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Abstract: Marine litter can end up deposited on sandy beaches and become entangled in the natural
wrack, threatening its roles in ecosystems. However, it is currently unknown whether the storage of
both artificial and natural accumulations on sandy beaches is correlated. Here, we quantified and
compared, by first time, the litter and natural wrack on five sandy beaches in the north of Portugal.
Results showed that the amount of marine litter and natural wrack were not correlated. Most of the
sandy beaches had more litter than wrack and both artificial and natural accumulations disclosed
high spatio-temporal variability. In summer, annual and opportunistic macroalgae dominated the
wrack, while the litter was mainly formed by cigarette butts and leftover food. In winter, perennial
taxa were more abundant in the wrack and plastics from mussel farming and cotton bud sticks
dominated the litter. The macroalga Fucus spp., plastic pieces and materials from fishing were
frequent in both periods. This study confirms that, currently, more litter than natural wrack reaches
the Northern Portuguese sandy beaches, evidencing the need to take urgent measures against this
contamination. Future management measures should consider this spatio-temporal variability to
quantify both depositions.

Keywords: macroalgae; seagrasses; litter; plastics; Portuguese coasts; NW Iberian Peninsula; Atlantic
Ocean; marine conservation

1. Introduction

Large amounts of dislodged macroalgae and seagrasses accumulate on beaches, fulfilling numerous
ecological functions [1,2]. Among others, these depositions, known as wrack, protect coasts from
erosion, act as refuge for numerous intertidal invertebrates and are sources of food and nutrients for
marine ecosystems [3,4]. However, nowadays, macroalgae and seagrasses are not the only items that
end up accumulated on sandy beaches. In recent decades, high amounts of marine litter are deposited
on the sand, becoming entangled in the natural wrack and altering its services to nearby ecosystems [5,6].
However, up to now, just one study has assessed both artificial and natural accumulations on sandy
beaches [5].

Marine litter can be indirectly introduced on beaches by rivers, storms, winds, or sewages systems,
but it can also be directly deposited by tourism, fishing, or recreational activities [7]. Most of the litter
that arrives to the shorelines is plastic and is mainly deposited on the beaches close to population
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centres, but it also occurs in more remote areas [8–11]. Besides plastics, other materials such as wood,
metals, glass, rubber, clothing or paper also frequently accumulated on the coasts. Marine litter can be
deposited upon the seabed or can be incorporated and trapped under the sand, which complicates
its quantification and removal [12,13]. This litter can also become entangled in fauna and flora or
can be ingested by marine organisms [14,15]. Marine litter is also transported by ocean currents for
substantial periods of time therefore increasing the potential for invasions of alien species, which is
one of the major threats of coastal ecosystems [16].

In addition to environmental impacts, marine litter can negatively influence beach aesthetic and
increases pollution, affecting humans at economic, social, and health levels [17,18]. Such is the concern
for this type of pollution that the United Nations urges to prevent and reduce marine litter by 2025
(Target 14.1) as part of the Decade of Ocean Science for Sustainable Development (2021–2030). In this
framework, the monitoring and quantification of marine litter is essential to determine the baseline
data in the environment, to adopt effective management and mitigation measures along the coasts
and to evaluate the main sources and activities which are causing this problem [19]. This information
allows us to detect future changes in the quantity of marine litter, determining a ‘standing stock’ that
can help political and management interventions [20].

The proximity of the source of marine litter, local hydrodynamics, social and economic factors
(i.e., policy, education, tourism or other anthropogenic activities), can influence the accumulation of
marine litter on beaches [21–23]. Since environmental conditions and anthropogenic activities, such as
fishing and tourism, often occur seasonally, the accumulation of marine litter can also vary over time.
Similarly, natural wrack deposits on beaches are extremely variable around the world (i.e., [3,24–27]).
Natural wrack accumulations can be influenced by the physical environment and oceanographic
conditions that promote wrack arrival near coasts and upon beaches [28], but also by the life cycles,
composition, and buoyancy of the species that compose it [29,30]. Therefore, a sampling design
that simultaneously includes the quantification of marine litter and wrack and their spatio-temporal
variability could provide us useful information on the ecological status of the beaches and the potential
relationship between both artificial and natural accumulations.

The objective of this study is to determine the composition and abundance of natural wrack
and marine litter of five sandy beaches in the north of Portugal in two different dates to know their
spatio-temporal variability and to explore a potential correlation between both artificial and natural
accumulations. To do this, accumulations of natural wrack and marine litter were collected, identified,
counted, and weighted across two different seasons to identify their spatio-temporal variability.

2. Materials and Methods

2.1. Study Area

Natural wrack and marine litter accumulations were collected on five beaches in northern Portugal
during the summer and winter of 2019–2020 (Figure 1). These five beaches were selected based
on criteria proposed by OSPAR, (2010) [31]: they were composed of sand, exposed to the open sea,
accessible all the year, measured between 100 m and 1 km of length, were free of any constructed
buildings and, to our knowledge, they were not subjected to any other litter collection activities. All the
beaches were orientated to the westerly direction.

Before each sampling, beach slope was determined by Emery’s profiling technique [32]. Beaches
showed different profiles between summer and winter (Figure S1). In summer, the beaches accumulated
sediment on the foreshore, shortening the distance between the step and the berm of the beaches.
However, in winter, the berms were eroded and decreased in height, forming beaches with a steeper
slope and less undulation than during summer, except in Cabedelo, whose slope was more pronounced
in summer (Figure S1). Sediments were predominantly composed by medium and coarse sand ranging
between moderately well sorted and very well sorted (Table S1).
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Figure 1. Map of the north Portuguese coast showing location of the five studied beaches for the
surveys of marine litter and natural wrack.

2.2. Collection of Marine Litter and Natural Wrack

Natural wrack and marine litter (both of >5 mm in size) were collected along three random
transects parallel to the coast line (33.3 m) from the low tide water level to the backshore, making a
total of 100 m of length on each beach. Transect width was about 50 m. Collections were done during
low tide periods. The litter and natural wrack of each transect and beach was separated into bags
and transported to the laboratory, where it was cleaned, classified and dried at 60 ◦C until it lost all
the water content (in the case of litter) or reached a constant weight (in the case of natural wrack).
Heat-sensitive materials of litter were dried in the open air.

Marine litter was classified following the OSPAR (2010) recommendations for surveys of 100 m
transect [31]. The natural wrack of each transect was classified to species level where possible, but
many of the macrophytes were degraded, so in those cases they were identified to the lowest taxonomic
level possible. Additionally, the percentage of the wrack and marine litter were calculated per transect
within each beach. To do this, the percent contribution of each litter material according to OSPAR
(2010) (i.e., plastic/polystyrene, rubber, cloth, paper/cardboard, wood, metal, glass, pottery/ceramics,
sanitary waste, medical waste, feces, and other pollutants) [31] and major wrack taxa (i.e., Seagrasses,
Heterokontophyta, Rhodophyta, and Chlorophyta) were determined.

2.3. Data Analyses

Marine litter and natural wrack data were analysed using univariate and multivariate techniques
to test if examined response variables differed across the studied sandy beaches (i.e., spatial variability)
on the two sampled dates (i.e., temporal variability). For marine litter, univariate analyses of variance
(ANOVA) tests were used to identify the significant differences on the percentage contribution of
marine litter materials, number of litter items, litter weight and marine litter diversity based on OSPAR
categories. For natural wrack, significant differences on the percentage contribution of the major taxa,
total biomass and natural wrack diversity, were also explored with ANOVA. These analyses were based
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on a two-way model with Beach as an orthogonal fixed factor with five levels (i.e., Moledo, Âncora,
Cabedelo, Paramos and São Pedro de Maceda) and Date as an orthogonal random factor with two
levels (date 1 in summer and date 2 in winter). Cochran’s C tests were previously done to check for
homogeneity of variances, and when tests were significant (p < 0.05), data were transformed to remove
the heterogeneity. When data did not meet the assumptions of homogeneity, untransformed data were
left but applying a stricter significance level of p < 0.01 [33]. Whenever ANOVA showed significant
differences, a post-hoc Student–Newman–Keuls (SNK) test was done to explore the differences among
all pairs of levels of the term of interest.

Permutational multivariate analysis of variance (PERMANOVA) [34] based on untransformed
data using Bray-Curtis similarities to explore differences on the multivariate data of the assemblages
of natural wrack biomass and marine litter (i.e., based on the weight and on the number of items
of the OSPAR categories). The experimental design of the PERMANOVA was the same as the
aforementioned for the ANOVA analyses. When PERMANOVA showed significant differences
(P < 0.05), a pair-wise comparison (999 permutations) was done to explore the differences among all
pairs of levels of the selected factor. To test whether differences between beaches and dates were due to
different multivariate dispersion among groups rather than in the location of centroids, the PERMDISP
procedure was done [35]. Multivariate patterns were illustrated by non-metric multidimensional
scaling (nMDS) ordination.

The SIMPER procedure [36] was used to determine the percentage contribution (δi%) of the
different taxa or OSPAR categories which composed the natural wrack and marine litter across beaches
and dates to the Bray-Curtis dissimilarity (δi). A wrack taxa or OSPAR category of marine litter was
considered important if its contribution to total percentage of dissimilarity was ≥3%. The δi/SD(δi)
ratio was used to quantify the consistency of the contribution of a particular wrack taxa or OSPAR
category to the average dissimilarity in all pair-wise comparisons of samples across beaches and
dates. Values ≥ 1 indicated a high degree of consistency and thus a reliable indicator of wrack or
litter accumulations. Finally, to analyse the possible correlation between the natural wrack biomass
and marine litter weight and between the number of marine litter items and their weight, similitude
between the correlation matrixes based on the previous pairs of variables were analysed using the
RELATE function [37,38].

3. Results

3.1. Composition and Quantification of the Natural Wrack

No significant differences across beaches and dates were detected for major taxa (Table S2).
However, ANOVA analyses showed significant differences in the total biomass and diversity of the
natural wrack for the interaction between the factors beach and date (Table 1). In summer, the total
biomass of natural wrack on the five study beaches was double of that found in winter (Figure 2A).
Nevertheless, there was a large amount of variation between beaches and dates in the biomass and
diversity of wrack taxa (Figure 3A,B). For the summer date only Moledo had significantly greater
values than the rest of the beaches but in winter, Cabedelo had significantly greater values of wrack
biomass (Figure 3A). In summer, Moledo had significantly greater diversity of wrack, while in winter,
no significant differences were detected among beaches (Figure 3B).

PERMANOVA analyses also showed a significant interaction between the factors beach and date
for the structure of the natural wrack assemblage (Tables 2 and 3, Figure 4A). PERMDISP analyses
showed that these differences were due to the distance of the centroids rather than data dispersion
(F9,20 = 4.21; P = 0.239). In summer, the structure of natural wrack assemblage in Modelo was
significantly different to the remaining beaches, mainly because of the greater abundance of Saccorhiza
polyschides (Lightfoot) Batters 1902 (Table 3 and Table S3, Figure 5A). Moreover, the natural wrack
assemblage of Cabedelo was also significantly different to that of São Pedro de Maceda, because
of greater abundance of Fucus spp. (Table 3 and Table S3, Figure 5A). In winter, the natural wrack
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assemblage was very variable among beaches (Table 3, Figure 5A). The main taxa responsible for these
differences were Fucus spp. (with high abundance in Cabedelo) and Ascophyllum nodosum (Linnaeus)
Le Jolis 1863 (more abundant in Âncora than in Paramos; Table S3).

Table 1. Results of the two-way ANOVA analyses of the effects of the beach (Moledo, Âncora, Cabedelo,
Paramos and São Pedro de Maceda) and date of collection (summer and winter) on biomass and
diversity of natural wrack and on the diversity of OSPAR categories, weight and number of items of
marine litter. Significant differences among treatments are highlighted in bold (p < 0.01).

Variable
Two-Way ANOVA

Source of
Variation DF MS F p-Value

Natural Wrack Biomass Beach (B) 4 8.315 1.2 0.433
*Ln(x + 1) transformed Date (D) 1 29.4 46.75 0.001

B x D 4 6.954 11.06 0.001
Residual 20 0.629

Natural Wrack Diversity Beach (B) 4 38.03 0.41 0.793
Date (D) 1 496.1 58.6 0.001

B x D 4 91.97 10.86 0.001
Residual 20 8.467

Marine Litter Diversity Beach (B) 4 222.5 1.56 0.339
Date (D) 1 0 0 F = 0

B x D 4 142.8 8.69 0.001
Residual 20 16.43

Weight of Marine Litter Beach (B) 4 9.538 1.73 0.305
*Ln(x) transformed Date (D) 1 3.053 2.24 0.15

B x D 4 5.518 4.05 0.015
Residual 20 1.363

No. of Items of Marine Litter Beach (B) 4 8.317 2 0.259
*Ln(x) transformed Date (D) 1 1.835 8.77 0.008

B x D 4 4.155 19.85 0.001
Residual 20 0.209

Figure 2. Average of the total weight of natural wrack and marine litter per date (A) (mean ± SE; n = 5)
and percentage of natural wrack (green) and marine litter (black) with respect to the overall weight of
both accumulations over the study period (B).
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Figure 3. Averages per transect (mean + SE) of the total biomass of the natural wrack (A), natural
wrack diversity (B), marine litter diversity (C), weight (D) and number of items (E) of marine litter on
each beach in the North of Portugal in summer of 2019 (white) and in winter of 2020 (black). Natural
wrack biomass were Ln(x + 1) transformed and weight and items of marine litter were transformed to
Ln(x). Different letters indicate significant differences (p < 0.01) among beaches in summer (lowercase
letters) and winter (capital letters).

Table 2. PERMANOVA results of the effects of the beach (Moledo, Âncora, Cabedelo, Paramos and
São Pedro de Maceda) and dates (summer and winter) on the multivariate data of natural wrack
assemblages (based on taxa biomass) and assemblages of marine litter based on weight and items of
OSPAR categories. Significant differences are highlighted in bold (p < 0.01).

Natural Wrack
Assemblage

Marine Litter Assemblage
Based on Weight

Marine Litter Assemblage
Based on Items

Source of
Variation d.f. MS F P MS F P MS F P

Beach (B) 4 9156 1.59 0.114 6301 1.26 0.212 7464 1.29 0.266
Date (D) 1 17,574 14.77 0.001 7280 2.44 0.004 11,369 8.91 0.001

B × D 4 5771 4.85 0.001 5017 1.68 0.002 5797.9 4.55 0.001
Residual 20 1190 2985 1275.7
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Table 3. Multivariate pair-wise comparison of wrack assemblages and marine litter for the term Beach
× Date. Significant differences are highlighted in bold (p < 0.01).

Variable Date Beach Moledo Âncora Cabedelo Paramos São Pedro
de Maceda

Assemblage of
natural wrack
biomass

Summer

Moledo 1 0.035 0.008 0.004 0.003
Âncora 1 0.06 0.128 0.095
Cabedelo 1 0.051 0.018
Paramos 1 0.237
São Pedro de Maceda 1

Winter

Moledo 1 0.041 0.014 0.167 0.363
Âncora 1 0.007 0.113 0.002
Cabedelo 1 0.001 0.001
Paramos 1 0.028
São Pedro de Maceda 1

Assemblage of
marine litter
based on
weight

Summer

Moledo 1 0.383 0.138 0.099 0.271
Âncora 1 0.125 0.08 0.268
Cabedelo 1 0.038 0.177
Paramos 1 0.046
São Pedro de Maceda 1

Winter

Moledo 1 0.051 0.042 0.081 0.153
Âncora 1 0.33 0.091 0.038
Cabedelo 1 0.05 0.021
Paramos 1 0.147
São Pedro de Maceda 1

Assemblage of
marine litter
based on items

Summer

Moledo 1 0.25 0.098 0.057 0.205
Âncora 1 0.008 0.005 0.041
Cabedelo 1 0.087 0.032
Paramos 1 0.027
São Pedro de Maceda 1

Winter
Moledo 1 0.009 0.006 0.015 0.035
Âncora 1 0.049 0.036 0.004

Figure 4. Non-metric multidimensional scaling ordination (nMDS) averaged per beach and by date
of the natural wrack assemblage based on species’ biomasses (A) and assemblages of marine litter
based on weight (B) and items (C) obtained per transect on each beach of the North of Portugal in
the summer of 2019 (white) and in the winter of 2020 (black). Âncora (upward triangles), Moledo
(downward triangles), Cabedelo (circles), Paramos (squares) and São Pedro de Maceda (rhombuses).
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Figure 5. Total biomass and main taxa which composed the natural wrack classified at the lower level
of aggregation (A) and weight (B) and number of items (C) of the main OSPAR categories which formed
the marine litter on each beach of the North of Portugal in the summer of 2019 and in the winter of 2020.

3.2. Marine Litter

3.2.1. Percentage of Abundance of the Marine Litter Materials and Diversity of OSPAR Categories

The percentages of abundance of the marine litter materials did not show significant differences
in both dates and beaches (Table S2). The most abundant material was ‘plastic/polystyrene’, the
second was ‘sanitary waste’ and the third was ‘paper/cardboard’. However, the diversity of OSPAR
categories included in the marine litter showed significant differences for the interaction of both
tested factors (Table 1, Figure 3C). In summer, Paramos and São Pedro de Maceda had significantly
greater diversity of OSPAR categories than Âncora and Moledo, but similar values when compared to
Cabedelo (Figure 3C). In winter, the beaches that showed the highest diversity of OSPAR categories
were Cabedelo and Âncora. Moreover, the beach of Paramos showed significantly greater diversity of
OSPAR categories than São Pedro de Maceda (Figure 3C).

3.2.2. Weight of Marine Litter

In winter, the total weight of marine litter was four times greater than in summer (Figure 2A).
The weight of marine litter per transect showed significant differences for the interaction of both tested
factors (Table 1). In summer, Paramos significantly exceeded the litter weight of São Pedro de Maceda,
but obtained similar values to the rest of the beaches (Figure 3D). In winter, the weight of the marine
litter of Cabedelo and Âncora was significantly greater than in Moledo and São Pedro de Maceda, but
similar to Paramos (Table 1, Figure 3D).

The PERMANOVA analyses showed a significant interaction between beach and date for the
assemblage of marine litter based on weight (Tables 2 and 3, Figure 4B). PERMDISP analyses showed
that these differences were due to the distance of the centroids rather than data dispersion (F9,20 = 4.8;



J. Mar. Sci. Eng. 2020, 8, 966 9 of 15

P = 0.1). During the summer, the structure of the assemblage of marine litter based on weight was
very variable among beaches, especially in Paramos, Cabedelo and São Pedro de Maceda (Table 3).
The differences among these three beaches were mainly due to a greater weight of the OSPAR categories
‘rope (diameter more than 1 cm)’, ‘plastic/polystyrene pieces 2.5–50 cm’ and ‘tangled net/cord/rope
and string’ in Paramos compared with the other beaches (Figure 5B, Table S3). In winter, the structure
of the assemblage of marine litter based on weight also was very variable among beaches (Table 3).
This variability was mainly caused by a greater weight in Cabedelo than in Moledo and São Pedro de
Maceda of the categories ‘plastic/polystyrene pieces 2.5–50 cm’, ‘string and cord (diameter less than
1 cm)’ and ‘plastic/polystyrene pieces 0–2.5 cm’ (Figure 5B, Table S3).

The proportion of marine litter collected throughout the study was almost four times higher
than that of natural wrack (Figure 2B) but the weight of marine litter did not show any significant
correlation with the total biomass of natural wrack (p = 0.07; rho = 0.11). The total amount of marine
litter collected in summer weighted slightly more than the total amount of natural wrack, but some
of the beaches accumulated more wrack than litter in summer (Figure 2A, Figure 5A,B). In contrast,
in winter, all the studied beaches accumulated more weight of marine litter than of natural wrack
(Figure 2A, Figure 5A,B).

3.2.3. Items of Marine Litter

We collected four times more items of marine litter in winter (7.936 ± 5.281 items m−1) than
in summer (1.910 ± 0.659 items m−1). The number of litter items per transect showed significant
differences for the interaction between beach and date (Table 1). In summer, Paramos and Cabedelo
showed a significantly greater number of items than the remaining beaches but in winter, Cabedelo
showed the highest number of litter items (Table 1, Figure 3E).

The PERMANOVA analyses showed a significant interaction between beaches and dates for
the assemblage of marine litter based on items (Tables 2 and 3, Figure 4C). PERMDISP analyses
showed that these differences were due to the distance of the centroids not due to data dispersion
(F9,20 = 3.65; P = 0.35). In summer, the structure of the assemblage of marine litter based on items
found in Âncora was significantly different to that obtained in São Pedro de Maceda, Paramos and
Cabedelo (Table 3; Figure 5C). These differences were mainly due to Âncora showed a lower number
of items of the categories ‘plastic/polystyrene pieces 0–2.5 cm’, ‘string and cord (diameter less than
1 cm)’ and ‘fishing line (angling)’ than Cabedelo and Paramos (Table S3, Figure 5C). In winter, Moledo
showed a lower number of items for all the OSPAR categories than the rest of the beaches (Table S3;
Figure 5C). The assemblage of marine litter based on weight was significantly positively correlated
with the assemblage of marine litter based on the number of items (p = 0.001, rho = 0.611).

4. Discussion

This study demonstrated that the quantity of marine litter that reaches the northern sandy beaches
of Portugal is much greater than the amount of natural wrack that accumulates on the shoreline.
Both natural wrack and marine litter accumulations had high variation that depended on the particular
beach sampled. Although natural wrack depositions were greater in summer, the accumulation
of marine litter was more intensive in winter. However, some beaches showed the inverse trend.
These results indicate that, as well as other factors such as meteorological conditions and natural life
cycle of the wrack species, the geomorphodynamics of the beaches could play an important role in the
storage of marine litter and natural wrack on sandy beaches.

During the summer, the beaches of the north of Portugal suffer sedimentation and the sand end
up accumulating along the foreshore as a high berm (as shown in Figure S1). Contrarily, in winter,
erosion due to waves and adverse meteorological conditions flatten the berm of the sandy beaches.
These morphodynamic changes could result in natural and anthropogenic materials that are deposited
on the beaches remaining buried under the sand in summer, and in winter, they being uncovered due
to erosion. While the natural wrack degrades over time [30,39], marine litter can persist intact under
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the sand for months or years [9,40] which could explain the highest amount of litter obtained in our
study during the winter. This matches with the results obtained in previous studies from the North
Atlantic, in which marine litter accumulations were also greater in the winter months [41,42]. Moreover,
the presence of macroalgal species in the natural wrack of the winter that are usually frequent during
the summer (i.e., S. polychisdes) reinforces our explanation that the beach morphodynamics could play
an important role in the accumulation of both depositions. Nevertheless, the biomass of the natural
wrack and the weight of marine litter were not statistically correlated in our study, which suggests
different mechanisms of accumulation for these kinds of depositions on sandy beaches (e.g., temporal
differences in the supply dynamics, different depositional behaviour).

Other factors, such as recruitment strategies of the taxa found within the wrack, could also
influence the accumulation on sandy beaches. For instance, S. polyschides was one of the most abundant
species of the natural wrack in summer, together with the biennial Himanthalia elongata (Linnaeus)
S.F. Gray 1821, the pseudoperennial Sargassum muticum (Yendo) Fensholt 1955 or the opportunistic
Ulva spp. These macroalgal taxa are characterized by having sustained active growth in spring and
summer, reaching maximal size and reproductive stage very quickly during these periods [27,43–48].
This greater biological development during summer means that the reproductive or vegetative branches
of these species may be detached by waves and currents, then accumulating in the natural wrack.
Nevertheless, after the summer, these macroalgal species usually decay as it is an unfavourable period
in terms of nutrition so they cannot cope with that level of extensive growth over the long-term [49].
In contrast, perennial macroalgae are slow-growth species which develop large nutrient stored pools
during the winter, allowing them to survive better in the winter months [47,49]. This explains the
dominance of Fucus spp. A. nodosum and Cystoseira spp. in the natural wrack during the winter in
our study.

In concordance with previous studies, our results showed a high temporal and spatial variability
in the diversity and quantity of natural wrack on sandy beaches [4,30,50–52]. No study was found
in the literature that allowed us to compare the composition of natural wrack taxa in our study with
other Portuguese beaches. However, our results coincide with other studies in Galician beaches, which
obtained a similar number of taxa annually and also showed high abundance of the taxa S. polyschides,
Fucus spp., S. muticum and Ulva spp. [50,53]. Despite the fact that the quantity of natural wrack
per beach in the North of Portugal was generally much lower than those found in Galicia, the taxa
Fucus spp., S. polyschides and A. nodosum were more abundant in the north of Portugal. In addition
to recruitment strategies, morphological adaptations of the natural wrack species can also influence
such spatio-temporal variability. For instance, the drifting of the invasive alga S. muticum increases
in spring and summer, when it is also more abundant in the natural wrack [50]. This is due to this
species self-thins to be dispersed to complete its life cycle [54]. Moreover, species with air bladders in
their structures, such as Fucus spp., A. nodosum and Cystoseira spp., are more frequently found in the
wrack after periods of high wave exposure [50], such as that occurred during the winter in our study.
As these species were especially abundant in Cabedelo’s beach in winter, we could speculate that the
largest amount of wrack and marine litter on this beach could be intensified by adverse meteorological
conditions prior to sampling. This could also explain the greater amount of marine litter found in
winter in comparison with summer.

In the sandy beaches of northern Portugal, the total weight of marine litter was four times greater
than the total weight of natural wrack, especially during winter. Coinciding with other studies,
the most abundant material of the marine litter was plastic [41,42,55–57]. Most of this plastic originated
from fishing materials such as ropes, tangled nets, cords or strings, fishing lines or plastic stoppers for
mussel farming, which could be harmful to marine organisms [58–60]. Small plastic pieces were also
very numerous, which probably came from the breakdown or degradation of larger plastic debris items
because of the wave action or physical abrasion [9,61]. Industrial packaging or plastic sheeting and
other plastic instruments used for human sanitary purposes, such as cotton bud sticks, were especially
abundant in our study during the winter. Such type of plastic materials have great buoyancy, so they
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can be easily washed away by runoffs from rivers to the sea after periods of heavy rains, which would
explain their greatest proportion in winter. In winter, in Cabedelo the number of cotton bud sticks
increased among other items. Similarly, in Âncora, the quantity of cotton bud sticks increased in winter,
but in the rest of the beaches was similar in both periods. During the winter, the rivers of the north of
Portugal have large volume discharges of water to coastlines because of heavy storms, which could
also cause the inefficiency of sewage treatment plants and wastewater problems, promoting the direct
discharge of sanitary items such as cotton bud sticks onto the beaches [22,57]. Thus, such high densities
of cotton bud sticks and other marine litter items found on the beaches of Cabedelo and Âncora during
winter could be explained by exceptional adverse weather conditions prior to sampling coupled with
inefficient sewage systems and human behaviour (disposing of these materials in sewage rather than
garbage streams).

In 2017, more than 300 tons of plastic were produced globally [62] and it is expected that this
amount of plastic will double in the next few decades [63]. A recent study has demonstrated that the
presence of plastic can negatively influence the decomposition and nitrogen liberation from the natural
wrack to the ecosystem [6]. Moreover, many invertebrates feed on natural wrack, playing a crucial role
in the recycling of nutrients in coastal habitats [64,65]. On the other hand, some studies proved that
wrack consumers can ingest marine plastic litter accumulated on wrack [66,67]. Other animals can feed
on the wrack consumers [3,68], so the presence of plastics and toxic elements (i.e., cigarette butts) in
this natural wrack could also promote cascading effects on the food chain. Thus, urgent management
is required to end plastic pollution on the sandy beaches of Northern Portugal and to maintain the
healthy functioning of the coastal ecosystems.

Our study also showed as in summer, cigarette butts and other pollutants (mainly formed by
leftover food) were also very abundant in the marine litter, probably because of the increased frequency
of bathers and the influence of tourism activities. In this area, people visit beaches much more
frequently in summer than in winter. While leftover food is easily degradable, cigarette butts are very
perdurable in the coastal ecosystems and can cause metal contamination [69]. The north Portuguese
coast is very vulnerable to marine litter, since the economy of this area is linked to fishing and tourism
activities. The west of the Iberian Peninsula also experiences numerous recreational and maritime
activities and is an important route for commercial vessels and cruise ships, thus adding increased
sources of pollution to coastal ecosystems in the form of marine litter. The total amount of marine litter
found on the beaches of northern Portugal was somewhat higher compared to other places of the west
of the Iberian Peninsula, such as Cádiz [57], Galicia [41], Madeira [56], and Açores [42,55,70], but was
much lower than that found in other highly polluted areas such as Papua (New Guinea [71]), Rio de
Janeiro (Brazil, [72]) or Chile [73]. The high marine litter pollution found on the sandy beaches in this
study, which are located far away from urban centres where tourists and local bathers are rare, provides
some evidence for the urgent need to manage and control this problem in the North of Portugal.

Until now, research of marine litter in Portugal have been focused on quantifying the items of small
size such as microplastics [74,75] and have done on the deepest areas of the sea [76–78]. In addition,
the quantification of natural wrack diversity has been never studied on the north Portuguese coast.
Therefore, our study provides the first assessment of wrack and marine litter depositions on the
sandy beaches in the North of Portugal and shows that marine litter depositions considerably exceed
the amounts of natural wrack found upon beaches. This fact could have serious consequences by
altering the ecological services of the natural wrack, for example, limiting the cycle of nutrients on the
beaches [6]. In addition, the northern Portugal sandy beaches showed a greater amount of marine
litter than other north Atlantic beaches, which could have negative social and economic implications.
This study suggests that beach morphodynamics and meteorological conditions can play a very
important role in the spatio-temporal variability of the natural wrack and marine litter accumulations.
Thus, future research should consider this spatio-temporal variability when quantifying marine litter
and wrack on sandy beaches. These findings are essential to the future design of management plan
strategies that effectively remove marine litter on beaches.
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