratory coats. Throughout the
process of sieving, agitation, separation, flotation, filtration,
and visual sorting, blanks were placed nearby the workspace
and if MPs were identified in the blanks, these were deleted
from the total number of MP items found in each size frac-
tion based on similar color and shape.

Data analysis

A cluster dendrogram with the K-means procedure and
based on Euclidean distance was performed as the ordination
method for exploring differences in granulometry according
to the percentages of each particle size fraction of the sedi-
ments of each location along Cabrera MPA.

A Generalized Linear Model (GLM) with a negative
binomial distribution was performed to identify the main
variables that affect the distribution of MPs in sediments.
Three variables were introduced into the model: sampling
area and predominant seafloor habitat as categorical vari-
ables and total depth as a continuous variable. This analysis
has been performed to understand the variables affecting the
presence of MPs along the sediments.

Additionally, to identify differences in MPs particle sizes
and shapes according to environmental factors, two permu-
tational multivariate analyses of variance (PERMANOVA)
were applied. The first evaluated potential differences in the
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abundance of MPs from each sediment size fraction accord-
ing to the sampling year, the predominant seafloor habitat,
the protection level applied, sampling area, and total sam-
pling depth. This analysis will allow us to elucidate if the
factors considered play a determining role in the presence
and abundance of a particular size fraction of MPs, such as
whether if in the areas with the greatest traffic of people a
specific particle size range of MPs is more abundant. The
second PERMANOVA assessed potential differences in the
abundance of MPs from each of the shapes identified accord-
ing to sampling year, particle size fraction, the predominant
seafloor habitat, the protection level applied, sampling area,
and total sampling depth. Similarly, this analysis will allow
us to elucidate if the factors considered play a determining
role in the abundance of the different shapes analyzed. All
data analyses were performed in RStudio version 3.6.4.

Results and discussion

As a consequence of several physical and biological pro-
cesses, the final fate of MPs is the sediments. In this study,
we demonstrate the ubiquitous presence of MPs in shallow
sediments from Cabrera MPA, demonstrating the high risk
of exposure under which biota inhabiting the MPA are, espe-
cially those benthic species. A total of 1431 MPs with a gen-
eral mean value of 314.53 + 409.94 items kg~' D.W. were
found in 37 seafloor sediment samples collected from 13
locations during 2019 and 2020. The samples were mechani-
cally shaken through sieves of 6 different mesh sizes, result-
ing in a total of 252 subsamples. The mean values (+ SD)
ranged from 64.27 + 90.89 items kg~' D.W. in Codolar dels
Estells sampled in 2019 to 1248.28 + 1451.22 items kg™
D.W. in s’Espalmador sampled in 2020.

Characterization of sediments

Sampled locations from Cabrera MPA had different granu-
lometry in terms of the predominant particle size fractions
(Table 2; Fig. 2). The hierarchical cluster analysis showed
two differentiated groups (Fig. 2). The three locations
located south of Cabrera MPA, Estells, Codolar dels Estells,
and s’Avarador des Far, are grouped in the same main group
but show slight differences in terms of granulometry. Sedi-
ments from these three locations have a predominance for
the highest particle size fractions, with 62% of the sediment
in Codolar dels Estells comprised of granules (> 2 mm),
while 87% of the sediment in Estells is formed by granules
and coarse sand (> 2 to 0.5 mm), and 83% of the sediment
of s’Avarador des Far is classified from very coarse sand
to medium sand (2 to 0.25 mm). Es Cal6 des Forn and es
Calod de ses Giiies, both located in the area of Es Port, had
a predominance of the highest particle size fractions (> 2
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were quantified at this location with an average of 97.78 +
101.28 MPs (1248.28 + 1451.22 items kg_1 D.W.), followed
by 85.47 + 33.28 MPs (588.53 + 132.51 items kg~! D.W.) in
sa Platgeta in 2020, and 71.49 + 21.48 MPs (800.89 + 19.79
items kg™! D.W.) found in 1’0116 in 2020.

A previous study assessing the accumulation rate of
MPs in sediments using combined radioisotope techniques
detected a lower but a continuous accumulation of MPs in
Cabrera MPA over time and reported values ranging from
68 to 362 MPs kg~! D.W. sediment collected from Santa
Maria (Dahl et al. 2021), and another study detected mean
values of 0.90 + 0.10 MPs g~! D.W. and 0.24 + 0.03 MPs
g‘1 D.W. also in Santa Maria (Alomar et al. 2016). In our
study, Santa Maria showed a mean value of 86.99 + 39.72
items kg~! D.W. sediment, meaning that in the present study,
the mean value of the MPs identified was intermediate-lower
than the results reported by Dahl et al. (2021) and Alomar
et al. (2016). Several observations can be made when com-
paring the findings of this study to those of other studies
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conducted in other worldwide regions. In samples collected
from estuaries located in the Caspian coast a general mean
value of 350.6 + 232.6 MP kg~! was found (Ghayebzadeh
et al. 2021), similar to the general 314.53 + 409.94 items
kg~! D.W. found in the present study. In Bohai bay, which
is connected to the North Yellow Sea through the Bohai
Strait and due to its geographical and oceanographic char-
acteristics, it can be expected to host higher abundances of
MPs than a MPA such as Cabrera National Park that showed
abundances ranging from 31.1 to 256.3 MPs kg~! D.W. sedi-
ment sampled (Dai et al. 2018), which are lower than those
reported in the present study. Lower abundances were also
detected in sediment samples collected from Andratx, a
coastal urbanized and populated area with a recreational port
highly exposed to anthropogenic activities located in Mal-
lorca, and where mean values of 0.16 + 0.09 MPs g~ D.W.
and 0.12 + 0.10 MPs g~! D.W. were found (Alomar et al.
2016). On the other hand, higher MP abundances in sedi-
ments were found in locations from the Spanish continental
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Table 3 Results of the generalized linear model considering sampling
location, predominant seafloor habitat, and total sampling depth as
coefficients. GLM, “*#*” p < 0.001, “**” p < 0.01, “*” p < 0.05,
“ p <0.1. The intercept tells us the estimated value of the response
variable when the continuous explanatory variables (total depth) have
a value of 0, and for reference groups in categorical variables (“Enci-
ola” regarding sampling location and “Rocky” regarding the predomi-
nant seafloor habitat)

Coefficients Estimate Std. error z value Pr(>lzl)
(Intercept) 4.96 0.62 7.96 1.77 e-15%**
Area: Es Burri 0.33 0.68 0.48 0.63
Area: Es Port 0.04 0.65 0.06 0.95
Area: Estells 0.16 0.67 0.24 0.81
Area: Santa Maria -0.7 0.71 —-0.99 0.92
Habitat: Sandy 1.03 0.51 2.02 0.04*
Habitat: Sandy and 0.08 0.61 0.13 0.90
rocky
Habitat: Seagrass -0.28 0.50 -0.57 0.57
Habitat: Seagrass and  —0.39 0.56 —-0.70 0.48
sandy
Depth 0.09 0.07 1.34 0.18

shelf with extreme values ranging from 8832 MPs kg~ in
Roquetas to 3819 MPs kg™' in Agua Amarga, both located
in the municipal area of Almeria, which is known as the
“plastic sea” due to the large area covered by greenhouses,
which could explain these high values (Dahl et al. 2021).
Regarding the general distribution of MPs in the sedi-
ments in Cabrera MPA, no differences were observed
between the sampled locations. We expected a heteroge-
neous distribution since the western Mediterranean Sea is
affected by several currents such as the Northern Current,
the Balearic Current, and the Algerian Current (Balbin
et al. 2014) and our samples were collected from locations
exposed to different wind, waves and currents directions and

with different coastline morphologies. With this scenario,
we expected a higher MP accumulation in samples col-
lected from southern locations such as Codolar dels Estells
or Estells as a consequence of a continuous transference of
floating marine litter to the area due to the influence of the
Algerian current (Suaria & Aliani 2014). In this sense, the
Algerian basin has one of the highest abundances of float-
ing debris in the Mediterranean Sea, as a consequence of
the presence of the shipping corridor and the high maritime
activity, among others (Suaria & Aliani 2014). In addition,
the low abundance of MPs observed in 2019 in locations
near the harbor area (es Port), such as es Calé des Forn, sa
Platgeta, or sa platgeta des Pages, is also in disagreement
with the expected due to this area being one of the most
crowded areas in Cabrera MPA. Despite the presence of
these currents, a backtracking simulation study performed
on the island of Mallorca calculated that 79% of the particles
released during the exercise originated from the Balearic
Islands, while only 21% were transported from other regions
of the western Mediterranean such as the northern African
coastline, France, and the Spanish Iberian coast (Compa
et al. 2020a). The input of marine debris from the surround-
ing islands could explain the absence of evidence of the
input of marine debris from the initially expected areas and
put the focus of attention on local currents of less strength
than the great currents of the western Mediterranean Sea.

Microplastic size fractions

The abundance of each MP size fraction showed statis-
tical differences according to years and locations (PER-
MANOVA, p < 0.05; Table 4, Fig. 4), with an abundance
of each MP size fraction from samples collected in the area
of Es Port (sa Platgeta, sa Platgeta des Pages, es cal6 de
ses Gilies, es cald des Forn, and s’Espalmador) statistically

Table 4 Summary of the results of the permutational multivariate analysis of variance (PERMANOVA) to analyze differences in microplastic
abundances in the different size fractions, and according to the shape of microplastics taking into consideration the following factors: sampling
year ('Year'), particle size fraction (‘'Fraction'), predominant seafloor habitat ('Habitat'), protection level applied ('Protection level'), site ('Area’),
and total sampling depth ('Depth'). Significant values are established at: 0 “***” (0.001 “**” (0.01 “*” 0.05 “.” 0.1 “” 1

Source of variation =~ MPs size fractions

Differences in the shape of the MPs

Df SumsOfSgs MeanSqs F.Model R? Pr(>F) SumsOfSgs MeanSqs F.Model R? Pr(>F)
Year 1 0.5914 0.5914 2.7094 0.069 0.01%* 4937 4.9374 22.9965 0.1265 0.001%**
Fraction 5 -- - - -- -- 3.448 0.6896 3.2118 0.0883  0.001%**
Habitat 4 0.8947 0.2238 1.0247 0.104 0.46 2.178 0.5444 2.5358 0.0558  0.002%*
Protection level 2 0.3007 0.1503 0.6887 0.035 0.80 0.608 0.3039 1.4153 0.0156 0.179
Area 3 1.1813 0.3938 1.0804 0.138  0.03* 3.172 0.2883 1.3429 0.0813 0.075.
Depth 1 0.1616 0.1616 0.7405 0.019 0.65 0.426 0.4262 1.9850 0.0109 0.103
Residuals 25 5.4572 0.2183 0.636 24.262 0.2147 0.6216
Total 36  8.5868 1.0 39.030 1.0

Signif. codes: 0 “*#*” 0.001 *“**” 0.01 “*” 0.05 “.” 0.1 “” 1
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Fig. 4. Boxplot of the mean
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Table 5 Pairwi i
uasi flz per magt\;/tlisoe nc&rr:)ﬁgs\(})zss Pairwise regarding total set of abundances of the different MP size fractions
on a distance matrix to analyze Enciola Es Burri Es Port Estells
differences between the total set Es Burr{ 0.056 - - -
o }’;‘b‘,md?m‘t’,s of F‘zle dti?;fﬁefgm Es Port 0.011 0.686 - -
size fractions identifie
at the different locations to Estells 1.000 0.153 0.057 B
analyze differences between Santa Maria 0.357 1.000 1.000 1.000
the total set of the shapes of the Pairwise regarding total set of shapes of the items identified at each of the particle size fractions studied
microplastics identified at the >2 2-1 1-0.5 05-025  0.25-0.125 0.125-0.063
different particle size fraction,
ifferent particle size fraction 0.125-0.063 0.155 i i ) i i
and to analyze differences
between the total set of the 0.25-0.125 0.058 0.950 - - - -
shapes of the microplastics 0.5-0.25 0.175 0.015 0.082 - - -
lde‘a“ﬁe(}il at‘).‘he dgfere_‘fli‘ 1-0.5 0428  0.137  0.181 1.000 . -
seafloor habitats. Significant
differences are highlighted in 2-1 0.863 0.051 0.042 1.000 1.000 -
bold Pairwise regarding total set of shapes of the items identified at the different habitats
Rocky Sandy Sandy and rocky Seagrass
Sandy 0.2532 - -
Sandy and rocky 1.000 1.000 - -
Seagrass 0.0045 0.0020 0.0045 -
Seagrass and sandy 1.000 1.000 1.000 0.0196

different to the abundance of each MP size fraction from
samples collected at Enciola (s’Avarador des Far) (pair-
wise, p < 0.05; Table 5), but not between seafloor habitat,
protection level applied, location, or total sampling depth
(PERMANOVA, p > 0.05). In general, the abundance of
MPs showed an increased trend from the highest particle
size fractions to the smallest particle size fractions (Fig. 4)

@ Springer

with the highest number of MPs identified in the smallest
particle size fraction (0.125-0.063 mm) with 395 items
identified and an overall mean value of 10.71 + 21.58 items
in this particle size fraction (Fig. 4), and the lowest number
of MPs identified in the higher particle size fraction (> 2
cm) with 10 items identified and an overall mean value
of 0.28 + 0.77 items in this particle size fraction (Fig. 4).
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Although prevailing winds, waves, tides, and currents are
the forces responsible for the vertical distribution and
transport of MPs in sediments (Sanchez-Vidal et al. 2021;
Veerasingam et al. 2021), the processes of MP deposition,
retention, and resuspension in sediments are complex and
still poorly understood making it difficult to comprehend
the distribution of each MP size fraction. The different
locations selected in the present study were characterized
by different sediments in terms of granulometry, and Es
Port and Enciola showed different predominant particle
size fraction as observed in the cluster analysis. In this
sense, locations from the area of Es Port had a predomi-
nance of the smaller particle size fraction, in comparison to
other locations such as those located in the area of Estells
where there is a predominance of the higher particle size
fraction. In this sense, the predominance of the smaller
particle size fraction may favor the rate of accumulation of
MPs in sediments. The higher accumulation rate of smaller
particles was previously detected in similar samples from
estuarine sediments (Enders et al. 2019) and from sandy
beach samples (Vermeiren et al. 2021). These results can
be associated to degradation processes of plastics that are
capable of generating a high number of MPs from a sin-
gle macroplastic. However, an unclear trend between the
particle size fraction and MP deposition was reported in a
previous study conducted in the seafloor areas of Cabrera
MPA, where MPs were always present in the higher par-
ticle size fractions from 0.5 to 2 mm, and when detected,
highest abundances were found in the smallest size fraction
(Alomar et al. 2016).

Furthermore, with respect to the shape of MPs identi-
fied with sizes ranging from 0.5 to 0.25 mm, they were
statistically different compared to the shapes of MPs with
sizes ranging from 0.125 to 0. 063 mm (pairwise, p < 0.05;
Table 5). The percentages of fibers were equal or higher to
50% of the items identified in all the particle size fractions,
lower than in the very coarse sand (2 to 1 mm); were fibers
made up 25% of the total items identified (Fig. 7a). Differ-
ences regarding the abundance of each type of shape iden-
tified regarding the MP size fraction suggest an unequal
degradation process of the different polymers depending
on their shapes. For example, Styrofoam particles were
only identified with sizes ranging from 2 to 1 mm, and
filaments were only observed in sizes ranging from 0.5 to
0.25 mm. This result highlights the ubiquity of small fib-
ers (ranging from 0.25 to 0.065 mm) within the sediments
from Cabrera MPA. The ubiquity of fibers has previously
been reported at different depths of the water column along
the Spanish Mediterranean coast in the western Mediter-
ranean Sea, and although higher abundances were reported
near the sea surface (at 5 m depth) and showed a decrease
in the water column, the presence of fibers was observed
at all sampling depths studied (Rios-Fuster et al. 2022b).

Differences between sampling years

The abundances of MPs differed between the two sampling
years with higher values in 2020. In 2019, higher abun-
dances of MPs with sizes ranging from 1 to 0.25 mm were
observed, while in 2020, the MP abundances gradually
increased from the higher particle size fraction (> 2 mm)
to the residual particle size fraction (< 0.063 mm) (Fig. 4).
Regarding the shapes of the items identified, 70% of the
MPs collected were fibers and the second most common
items were fragments (21%) followed by films (3.7%). Of
these items, in 2019, 89% of the items were fibers while in
2020, fibers decreased to 57% of the total amount of identi-
fied items while fragments were the second most common
shape comprising 30% of the identified items. Locations
from the harbor area (es Port) showed higher abundances
of MPs in 2020 than in 2019. The differences between years
suggest that some meteorological event could have occurred
that caused a greater input of MPs to the coasts of Cabrera,
and that due to the characteristics of the coast, with several
enclosed bays with low hydrodynamics, MPs got trapped
in the surrounding waters. Additionally, it should be taken
into account that the second sampling survey was carried
out during the pandemic restrictions (COVID-19) and that
the parks' cleaning tasks were affected causing a greater
accumulation of macroplastics. In this sense, the effective
removal of macro-marine debris would reduce the genera-
tion of MPs sunken into the sediment since it will avoid the
degradation of macroplastics into MPs. In addition, mitiga-
tion measures are more effective with macro-marine debris
rather than with micro-marine debris, as larger items are
easier to detect and remove than microparticles. However,
comparing 2 years of data has several gaps such as the dif-
ficulty to correlate any difference observed with external
factors. For example, it is not possible to clarify if a higher
abundance is a consequence of a punctual event, and a long-
term monitoring is advisable in order to detect temporal fluc-
tuations and to understand the factors affecting to them.

External factors under study
Influence of the predominant seafloor habitat

The abundance of MPs at the different locations was statisti-
cally different between habitats (GLM, AIC = 506.88, p <
0.05; Table 3). A heterogenic abundance of MPs according
to the predominant seafloor habitat was observed being the
sandy habitat where the highest abundances of MPs were
found with a total of 610 identified items and a mean value
of 630.80 + 636.87 items kg~! D.W., followed by sam-
ples collected in rocky habitats with a total of 237 identi-
fied items and a mean value of 218.10 + 221.14 items kg™
D.W. (Fig. 5). In general, the lower values were located
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in samples were seagrass and sand predominate with 87
items identified and a mean value of 136.79 + 156.33 items
kg~! D.W. (Fig. 5). A heterogenic abundance of MPs was
observed according to the predominant seafloor habitat
being the sandy habitat from samples collected in 2020
where the highest abundances of MPs were found with a
total of 610 items identified and a mean value of 630.80 +
636.87 items kg~! D.W., followed by samples collected in
seafloor habitats in which predominates both seagrass and
sand with a mean value of 444.64 + NA items kg~' D.W.
(Fig. 5). In general, the lower values were located in 2019
in the seagrass and sandy predominant seafloor habitat and
the rocky predominant seafloor habitat with mean values
ranging from 34.31 + NA to 292.69 + 325.56 items kg™
D.W.,, respectively (Fig. 5). No samples from locations
were the predominant seafloor habitat was composed by
seagrass were collected in 2020 (Fig. 5).

The shape of the MP was statistically different between
years, particle size fraction, and predominant seafloor habi-
tat (PERMANOVA, p < 0.05; Table 4), but not between
sampling locations and total depth (PERMANOVA, p >
0.05). The mixed habitat of seagrass and sand had the lowest
percentage of fibers, with only 30% of fibers and approxi-
mately 70% of fragments (Fig. 7b). In seagrass and rocky
seafloor habitats, 99% and 90% of the items, respectively,
were fibers (Fig. 7b). The shape of the items identified in
the seagrass habitats was statistically different from the
shape of the items identified in the other habitats (pairwise
p < 0.05; Table 5), where more heterogenic shapes were
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identified. Furthermore, seafloor habitats composed of a
mixture of seagrass and sand have the highest percentage
of fragments, and seafloor habitats composed of a mixture
of sand and rocks have the highest percentage of films com-
pared to the other habitats. This fact can be explained by
the phenomenon mentioned above that exposes the ability
of some vegetal species such as Posidonia oceanica to trap
MPs generating aegagropilaes jointly with the lignocellu-
losic debris of P. oceanica which under extreme meteoro-
logical conditions are washed ashore, reducing the presence
of these particles in the water environment (Sanchez-Vidal
et al. 2021). In addition to the presence of relevant species
such as P. oceanica, some benthic species inhabiting the area
such as sea cucumbers can alter the distribution of MPs in
marine sediments as a consequence of the high ingestion of
MPs and the consequent accumulation of these particles due
to its non-selective feeding behavior (Compa et al. 2022a;
Rios-Fuster et al. 2022a).

In our study, sandy seafloors have been detected to
accumulate the highest abundances of MPs in Cabrera
MPA in contradistinction to the study performed in
the Florida Keys where a higher MP mean abundance in
seagrass beds was detected in comparison to the adjacent
sand flats (Plee & Pomory 2020). Regarding the role of
the seafloor environment in the fate of MPs in sediments
reported in other studies, specific habitat characteristics
have been reported to promote MP accumulation in sedi-
ments (Huang et al. 2020; Esiukova et al. 2021; Sanchez-
Vidal et al. 2021). A previous study detected that MP
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abundances are higher within a factor of 2.9 in seagrass
meadows than in non-vegetated areas (Huang et al. 2020),
possibly due to the reduction of the flow as a consequence
of the presence of the vegetation that can generate areas
of accumulation of marine debris (Sanchez-Vidal et al.
2021). In addition, other study reported that dry algae
mass samples showed MPs abundances with one order
of magnitude higher than sand samples (Esiukova et al.
2021). All these studies suggest that seagrass meadows
and algae have the ability to trap MPs with the potential
effects to the general functioning of the related ecosys-
tems (Bonanno & Orlando-Bonaca 2020) like the reported
physical, physiological, and genetical effects in primary
producers such as microalgae (Lagarde et al. 2016; Zhang
et al. 2017; Wang et al. 2019).

The presence of MPs in the different habitats can affect
organisms associated to the seafloor as MPs located within
the sediment became easier available for epibenthic spe-
cies, such as the lugworm Arenicola marina in which the
ingestion of MP has already been reported (Besseling et al.
2013); meanwhile, MPs present at deeper layers of sedi-
ments became more available to species inhabiting the
sediment such as the bivalve Scrobicularia plana or the
ragworm Hediste diversicolor in which the ingestion of
MP has also already been reported (Ribeiro et al. 2017;
Silva et al. 2020). In this sense, MPs can affect differently
according to their physical characteristics, and survival
rates of the adult daggerblade grass shrimp (Palaemon-
etes pugio) towards MPs ingestion has been detected to

be affected by the size and the shape of the MPs (Gray &
Weinstein 2017). Different zooplankton species showed
a MP shape preference and this was explained by the dif-
ferent feeding behaviors performed by these species since
Calanus helgolandicus as a suspension feeder ingested
significantly more fragments than fibers and beads, Acar-
tia tonsa an ambush feeder ingested significantly more
fibers, and Homarus gammarus larvae, also an ambush
feeder, more beads (Botterell et al. 2020). In addition, all
individuals analyzed from Cabrera MPA of Holothuria
tubulosa, Holothuria poli, and Holothuria forskali showed
a high MP ingestion with the 100% of the individuals
showing MPs, mainly fibers, in their gastrointestinal tract
(Rios-Fuster et al. 2022a).

The effect of the protection level applied

Different levels of protection did not affect the abundances
of MPs in Cabrera MPA as no statistical differences were
observed between sampling locations with respect to the
restrictions applied (Table 4; Fig. 6). There was an increase in
MP abundances from locations in which the nighttime anchor-
ing is allowed in 2020 with a mean value of 918.40 + 923.56
items kg=! D.W. A previous study assessing marine debris
distribution in Cabrera MPA with underwater scuba diving
surveys reported no differences of macro-marine debris abun-
dances between areas with different protection status neither
for the average number of marine debris nor for the weight of
marine debris (Compa et al. 2022b). As sediments represent

Fig.6 Boxplot of the items per 2019 2020
kilogram (items kg~' D.W.) v
identified at each protection 22001
level according to the sampling 2100
year 2000+
1000
z
fa)
> .
22 .
2
o
£
&
= 5001
I_I_\
I—'_I
N |
S . N peS -
ot 0 e pmx\\b“‘?‘3 “0‘\(9‘3“ o™ me\\o\\e"
e e “d\o“ a‘\\‘\“g e 2 (\d\o“ a\\'\(\g
a"“‘“ e S Dm\\m x\\'\(“e 2 ®
0! )

Protection level

@ Springer



49886

Environmental Science and Pollution Research (2023) 30:49875-49888

100%

75%

®

50%

Percentage (%)

25%

0%

B Fioer
[ Filament
Film

Fragment
I other
B stroroam

o

S
o B

& a“&

Fraction sieve (mm)

&
R

e
2®
NGl

20o®

Habitat Protection level

Fig.7 Stacked barplot representing the percentage of each microplastic shape (fiber, filament, film, fragment, Styrofoam, and other) identi-

fied according to each sediment fraction, habitat, and protection level

a potential final fate of MPs in the marine environment, MPs
found in sediments from Cabrera MPA could be the result
of continuous input from other areas. Our results confirm
the transference of MPs from urban to protected areas most
probably as a consequence of oceanographic currents. Addi-
tionally, we can suggest that the restrictions applied are not
enough to avoid the accumulation of MPs in sediments from
a MPA since the accumulation of these particles is ubiquity
along the shallow sediments with different protection levels
applied, and reinforce the idea of the requirement to toughen
the mitigation measures.

Regarding the shape of the items identified, more than
85% of the items identified in locations in which only day-
time anchoring is permitted and also in which sailing is
prohibited were fibers (Fig. 7¢). In locations in which the
nighttime anchoring is allowed, the percentage of fibers was
approximately 70% of the total items identified, followed by
a 20% of fragments (Fig. 7c). As previously suggested, the
higher anthropogenic impact performed in those areas where
the nighttime anchoring is allowed can be affecting the gen-
eral input of fragments to the environment, suggesting the
requirement of stronger mitigation measures in the park.

Conclusions

The present study demonstrates the ubiquity of MPs in shal-
low sediments from the Archipelago of Cabrera, a MPA from
the western Mediterranean Sea. Cabrera MPA has a hetero-
genic diversity in terms of sediment granulometry that can
be altering the deposition rate of MPs in seafloor areas. In

@ Springer

addition, results from the present study highlight that the
diversity of the seafloor is able to modulate the presence of
MPs in the marine environments in both, general abundances,
being sandy habitats those in which higher abundances of
MPs are found, and in the shape of the items present, being
habitats with predominance of seagrass those in which almost
the totality of the items identified are fibers, in contraposi-
tion to the other habitat types in which different shapes are
identified. Additionally, results suggest that the shapes of the
MPs are represented differently according to particle size frac-
tion, being fibers with sizes within the smaller size fraction
detected in a higher proportion, and the other shapes such
as fragments, filaments, and films, only being present in
the intermediate sizes range.
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