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a b s t r a c t
Plastic waste has become ubiquitous in ecosystems worldwide. Few, recent studies report evidence of coastal
vegetated habitats acting as sink for plastics, yet assessments have been completed either for macro or
microplastics and focussing on just one type of vegetated habitat. Here, we investigated the role of marine coastal
vegetated habitats as sinks for macro (≥5 mm) and microplastics (b5 mm) through a comprehensive, multihabitat approach. We assessed the occurrence, abundance and physical properties of macro and microplastics
in the canopy and superﬁcial sediment of two intertidal (seagrass Zostera noltei, saltmarsh Sporobolus maritimus)
and two subtidal (mixed seagrass meadows of Cymodocea nodosa and Zostera marina, rhizophytic macroalga
Caulerpa prolifera) habitats in the Ria Formosa lagoon (Portugal). Our results showed that coastal vegetated habitats trapped macro and microplastics in the sediment at variable degrees (1.3–17.3 macroplastics 100 m−2, and
18.2–35.2 microplastics kg−1). Macroplastics accumulated in all vegetated habitat but not in nearby unvegetated
areas, yet only S. maritimus habitat presented a signiﬁcant trapping effect. Microplastics occurred in the sediment
of all vegetated and unvegetated areas with similar abundances and high variability. Microplastics, all of type
ﬁbre, were recorded on all canopies except for S. maritimus. Overall, the trapping capacity of microplastics in
the sediment and on the canopy was higher for subtidal than for intertidal vegetated habitats. We conclude
that generalizations in the trapping effect of coastal vegetated areas should be done with caution, since it may
be highly variable and may depend on the plastic size, habitat and tidal position. Since these habitats support a
high biodiversity, they should be included in assessments of plastic debris accumulation and impacts in coastal
areas. Further research, including experimental studies, is needed to shed more light on the role of coastal vegetated habitats as plastic sinks.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
Plastic waste has become ubiquitous in ecosystems worldwide. Due
to its resistance to degradation, its extensive use, and its challenging disposal, plastic is accumulating in the environment and it is being reported in a wide variety of ecosystems, from highly impacted ones
near urban areas to remote areas (Cole et al., 2011; Law, 2017). Plastic
debris are generally divided into size categories: from nano (b1 μm),
to micro (b5 mm), meso (5–25 mm), macro (25–1000 mm), and
mega (N1 m). Microplastics are the most abundant debris in the marine
environment (Hidalgo-Ruz et al., 2012) and can be further subcategorized into primary and secondary according to their origin. Primary microplastics are industrial pellets used in the production of larger
plastic items or microbeads included in a number of industrial and
household products, while secondary microplastics are originated
from the fragmentation and degradation of larger plastic items (Cole
et al., 2011; Dubaish and Liebezeit, 2013). Microplastics occur in a variety of shapes (including fragments, ﬁlms, foams, pellets, and ﬁbres),
sizes, and colours; these being physical properties than can be useful
to determine their source (GESAMP, 2019). Despite the exponential increase in the number of studies about plastic pollution in marine ecosystems, only recent research has tested the capacity of coastal vegetated
habitats, such as seagrass meadows, macroalgae beds, mangrove forests
and saltmarshes, to accumulate plastics (Garcés-Ordóñez et al., 2019;
Huang et al., 2019; Zhou et al., 2020; Wu et al., 2020; Jones et al.,
2020). The crucial role of coastal vegetated habitats as providers of
key ecosystem services for human well-being, such as carbon sequestration (Nellemann et al., 2009) or biodiversity support (Lefcheck et al.,
2019; Sievers et al., 2019) requires management actions against factors
threatening these ecosystems and their services, including marine plastic pollution.
Coastal vegetated habitats are dominated by canopy-forming bioengineers (Jones et al., 1997) that positively inﬂuence the biological,
chemical and physical properties of coastal environments. For instance,
they promote the sedimentation of suspended particles and decrease
their resuspension, improving water quality and reducing turbidity
(Gacia and Duarte, 2001; Terrados and Duarte, 2000; Hendriks et al.,
2010). The fact that coastal vegetation promotes trapping of particulate
matter suggests that it could also act as plastic sink, by favouring the deposition of larger amounts of plastic particles in comparison to
unvegetated areas. Research on plastic trapping in marine coastal vegetated ecosystems is still in its infancy and mainly carried out in mangrove forests, with forest density driving debris capture abundance
(do Sul et al., 2014; Garcés-Ordóñez et al., 2019; Martin et al., 2019;
Riascos et al., 2019). Only marginal attention has been paid to the fate
of macro and microplastics stranded in intertidal and subtidal habitats
colonised by marine vegetation such as seagrasses (Huang et al., 2019;
Jones et al., 2020), saltmarshes (Wu et al., 2020), and canopy-forming
rhizophytic macroalgae. The reported presence of microplastics on the
leaf blades of seagrasses and algae (Gutow et al., 2016, Yokota et al.,
2017, Goss et al., 2018, Seng et al., 2020) also highlights these canopyforming habitats as areas promoting microplastic deposition and as potential vectors of microplastics into food webs (Goss et al., 2018). The
few studies quantifying plastic contamination in the sediment and canopies of coastal vegetated areas rarely include an assessment of both
macro and microplastics in the above-mentioned compartments of the
habitat. In addition, studies comparing the trapping capacity among different types of canopies or co-occurring vegetated habitats in both
subtidal and intertidal habitats are also scarce. These habitats may differ
in their capacity to trap plastic debris due to differences in canopy properties, such as height, density or stiffness. The elevation proﬁle could
also inﬂuence the plastic accumulation in the different habitats
(Mazarrasa et al., 2019; Núñez et al., 2019) as it controls the time
spent submersed and the hydrodynamic regime they experience.
Other potential drivers of plastic debris retention and accumulation in
marine environments are the hydrodynamic conditions at larger spatial

scales (Chubarenko et al., 2016; Zhang, 2017), the proximity to the
source (Núñez et al., 2019), or the physical characteristics of the source
location (Critchell and Lambrechts, 2016; Núñez et al., 2019).
Here, we investigate the role of intertidal and subtidal marine vegetated coastal habitats as sinks of marine litter. Four habitats with different canopy structures and tidal positions were targeted: intertidal
saltmarsh (Sporobolus maritimus), intertidal seagrass meadows
(Zostera noltei), subtidal seagrass meadows (Cymodocea nodosa and
Zostera marina), and subtidal canopy-forming rhizophytic macroalgae
(Caulerpa prolifera). The speciﬁc objectives were to assess i) the occurrence, abundance and physical properties (shape, size, and colour) of
macro and microplastics that accumulate in the superﬁcial sediment
of vegetated coastal habitats in comparison to nearby unvegetated
areas; ii) the occurrence, abundance and physical properties of
microplastics that adheres to canopies; iii) whether the macro and
microplastics trapped in the sediment or canopies differ between intertidal and subtidal vegetated habitats.
2. Material and methods
2.1. Study area, sampling design and vegetation characterization
Ria Formosa is a sheltered mesotidal lagoon in southern Portugal
resulting from a barrier-island system connected to the Atlantic Ocean
through six inlets (Fig. 1a). The lagoon extends for 55 km in length
and 6 km at its widest, with a mean depth of 3 m and a tidal range
from 1.5 to 3.5 m. Ria Formosa is characterized by a complex network
of channels and extensive tidal ﬂats dominated by marine coastal vegetation. The back-barrier intertidal mudﬂats are largely colonised by
seagrass Zostera noltei and saltmarsh Sporobolus maritimus (Fig. 1b–c),
whereas the subtidal areas can be colonised by seagrasses Cymodocea
nodosa and Z. marina and rhizophytic macroalgae Caulerpa prolifera
(Fig. 1d–e). Ria Formosa is a key migration stopover site and breeding
site for many birds, and it is a very important area for ﬁsheries and shellﬁsh production. In recognition to its high ecological, social, and economical values, Ria Formosa is a protected area. It was declared Special
Protection Area (SPA) and Site of Community Importance (SCI) within
the Natura2000 Network under the European legislation (Birds Directive 79/409/CEE and Habitat Directive 92/43/CEE, respectively), as a
Natural Park under the Portuguese legislation (DL 373/87), and internationally as a RAMSAR site (no. 212).
The assessment of plastic debris was conducted in intertidal (I) and
subtidal (S) vegetated areas with unvegetated sediment areas cooccurring nearby (Fig. 1a). The intertidal area was located in the Faro
channel and exposed to the Faro-Olhão inlet, whereas the subtidal
area was located in the Olhão channel and exposed to the Armona and
Faro-Olhão inlets. Both areas can be considered potential zones for plastic debris accumulation, with sources either from land activities (villages in Culatra Island and cities of Faro and Olhão in the mainland) or
activities in the navigation channels or intertidal areas (tourist boats,
ﬁshing, and clam and oyster production).
Three habitats were sampled in the intertidal area: seagrass
meadow of Zostera noltei (Fig. 1b), saltmarsh meadow of Sporobolus
maritimus (Fig. 1c), and adjacent unvegetated sediment. The three
subtidal habitats sampled were: mixed seagrass meadow of Cymodocea
nodosa and Z. marina (Fig. 1d), rhizophytic macroalga Caulerpa prolifera
(Fig. 1e), and adjacent unvegetated sediment. The targeted species display different properties. Sporobolus maritimus plants have stiffer leaves
that dissipate hydrodynamic forces in the marine environment more
successfully than ﬂexible leaves of the intertidal seagrass Z. noltei
(Bouma et al., 2005). Subtidal seagrasses have long ﬂexible leaves,
whereas the rhizophytic subtidal macroalga C. prolifera is characterized
by siphonous thalli and form dense but short canopies. The sampling
design consisted of two plots per habitat, at least 10 m distant. Replicated samples were taken in each plot: 3 for vegetation biomass, 3 for
macroplastics, 5 for microplastics in the sediment, and 6 for
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Fig. 1. (a) Location of Ria Formosa lagoon (South Portugal) showing the intertidal (I) and subtidal (S) sampling areas for vegetated and unvegetated habitats, and pictures of the four vegetated habitats: (b) intertidal seagrass meadow (Zostera noltei), (c) intertidal saltmarsh (Sporobolus maritimus), (d) subtidal seagrass meadow (Cymodocea nodosa and Z. marina) and
(e) subtidal macroalgae meadow (Caulerpa prolifera).

microplastics on the canopy. Plots within each habitat were assessed
between November 2018 and June 2019 (tracked with a handheld
GPS, 5–10 m of precision) and during similar tidal regimes (spring low
tide). We divided plastic items into macroplastics (≥5 mm) and
microplastics (b5 mm).
Biomass samples in each plot (n = 3) were collected for characterization of the vegetation in terms of canopy dry biomass (g dw m−2),
canopy-structure density (shoots or fronds m−2), and canopy height
(cm). Biomass samples of Z. noltei and C. prolifera were collected using
a 12-cm diameter core (0.0113 m2), then rinsed of sediments and
transported to the laboratory in cool dark conditions. Total number of
canopy-forming structures (shoots for Z. noltei, fronds for C. prolifera)
in each sample was counted, oven-dried (60 °C, 48 h) and weighed.
Shoots of S. maritimus and subtidal seagrasses (C. nodosa and
Z. marina) were counted in situ using quadrats (30 × 30 cm and
25 × 25 cm, respectively). Five shoots of each species were cut and
transported to the laboratory, where they were oven-dried (60 °C,
48 h) and weighed to calculate the speciﬁc shoot biomass
(g dw shoot−1). Canopy biomass for those species was estimated as
the product of shoot density and the speciﬁc shoot biomass. Canopy
height (cm) was determined as the average length of ﬁve shoots or
fronds per sample.
2.2. Macro and microplastics on the superﬁcial sediment
Macroplastic assessment was conducted in two plots per habitat. In
each plot, three quadrats were haphazardly selected (5 × 5 m, 25 m2) in
the intertidal sampling area, and three underwater band transects
(6 × 4 m, 24 m2) were assessed in the subtidal sampling area. All
macroplastic items (N5 mm, debris made of metal or glass were not included) were collected and transported to the laboratory. Macroplastic
items were washed, blotted dry, counted, measured along their maximum length (±0.1 cm), and weighed using an analytical balance (±
0.001 g) or a scale balance for large items (±0.01 g). Macroplastics
items were classiﬁed according to their shape (ﬁbre, ﬁlm, foam, fragment), colour (black, blue, brown, green, grey, red, transparent, white,
yellow), size category (classes at 10-cm intervals), and functional origin

(food wrappers, beverage bottles, bags, ﬁshing lures and line, plastic
utensils, etc. following Lippiatt et al., 2013). Macroplastic occurrence
was calculated as the percentage of sampling units (quadrats or transects) with presence of items. Abundance and mass variables were
expressed as number of macroplastics per 100 m−2 and kg of plastic
per 100 m−2, respectively.
Microplastic assessment in the sediment was conducted in ﬁve haphazardly selected quadrats (0.5 × 0.5 m) within two plots in each habitat. In each quadrat, two sediment samples were collected using a
polypropylene plastic box corer (14 cm diameter) gently buried in the
ﬁrst 2–3 cm of sediment surface. Sediment samples were transported
to the laboratory, oven-dried at 60 °C until dry constant weight (dw),
then stored for further analysis. Microplastics were extracted from the
sediment by density separation (Hidalgo-Ruz et al., 2012), using a ﬁltered hypersaline solution prepared with ultrapure water
(350 g NaCl L−1). The entire process of microplastic extraction and assessment was performed in a clean laboratory bench in parallel to procedural blanks assessing potential airborne contamination (see
Section 2.4. Contamination control). A subsample of 200 ± 50 g dw of
sediment was transferred into a glass jar (3.3 L) containing 2 L of the hypersaline solution and mixed for 3 min using a metal spoon. The whole
jar was shaken vigorously for 2 min, then the sediment was allowed to
settle down for 18–24 h. After sedimentation, ca. 250 mL of the overlying water was collected using a glass pipette and ﬁltered through a GF/C
Whatman ﬁlter (47 mm of diameter, 1.2 μm of pore size) using a vacuum system. To avoid clogging, several ﬁlters were used when necessary. Mixing and ﬁltering was repeated twice for each sample to allow
the ﬂotation of dense polymers and plastic particles potentially trapped
by organic matter (Hidalgo-Ruz et al., 2012, Claessens et al., 2013,
Mathalon and Hill, 2014). Filters were placed in pre-labelled glass
petri dishes and dried (40 °C, 24 h), followed by visual examination
under a stereomicroscope (Leica S8 APO, ×40). Microplastic identiﬁcation was done following the Guide to Microplastic Identiﬁcation
(MERI, 2015). Each plastic item was photographed, and its size measured under the stereomicroscope (±0.1 μm). The particles were categorized according to their shape (fragment, ﬁbre, ﬁlm, foam, and
microbeads; Gündoğdu and Çevik, 2017), colour (black, blue, brown,
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green, grey, red, transparent, white, yellow), and size class (classes at 1mm intervals). Microplastic occurrence was calculated as the percentage of sampling units (sediment cores) where items were found, and
microplastic abundance was expressed as number of items per kg−1
dw sediment.

seagrass and macroalgae in the other). Data analysis was done with the
R programming language R 3.6.1 (R Core Team, 2019). Raw data are provided in Supplementary materials.

2.3. Microplastics adhered onto the canopy-forming structures

3.1. Habitat characterization

Canopy-forming structures were deﬁned as fronds for the seaweed
Caulerpa prolifera and as all the leaves in a shoot for seagrass and
saltmarsh species. Replicated samples (n = 6 in each plot), consisting
of two canopy-forming structures each (i.e. two shoots or fronds),
were collected for the ﬁve species present in the four vegetated habitats
of the intertidal and subtidal locations (Fig. 1a). Shoots and fronds were
carefully cut at their base and transported to the laboratory in a zip-lock
bag. In the laboratory, the canopy structures were observed under the
stereomicroscope (Leica S8 APO) on both sides. Identiﬁed plastic particles were transferred into a ﬁlter for further analysis, then
photographed, their size measured under the stereomicroscope (±
0.1 μm), and classiﬁed according to their colour, shape, and size class
as explained for microplastics in the previous section. Microplastic occurrence in the canopy was calculated as the percentage of samples
where microplastics were found. Abundance of microplastics was
expressed as number of items per unit of area of the canopy-forming
structures (items cm−2), after measuring their area by image analysis
(ImageJ; Schneider et al., 2012).

Mean canopy-structure density (shoot or frond density), canopy
biomass (aboveground biomass), and canopy height varied respectively
42-, 3- and 4-fold among the vegetated habitats (Table 1). Saltmarsh
showed the highest canopy biomass (1344 ± 408 g dw m−2), whereas
intertidal seagrasses had the highest shoot density (13,189 ±
2475 shoots m−2), and subtidal seagrasses the tallest canopy (37.8 ±
9.9 cm; Table 1). Subtidal macroalgae beds had the lowest canopy biomass (85.8 ± 22.8 g dw m−2) and the shortest canopy (9.2 ± 1.4 cm),
while subtidal seagrasses had the lowest canopy-structure density
(312 ± 132 shoots m−2; Table 1).

2.4. Contamination control
Several measures were adopted while handling and processing the
sediment and canopy samples to minimise contamination with airborne
ﬁbres. During sample processing, a 100% cotton lab coat and latex gloves
were worn. In addition, glassware and metal tools were rinsed three
times with saturated ultrapure water (puriﬁed by an Elix® equipment)
before use, and covered with clean aluminium foil when not being used.
The hypersaline solution was prepared with lab gradient NaCl (PanReac
AppliChem, maximum limit of impurities of 0.005%) and it was ﬁltered
through a GF/C Whatman glass ﬁbre ﬁlter (47 mm of diameter, 1.2 μm
pore size) to remove potential microplastics contamination. For the sediment samples, procedural blanks consisting of 250 mL of hypersaline
solution were performed in parallel to each extraction batch, resulting
in one procedural blank per habitat plot. 66% of the blanks were contaminated with microplastics, with a mean of 0.9 ± 0.9 items and a
maximum of 3 items per blank (n = 12). The blank samples were
used to control for contamination by subtracting, from each sample,
those microplastics with same colour and shape than those found in
its corresponding control batch.
2.5. Data analysis
Meadow properties (shoot or frond density, above-ground biomass,
and canopy height) were compared among vegetated habitats using 1way ANOVA, with habitat as ﬁxed factor, after testing normality (Shapiro test) and homoscedasticity (Levene test) of the data. Macro and
microplastics data did not conform to the parametric assumptions,
even after transformation, therefore non-parametric (Wilcoxon, if two
groups, or Kruskal-Wallis, when more than two groups) rank sum
tests were used with either abundance or mass as test ﬁelds (test results
reported as W of χ, with degrees of freedom in subscripts). Each vegetated habitat (intertidal seagrass, saltmarsh, subtidal seagrass or
rhizophytic macroalgae) was compared against its adjacent
unvegetated habitats (intertidal or subtidal unvegetated sediment).
Within vegetated habitats (i.e., excluding unvegetated habitats), data
were tested for differences across types of habitats. Additionally, data
were tested for differences between intertidal and subtidal vegetated
habitats (i.e. intertidal seagrass and saltmarsh in one group and subtidal

3. Results

3.2. Macroplastics assessment
Overall, 36 macroplastic items were found in the vegetated habitats
but none in the unvegetated ones. Within-habitat variation was high,
with zero macroplastics found in one of the two sampling plots of
subtidal macroalgae and intertidal and subtidal seagrass meadows
(Table 2). The vegetated habitat with the highest percentage of occurrence of macroplastics was the intertidal saltmarsh (83.3%, 26 items)
followed by subtidal macroalgae (50.0%, 6 items) and intertidal and
subtidal seagrasses (33.3% each, 2 items; Table 2). Macroplastic abundance in vegetated habitats was higher in comparison to the adjacent
unvegetated areas for the saltmarsh (17.3 ± 13.3 items 100 m−2;
W = 33, p = .009), but not for the intertidal (1.3 ± 2.1 items 100 m−2;
W = 24, p = .174) or subtidal seagrasses (1.4 ± 2.2 items 100 m−2;
W = 24, p = .174), neither for subtidal macroalga (4.2 ±
5.3 items 100 m−2; W = 27, p = .074) (Table 2, Fig. 2a). The mass of
macroplastics per unit of area followed the same pattern, being higher
in saltmarsh than in nearby unvegetated area (W = 33, p = .009), yet
it did not differ between the other vegetated habitats and their paired
unvegetated areas (Table 2; W = 24, p = .176 and W = 24, p = .176
for intertidal and subtidal seagrasses respectively; and W = 27, p =
.074 for subtidal macroalgae). Once again, within-habitat variation in
macroplastic abundance and mass was high: from 77% to 161% for
abundance, and from 115% to 242% for mass. Among vegetated habitats,
macroplastic abundance ranged from just a few items per 100 m−2 in
the intertidal and subtidal seagrasses (1.3 ± 2.1 and 1.4 ±
2.2 items 100 m−2, respectively) to 4.2 ± 5.3 items 100 m−2 in the
macroalga and 17.3 ± 13.3 items 100 m−2 in the saltmarsh, with significant differences among them (Table 2, Fig. 2a; χ3 = 8.607, p = .035). In
terms of macroplastic mass, signiﬁcant differences were not detected
among vegetated habitats (χ3 = 0.558, p = .906), yet it ranged from
low mass densities in the saltmarsh (24.5 ± 34.6 g 100 m−2) to high
ones in the subtidal seagrass (1643 ± 3975 g 100 m−2), where a large
item (jerrycan) was found. Overall, intertidal vegetated habitats
showed a 58.3% of macroplastic occurrence with a mean abundance of
9.3 ± 12.3 items 100 m−2 and mean mass density of 328.6 ±
1049.2 g 100 m−2, while subtidal vegetated habitats presented a
41.7% of occurrence of macroplastics with a mean abundance of 2.8 ±
4.1 items 100 m−2 and mean mass density of 858.1 ±
2803.3 g 100 m−2 (Table 2, Fig. 2b). No signiﬁcant differences were
found for abundance (W = 55.5, p = .323) or mass (W = 70.5, p =
.951) between vegetated intertidal and subtidal habitats. Variation
within intertidal and subtidal habitats were similar for macroplastic
abundance (133% and 146%, respectively) and mass density (319% and
327%).
Two types of macroplastic were found, fragments (52.8%) and ﬁlms
(47.2%) (Fig. 3a). The dominant colour was transparent (38.9%),
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Table 1
Meadow properties of the four assessed habitats. Values are given as mean ± standard deviation (n = 6).
Habitat

Species

Above-ground biomass
(g dw m−2)

Shoot or frond density
(shoots or frond m−2)

Canopy height
(cm)

Intertidal — seagrass
Intertidal — saltmarsh
Subtidal — seagrass

Zostera noltei
Sporobolus maritimus
Cymodocea nodosa
Zostera marina
Caulerpa prolifera
1-way ANOVA

185.8 ± 43.6ab
221.6 ± 87.1b
114.2 ± 57.3ac

13,189 ± 2475a
1344 ± 408b
312 ± 132c

24.6 ± 7.9a
24.3 ± 2.7a
37.8 ± 9.9b

85.8 ± 22.8c
F3,20 = 7.11, p b .01

2608 ± 487d
F3,20 = 230, p b .001

9.2 ± 1.4c
F3,20 = 19.5, p b .001

Subtidal — macroalgae

followed by white (13.9%), yellow (13.9%), grey (8.3%), and minor fractions of brown, black, blue, violet, and red (Fig. 3b). Size of the
macroplastics ranged from 1.5 cm to 132 cm (mean = 18.5 cm, median = 8.5 cm); 0.5–10 cm was the most common size category
(55.6%), followed by 10–20 cm and 20–30 cm (13.9% each) (Fig. 3c).
Most of the macroplastics with an identiﬁed origin were “jugs and containers” (13.9%), followed by “bags” and “food wrappers” (11.1% each).
The rest of the items had different origins (cups, beverage bottles, cigarettes, plastic ropes, plastic utensils, straws and others unidentiﬁed fragments or ﬁlms).
3.3. Microplastics assessment in the canopy-forming structures
A total of 28 microplastic items were found in the canopy-forming
structures (leaves or fronds). All species, except for saltmarsh
Sporobolus maritimus, presented microplastics adhered to their canopy,
with the highest percentage of occurrence in the seagrass species
Zostera marina (58%, 12 items), followed by the seagrass Cymodocea
nodosa and the macroalga Caulerpa prolifera (33.3% and 7 items each),
and the seagrass Z. noltei (16.7%, 2 items; Table 3). Microplastic abundance per unit of area of canopy structure ranged from 0.004 ±
0.005 items cm−2 in Z. marina to 0.028 ± 0.047 cm−2 in C. prolifera,
with no signiﬁcant differences among the ﬁve species (χ4 = 6.659,
p = .155; Table 3, Fig. 2c). Within-species variation was high, from
125% in Zostera marina to 238% in Zostera noltei. Overall, intertidal habitats showed an 8.3% of microplastic occurrence in the canopy structures
with a mean abundance of 0.013 ± 0.045 items cm−2, while subtidal
habitats presented a higher occurrence of microplastics, 41.7%, with a
mean microplastic abundance of 0.014 ± 0.030 items cm−2 (Table 3,

Fig. 2d). Statistically, subtidal species presented slightly higher
microplastics attached to the canopy than intertidal ones (W = 314,
p = .023) and the variation was lower (214%) than for intertidal species
(346%). We found a positive linear correlation between the area of the
leaves or fronds of the targeted species and the percentage of
microplastic occurrence in them (Pearson correlation coefﬁcient =
0.927, t = 4.29, df = 3, p = .023; Fig. 4).
All microplastics found adhered to the canopies were ﬁbres (Fig. 3a,
Fig. 5a). Black and blue were the dominant colours (39.3% each)
followed by violet (10.7%), transparent (7.1%), and red (3.6%; Fig. 3b).
Size of the ﬁbres ranged from 0.162 mm to 3.396 mm (mean =
1.274 mm, median = 0.959 mm); 0–1 mm was the most common
size category (50%), followed by 1–2 mm (28.6%), 2–3 mm (14.3%),
and 3–4 mm (7.1%) (Fig. 3c).
3.4. Microplastics assessment in the superﬁcial sediment
Overall, 374 microplastic items were found in the superﬁcial sediment, with 120 in the two unvegetated habitats and 254 in the four vegetated ones. Microplastics were present in the sediment of all the
habitats, with 100% of the samples contaminated in the three subtidal
habitats (seagrass, macroalgae, and unvegetated) and the intertidal
unvegetated habitat, and 90% and 80% of samples in the intertidal
seagrass and saltmarsh habitats, respectively (Table 2). Microplastic
abundance in vegetated habitats did not differ from the adjacent
unvegetated areas (intertidal seagrass W = 24, p = .054; saltmarsh
W = 36.5, p = .325; subtidal seagrass W = 67.5, p = .197; subtidal
macroalgae W = 68, p = .182; Table 2, Fig. 2e). The within-habitat variation ranged from 50% on the intertidal unvegetated area to 85% in the

Table 2
Percentage of occurrence of macro and microplastics (% of samples) and their abundance per habitats, sampling plots within habitats, and grouped by vegetated intertidal and subtidal
habitats. Macroplastic abundance is given as item abundance (items 100 m−2) and mass (g 100 m−2) per area, whereas microplastic abundance is given as items per sediment dry mass
(items kg-1 dw). Values are given as mean ± standard deviation (n = 6 per habitat for macroplastics and n = 10 per habitat for microplastics). Minimum and maximum number of items
found per sample are given between brackets.
Habitat

Intertidal — unvegetated
Plot 1
Plot 2
Intertidal — seagrass
Plot 1
Plot 2
Intertidal — saltmarsh
Plot 1
Plot 2
Intertidal — vegetated
Subtidal — unvegetated
Plot 1
Plot 2
Subtidal — seagrass
Plot 1
Plot 2
Subtidal — macroalgae
Plot 1
Plot 2
Subtidal — vegetated

Macroplastics

Microplastics - sediment

Occurrence
(% samples)

Abundance
(items 100 m−2)

Mass density
(g 100 m−2)

Occurrence
(% samples)

Abundance
(items kg-1 dw)

0
0
0
33.3
66.7
0
83.3
100
66.7
58.3
0
0
0
33.3
66.7
0
50.0
100
0
41.7

0
0
0
1.3 ± 2.1 (0–1)
2.7 ± 2.3 (0–1)
0
17.3 ± 13.3 (0–9)
25.3 ± 12.2 (3–9)
9.3 ± 10.1 (0–5)
9.3 ± 12.4 (0–9)
0
0
0
1.4 ± 2.2 (0–1)
2.8 ± 2.4 (0–1)
0
4.2 ± 5.3 (0–3)
8.3 ± 4.2 (1–3)
0
2.8 ± 4.1 (0–3)

0
0
0
624 ± 1483
1265 ± 2073
0
25 ± 35
26 ± 37
23 ± 40
329 ± 1049
0
0
0
1643 ± 3975
3268 ± 5604
0
73 ± 84
146 ± 40
0
858 ± 2803

100
100
100
90
80
100
80
80
80
85
100
100
100
100
100
100
100
100
100
100

29.8
31.5
28.1
18.2
15.8
20.6
22.7
14.9
30.4
20.4
20.4
10.4
30.4
35.2
21.9
48.6
32.8
25.6
40.0
34.0

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

14.9 (3–15)
19.8 (3–15)
9.8 (4–10)
15.5 (0−11)
22.3 (0–11)
5.2 (3–6)
17.6 (0−12)
10.6 (0–7)
20.8 (0–12)
16.3 (0–12)
14.5 (1−10)
7.3 (1–5)
13.1 (4–10)
26.7 (1−21)
19.1 (1−12)
28.1 (4–21)
24.6 (2–24)
14.3 (2−11)
32.1 (4–24)
25.0 (1–24)
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a

b

Microplastics canopy
(items cm-2)

Macroplastic
(items 100 m-2)

6

Microplastics sediment
(items kg-1 dw)

d

INTERTIDAL

Macroalga

Seagrasses

Unvegetated

Saltmarsh

Unvegetated

Seagrasses

f

Vegetated Vegetated
intertidal
subtidal

SUBTIDAL

Fig. 2. Abundance of macro and microplastic items in the vegetated and unvegetated habitats (a, c, e) and in the vegetated habitats when grouped in intertidal and subtidal habitats (b, d, f).
(a, b) Abundance of macroplastics (items 100 m−2), (c, d) abundance of microplastics adhered to the canopy-forming structures (items cm−2 canopy), and (e, f) abundance of
microplastics in the superﬁcial sediment (items kg−1 sediment). Boxplot bar is median; box is interquartile (IQR) range; whiskers are maximum and minimum values within the
1.5 × IQR of the hinge, dots are values of replicates using jittering visualisation (i.e. separating overlapping values).

Shape categories

b

Colour categories

c

Size categories

% items

a

MACRO
PLASTICS

0-1 mm
1-2 mm
2-3 mm
3-4 mm
4-5 mm

MICRO
PLASTICS
canopy

0.5-10 cm
10-20 cm
20-30 cm
30-40 cm

50-60 cm
60-70 cm
70-80 cm
130-140 cm

MICRO
PLASTICS
sediment

Fig. 3. Physical description of macro and microplastics found, altogether, in the vegetated and unvegetated habitats from the intertidal and subtidal locations, by categories of shape (a),
colour (b), and size (c). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Table 3
Percentage of occurrence of microplastics (% of samples) and microplastic abundance (items cm−2) found in the canopy-forming structures, and their area (cm leaf −1 or frond−1), for
species from intertidal and subtidal vegetated habitats, separately and grouped. All microplastics were ﬁbres. Values are given as mean ± standard deviation (n = 6 samples per plot
and per species, each sample being two shoots or fronds). Minimum and maximum number of items found per sample are given between brackets.
Habitat

Species

Microplastic occurrence
(% samples)

Microplastic abundance
(items cm−2)

Area of the canopy structures
(cm2 leaf−1 or frond−1)

Intertidal — seagrass

Zostera noltei
Plot 1
Plot 2
Sporobolus maritimus
Plot 1
Plot 2

16.7
16.7
16.7
0
0
0
8.3
33.3
16.7
50.0
58.3
50.0
66.7
33.3
0
66.7
41.7

0.026
0.025
0.028
0
0
0
0.013
0.011
0.003
0.018
0.004
0.002
0.005
0.028
0
0.056
0.014

1.3 ± 0.3
1.1 ± 0.4
1.4 ± 0.3
2.2 ± 0.6
1.7 ± 0.3
2.7 ± 0.5
1.7 ± 0.7
17.5 ± 5.4
21.0 ± 3.7
14.1 ± 4.7
34.1 ± 8.8
29.5 ± 7.8
38.8 ± 7.6
10.5 ± 3.6
9.4 ± 4.1
11.7 ± 2.9
20.7 ± 11.8

Intertidal — saltmarsh

All intertidal
Subtidal — seagrass

Subtidal — seagrass

Subtidal — macroalgae

Cymodocea nodosa
Plot 1
Plot 2
Zostera marina
Plot 1
Plot 2
Caulerpa prolifera
Plot 1
Plot 2

All subtidal

Microplastics occurence
(% samples)

intertidal seagrasses. Microplastics abundance in the vegetated sediment ranged from 18.2 ± 15.5 items kg−1 in the intertidal seagrass to
35.2 ± 26.7 items kg−1 in the subtidal seagrass, but it did not differ statistically among the vegetated habitats (χ3 = 3.522, p = .318, Table 2,
Fig. 2e). Overall, intertidal vegetated habitats showed 85% of
microplastic occurrence in the sediment with a mean abundance of
20.4 ± 16.3 items kg−1, while subtidal habitats presented 100% of occurrence with a mean abundance of 34.0 ± 25.0 items kg−1 (W =
266, p = .076; Table 2, Fig. 2f). The coefﬁcient of variation for intertidal
and subtidal habitats was similar (79% and 74%, respectively).
Most of the microplastics found in the superﬁcial sediment of all
habitats were ﬁbres (87.4%), followed by fragments (8%), ﬁlms (3.7%),
with only residual fractions of foams (0.5%, 2 items) and microbeads
(0.3%, 1 item) (Fig. 3a, Fig. 5b–f). The dominant colour was blue
(45.5%), followed by transparent (24.5%), white (10.4%), black (9.6%),
and minor fractions (b5%) of brown, violet, green, red, and yellow
(Fig. 3b). Size of the microplastics ranged from 0.045 mm to
4.925 mm (mean = 1.151 mm, median = 0.796 mm); 0–1 mm was
the most common size category (57.8%), followed by 1–2 mm (22.7%),
2–3 mm (11.8%), 3–4 mm (5.9%), and 4–5 mm (1.9%) (Fig. 3c).

Cymodocea nodosa
Caulerpa prolifera
Sporobolus maritumus
Zostera marina
Zostera noltei

Area of the leaves or fronds (cm-2)
Fig. 4. Correlation between microplastic occurrence in the samples of the canopy
structures (leaves or fronds) and the area of such structures for the species assessed.
Fitting line depicted for visualisation purposes only.

± 0.062 (0–1)
± 0.061 (0–1)
± 0.069 (0–1)

±
±
±
±
±
±
±
±

0.045 (0–1)
0.017 (0–3)
0.008 (0–1)
0.020 (0–3)
0.005 (0–3)
0.004 (0–2)
0.005 (0–3)
0.047 (0–2)

± 0.054 (0–2)
± 0.030 (0–3)

4. Discussion
Here, we investigated through a multispecies approach the role of
intertidal and subtidal coastal vegetated habitats as sinks for macro
and microplastic litter. Our results show that vegetated habitats accumulated macro and microplastics in the sediment at variable degrees,
but the abundance was comparable to that found in unvegetated adjacent areas in some cases. However, macroplastics occurred in vegetated
habitats but did not in nearby unvegetated ones, and saltmarsh habitats
accumulated more macroplastics than unvegetated patches. Overall,
microplastics in sediment was higher for subtidal than for intertidal
vegetated habitats. All canopies but those in saltmarshes trapped
microplastics through adhesion on the surface with higher values in
subtidal habitats.
We found that coastal vegetated habitats trap macroplastics at a variable degree, whereas macroplastics were absent in the unvegetated
areas. Macroalga and seagrass meadows accumulated low densities
(1.3 ± 2.1–4.2 ± 5.3 items 100 m−2) that resulted in non-signiﬁcant
differences among vegetated and unvegetated areas. Interestingly,
S. maritimus showed the highest macroplastic abundance, on average
17 items 100 m−2, conﬁrming its role as marine litter trap (Viehman
et al., 2011; Mazarrasa et al., 2019). However, the concentrations we observed are an order of magnitude lower than those found in saltmarshes
in the Gulf of Biscay (102 ± 33 items 100 m−2, Mazarrasa et al., 2019) or
in the extremely polluted Spartina alterniﬂora saltmarsh in southeast
China (N280.00 items 100 m−2; Yao et al., 2019). Such difference
could be driven by contrasting pollution levels among the locations, or
by differences in their hydrodynamical regimes. In the case of our
study location, the Ria Formosa lagoon, the low macroplastic pollution
could be attributed to the high renewal of the lagoon through the inlets,
which connect it directly to the open ocean (Fig. 1a). Sporobolus
maritimus presented the highest biomass and its canopy consists of
stiff shoots, thus acting as a potentially more efﬁcient plastic trap compared to seagrasses and the macroalga C. prolifera; these are characterized by more ﬂexible and thinner structures that tend to bend and
reconﬁgure with the ﬂow, thus potentially reducing the trapping
properties.
Food packaging (jugs, containers, wrappers, bottles, bags) and items
related to navigation (jerry can) and ﬁshing (trap) activities were the
most abundant type of macroplastic debris found, suggesting their origin from the urban areas of Faro, Olhão and Culatra, or from recreational
activities (navigation, beaching) in the Ria Formosa Natural Park. Beyond accumulation, the impacts of macroplastic in coastal vegetated
habitats are still largely unknown, although a recent experimental
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a

b

c

d

e

f

Fig. 5. Examples of microplastic types identiﬁed in the canopy, (a) ﬁbre, and sediment: (b) fragment, (c) ﬁlm, (d) foam, (e) microbead, and (f) ﬁbre. Scales are given in each photograph
(white rectangle).

study reported that biodegradable bags trapped within subtidal
seagrasses may alter the sediment geochemistry and affect the seagrass
species coexistence (Balestri et al., 2017). In addition, the accumulation
of macroplastics in coastal vegetated habitats could impact the associated fauna through ingestion or adsorption of plastic leaching chemicals
(Cole et al., 2011), in particular because degradation of plastics may
happen quickly in these habitats, as reported for saltmarshes
(Weinstein et al., 2016).
The microplastics were present in 85–100% of the sediment samples
from vegetated habitats of the Ria Formosa, yet abundance did not vary
among them. The overall microplastic density was 27.2 ±
21.9 items kg−1 dw, one order of magnitude lower than densities reported in the sediment of subtidal seagrass meadows in China (from
197 ± 16 to 780 ± 147 items kg−1 dw; Huang et al., 2019), in the Northern Adriatic Sea (170 ± 95 items kg−1 dw; Renzi et al., 2018), in Scotland (300 ± 30 items kg−1 dw; Jones et al., 2020), or in Chinese
wetland sediments (143 ± 30 items kg−1 dw; Yao et al., 2019). Unexpectedly, and in contrast to recent studies showing that microplastic
abundance at coastal vegetated sites is higher than at unvegetated
ones (Huang et al., 2019; Wu et al., 2020; Jones et al., 2020), our ﬁndings
does not support the initial hypothesis of canopies acting as a trap of
microplastics in the sediment. Taken together with the high withinhabitat variation found, these results indicate that other site-speciﬁc
drivers may be affecting the deposition patterns in vegetated and
unvegetated habitats.

Our study provides clear evidences of microplastics adhesion to
the canopies of seagrasses (Z. marina, Z. noltei, and C. nodosa) and
the macroalga C. prolifera, but not of the saltmarsh species
S. maritimus. This species lacks epiphytes and has thin, occasionally
rolled, leaves that probably offer a relatively smaller surface area
for microplastics adherence compared to seagrass species. Seagrass
leaves commonly present a rough surface due to the presence of epiphytes, which can also excrete exopolymers that are known promote
the adhesion of particles (Gacia et al., 2003). Yet, a recent study did
not ﬁnd a correlation between microplastic density and epibiont
cover in seagrasses and macroalgae (Seng et al., 2020). Although
Z. noltei showed the highest concentration of microplastics per surface area, the occurrence was higher in the three subtidal species, especially in Z. marina, which was the species with the highest surface
area. The higher occurrence of microplastics in the subtidal species
may be explained not only for the large area of the seagrass species,
but also due to the environment at which subtidal species are exposed. For example, subtidal canopies are in contact with the particles present in the water column for longer periods. Moreover,
subtidal habitats experience lower hydrodynamics than intertidal
communities as the latter are heavily inﬂuenced by incoming and
retreating waves. Critically, adhered microplastics may impact the
physiological performance of primary producers (Yokota et al.,
2017) and can act as a vector for microplastic into marine food
webs (Gutow et al., 2016, Goss et al., 2018).
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Fibre was the most abundant microplastic type in the sediment
(87.4%) and the canopy (100%) in agreement to other studies on
seagrass (Goss et al., 2018; Huang et al., 2019; Jones et al., 2020) and
other coastal habitats such as beaches, estuaries and mangrove forests
(Thompson et al., 2004; Claessens et al., 2011; Nor and Obbard, 2014;
Naji et al., 2017). In accordance with other studies on Chinese and Scottish seagrass beds (Huang et al., 2019; Jones et al., 2020), we observed
that the commonest colour among ﬁbres was blue (45% in sediments
and 36% in canopies). In the Ria Formosa, the high ﬁbre density might
be linked to the wastewater and domestic discharges from the four
wastewater treatment plants into the lagoon, a known source of
microplastics in the aquatic environment (Murphy et al., 2016). In addition, ﬁshing gears such as ropes, nets and traps used by ﬁshermen in the
lagoon may eventually result in a source of ﬁbrous pollution due to their
degradation (Browne et al., 2011). Although not the aim of the current
study, the high prevalence of distinct blue coloured microplastics
could indicate a common source of plastic contamination that warrants
further investigation.
Our multispecies approach suggests that coastal vegetated habitats
present a high variability in accumulating plastic and that the combination of tidal position and habitat-speciﬁc canopy properties may explain
their plastic retention capacity. The differences found in patterns between macro and microplastics for the same habitat also suggest that
the role of plastic trapping depends greatly on the particle size. For instance, saltmarshes may be efﬁcient in trapping macroplastics but not
microplastics on their canopies, while subtidal seagrasses accumulated
low number of macroplastics but high number of microplastics attached
to their canopies. In two cases, we found divergent patterns for plastic
occurrence and abundance across habitats: for macroplastic analysis between paired vegetated and unvegetated habitats, and for microplastics
analysis in the sediment between subtidal and intertidal habitats. The
high variability found within habitats is a plausible explanation for the
differences found between occurrence and abundance in those two
cases. This variation could be, in turn, explained by a high spatial heterogeneity in plastic accumulation, due to drivers such as ﬁne-scale hydrodynamics, connectivity between habitats, or other factors related to the
plastic sources. Better insight in the factors controlling the occurrence
and abundance of plastics debris is needed.
We conclude that generalizations about the plastic trapping effect of
coastal vegetated areas should be done with caution, since it may be
highly variable and may depend on the plastic size, site factors and habitat type. Even if our results do not fully support our initial hypothesis,
we demonstrated that macro and microplastics accumulate in coastal
vegetated habitats. Since they are important nursery areas and support
a high biodiversity, including protected and commercial species, they
should be habitats to include in assessments of plastic debris accumulation and impacts in coastal areas. Research is needed to shed more light
on the role of coastal vegetated habitats as plastic sinks, including experimental manipulative experiments where drivers such as canopy
complexity, microplastic type and ﬂow velocities, are manipulated.
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