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• We assess contribution of between and
within species variation to plastic reten-
tion.

• Weused twohabitat-forming algae, one of
which displays intraspecific variation.

• Effect of individual intraspecific variation
was greater/equal to interspecific one.

• Canopy density differed between species
leading to reversed patterns of retention.

• Flow velocity and polymer type modu-
lated the extent of microplastic accumula-
tion.
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Our understanding of how anthropogenic stressors such as climate change and plastic pollution interact with biodiver-
sity is being widened to include diversity below the species level, i.e., intraspecific variation. The emerging apprecia-
tion of the key ecological importance of intraspecific diversity and its potential loss in the Anthropocene, further
highlights the need to assess the relative importance of intraspecific versus interspecific diversity. One such issue is
whether a species responds as a homogenous whole to plastic pollution. Using manipulative field transplant experi-
ments and laboratory-controlled hydrodynamic simulations, we assessed the relative effects of intraspecific and inter-
specific diversity on microplastic trapping in coastal biogenic habitats dominated by two key bioengineers, the brown
intertidal macroalgae Fucus vesiculosus and F. guiryi. At the individual level, northern morphotypes of F. guiryi trapped
moremicroplastics than southern individuals, and F. vesiculosus trappedmoremicroplastics than F. guiryi. Canopy den-
sity varied among species, however, leading to reversed patterns of microplastic accumulation, with F. guiryi canopies
accumulatingmoremicroplastics than those of F. vesiculosus, while no differences were observed between the canopies
of F. guiryimorphotypes. We emphasize the importance of assessing the effects of intraspecific variation which, along
with other crucial factors such as canopy density, flow velocity and polymer composition, modulates the extent of
microplastic accumulation in coastal biogenic habitats. Our findings indicate that a realistic estimation of plastic accu-
mulation in biogenic habitats requires an understanding of within- and between-species traits at both the individual
and population levels.
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1. Introduction

The unprecedented rapidity of alterations to the environment triggered
by anthropogenic activities is threatening biodiversity at increasing rates
(Pawar, 2016; Hendry et al., 2017; WWF, 2020). Globally, ongoing biodi-
versity loss and reshuffling have significant deleterious effects on ecosys-
tem functions and thus the goods and services they provide to humanity
(Worm et al., 2006; Cardinale et al., 2012; Balvanera et al., 2014; Isbell
et al., 2017). Over the last two decades, plastic litter has rapidly emerged
as a new worldwide threat degrading ecosystems throughout the planet
(Heidbreder et al., 2019; Thushari and Senevirathna, 2020). Growing atten-
tion has been given to microplastics (MPs; size <5 mm; Barnes et al., 2009;
Arthur et al., 2009) which have become ubiquitous: from high-mountain
lakes to deep-sea sediments (Woodall et al., 2014; Rowlands et al., 2021;
Pastorino et al., 2022). There is now overwhelming evidence that plastic
contamination has major effects on biodiversity, contributing to the effects
of other forms of global anthropogenic disturbance (Deudero and Alomar,
2015; Thushari and Senevirathna, 2020; Azevedo-Santos et al., 2021).

The distinct responses of different species to plastic pollution have
been emphasized in several studies (Green, 2016; Law, 2017; Seuront
et al., 2021). However, such studies have mostly been conducted with
the assumption that species respond as ecologically and physiologically
homogenous entities. This assumption potentially underestimates and
overgeneralises the effects of plastics in the environment. Indeed, it is
now well established that genotypic and phenotypic variation within a sin-
gle species can have important ecological implications for processes such as
primary productivity (Crutsinger et al., 2006; Zhu et al., 2000), nutrient cy-
cling (Lecerf and Chauvet, 2008), species coexistence (Siefert, 2012;
Spasojevic and Suding, 2012) and ecosystem resilience and resistance
(Hughes and Stachowicz, 2004; Reusch et al., 2005; Des Roches et al.,
2018; Raffard et al., 2018). Importantly, the few studies directly examining
the ecological importance of intraspecific diversity have shown that it can
have even greater implications for ecosystem function and services than dif-
ferences among species (i.e., Cardinale et al., 2012; Raffard et al., 2018).

The biodiversity of coastal biogenic habitats (i.e., habitats created by
living organisms) has been particularly affected by the excessive use and
mismanagement of plastic (Agardy and Alder, 2005; Duarte et al., 2015;
Perillo et al., 2018; Williams et al., 2021). Indeed, the accumulation of
both micro- and macroplastic has been highlighted for a wide variety of
species, including mangroves (Martin et al., 2020), seagrasses (Bonanno
and Orlando-Bonaca, 2020; Cozzolino et al., 2020; Carmen et al., 2021;
de Smit et al., 2021; Kreitsberg et al., 2021) and marine macroalgae
(Cozzolino et al., 2020; de Smit et al., 2021; Li et al., 2021), as well as
rhodoliths (Teichert et al., 2021). In freshwater systems, plastics accumu-
late in riparian vegetation (Cesarini and Scalici, 2022) and floating aquatic
vegetation (Schreyers et al., 2021), but the phenomenon is not limited to
primary producers. Significant plastic accumulation occurs in biogenic hab-
itats formed by corals (de Smit et al., 2021; Reichert et al., 2022), oysters (Li
et al., 2018; Lozano-Hernández et al., 2021; Han et al., 2022), and mussels
(Santana et al., 2016; Khan and Prezant, 2018; Lim et al., 2020; Nicastro
et al., 2022). This suggests potential risks to the organisms associated
with these habitats, such as ingestion of microplastics by grazers (Gutow
et al., 2016, 2019; Seuront, 2018; Jones et al., 2020), and further conse-
quences for higher trophic levels (Farrell and Nelson, 2013).

Coastal biogenic habitats play a key role in enhancing biodiversity
(Lefcheck et al., 2019; Sievers et al., 2019) along with providing a wide
range of ecosystem services such as coastal protection (Ondiviela et al.,
2014), water filtration (Hendriks et al., 2010), carbon sequestration
(Luisetti et al., 2013; Bertram et al., 2021), acting as nursery and feeding
areas (Lefcheck et al., 2019; Terrados and Borum, 2004) and recreation
(Quevedo et al., 2020). Thus, the impact of plastic pollution may indirectly
affect global economies and human well-being through the disruption of
such ecosystem services (Pendleton et al., 2012; Mehvar et al., 2018).
Macroalgae are important habitat providers and differences in their ability
to trap plastics have been attributed to properties of the canopies they pro-
duce, with higher architectural complexity and surface roughness
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increasing the trapping of both macro and microplastics (Cozzolino et al.,
2020; de Smit et al., 2021; Nicastro et al., 2022).

Here, we assess the relative contributions of between- and within-
species diversity of macroalgae to the level of plastic trapping and retention
within the habitats they create. Specifically, through manipulative field
transplant experiments and laboratory-controlled hydrodynamic simula-
tions, we investigated the effects of intraspecific versus interspecific diver-
sity on microplastic (MP) accumulation in coastal biogenic habitats
dominated by two key bioengineers. We focused on the intertidal brown
algae Fucus vesiculosus and Fucus guiryi, the latter represented by two dis-
tinct genetic lineages. Previous studies have not only shown spatial segrega-
tion between F. vesiculosus and F. guiryi but have also highlighted
fundamental differences in the morphologies of distinct genetic lineages
of F. guiryi, including frond length, bushiness, and biomass (Zardi et al.,
2011). These lineages (referred to as north and south hereafter) also differ
in traits known to affect survival along large- and small-scale environmental
gradients (Zardi et al., 2015) in their population densities, leading to
microclimate differences within their canopies that affect their role as bio-
engineers (Monteiro et al., 2019). Our hypotheses are based on the knowl-
edge that the structural properties of the bioengineer (i.e., habitat
complexity, canopy height, density and stiffness), its surrounding hydrody-
namics (i.e., flow velocity, currents andwave action) and the physical prop-
erties of MP particles (e.g., polymer composition) are all determinant
factors of patterns of MP accumulation in coastal habitats (Hendriks et al.,
2008; Wilkie et al., 2012; Chubarenko et al., 2016; Zhang, 2017; Meysick
et al., 2019). On this basis, we hypothesised, first, that the effects of intra-
specific diversity (i.e., between genetic lineages) on MP trapping capacity
would be greater than those of interspecific diversity (i.e., between
F. vesiculosus and F. guiryi). We tested this hypothesis at two levels, compar-
ing MP trapping per individual and per canopy. Second, we hypothesised
that any differences in the relative effects of inter- and intraspecific
diversity on MP trapping would not be consistent under different flow
velocities (by comparing high and low flow conditions) or MP composition
(by comparing different polymers).

2. Material and methods

2.1. Model species and study area

Fucus species are canopy-forming, externally fertilizing perennial brown
macroalgae (Pearson and Brawley, 1996; Serrao et al., 1996). They are
dominant bioengineers on boreal intertidal semi-exposed and sheltered
rocky shores where they exhibit a positive effect on biodiversity, enhancing
species richness by modifying habitats, increasing spatial complexity, and
providing feeding areas and refuge to other species (Haage, 1975; Seed
and O'Connor, 1981; Kautsky and Kautsky, 1989). They occur widely at
temperate latitudes along northern hemisphere shores where, depending
on local environmental conditions, they can exhibit patchy or continuous
belt-like distributions.

This study was performed along the southern and northern coast of
Portugal and focused on two Fucus spp., i.e., F. guiryi and F. vesiculosus
Linnaeus. The two species have clear morphological differences such as
the occurrence of sterile margins or rims around the receptacles in
F. guiryi and the presence of air bladders in F. vesiculosus (Zardi et al.,
2011). Despite being morphologically different, they share similar distribu-
tions, occasionally occurring in sympatry in northern Portugal and farther
north. F. guiryi (previously referred to as F. spiralis var. platycarpus or
F. spiralis Low) inhabits the temperate Atlantic coasts of Europe and North
Africa (Zardi et al., 2015; Lourenço et al., 2016; Melero-Jiménez et al.,
2017). In Iberia, F. guiryi exhibits two distinct genetic lineages (also referred
to asmorphotypes) distributed according to local latitudinal environmental
gradients of air and sea temperature (Zardi et al., 2011, 2015). The south-
ern lineage (hereafter referred to as “Fucus guiryi S") occurs in allopatry in
southern marginal populations (south of central Portugal) and has a
compact, bushy short and wide appearance, whereas the northern lineage
(“Fucus guiryi N") inhabits northern sites where its genetic structure is
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influenced by hybridization with sympatric sister species (Zardi et al.,
2011, 2015). The northern lineage is characterised by less bushy individ-
uals with longer fronds (Zardi et al., 2015). It is still unclear whether the
unique morphologies and densities displayed at the rear edges of species
distributions are the result of adaption or phenotypic plasticity.
F. vesiculosus occurs on the coasts of the North Sea and the western Baltic
Sea, on the Atlantic shores of Europe, in the Azores,Madeira and the Canary
Islands (Pozharitskaya et al., 2018) and is widely distributed in the Arctic
and cold temperate regions throughout northern Russia and Greenland
(Lüning, 1990). It is absent from the Bay of Biscay and its southern distribu-
tional limit lies in Iberia in the Tejo estuary (Nicastro et al., 2013).

2.2. Sampling

A preliminary morphological assessment (April 2021) was conducted
among distinct sites within the study area on F. guiryi S (n = 2 sites; S1:
Praia de Monte Clèrigo and S2: Praia de Arrifana, Aljezur), F. guiryi N and
F. vesiculosus (n=2 sites; both at Praia Norte, Viana do Castelo). At each sam-
pling site, quadrats (30 cm× 30 cm; n=4) were haphazardly placed in the
middle of each species' intertidal range. For each quadrat, adults and recruits
were counted separately and a subsample (n=5) of intact adult individuals
showing no visible damage due towave action or grazingwas collected. Spec-
imen morphology was assessed (Tables 1Sa and 2S) following Zardi et al.
(2011). Specifically, individual maximum length, maximum circumference
(measured with a tape measure around the widest part of the frond) and
total biomass (i.e., dry weight, or dw, in g), individual bushiness
(i.e.,maximumcircumference-to-length ratio) andnumber and biomass of re-
ceptacles (dw, g) were determined. Algal body and receptacles were dried
separately in an oven at 60 °C for 72 h. Values of each morphological trait
were calculated as averages for five individuals per quadrat and means for
the maximum number of individuals counted in the quadrat (when n < 5).

One-way ANOVA, performed on each species using the morphological
traits (e.g., length and number of receptacles) as response variables, did
not identify significant morphological differences between sites
(Table 1Sb). Therefore, collection of each species/morphotype was
restricted to only one of the two sites previously explored.

2.3. Laboratory plastic trapping experiments

Plastic trapping experiments were conducted in the laboratory using
intact adult reproductive individuals of F. guiry N, F. guiryi S and
F. vesiculosus collected in May 2021 from Praia de Monte Clèrigo Aljezur
(37° 20′ 29.16″ N; 8° 51′ 16.16″ W; F. guiryi S) and Praia Norte Viana do
Castelo (41° 41′ 29.93″ N, 8° 50′ 57.99″ W; F.guiryi N and F. vesiculosus).
The two sites are approximately 280 km apart. The algae were maintained
in cool boxes and transported to the laboratory within 48 h. In the labora-
tory, theywere kept at a temperature of 12 °C, 100% humidity and in dark-
ness.

2.3.1. Flow generation
The experiments were performed using a recirculating circular flume

(Fig. 1S) that allowed the creation of a steady unidirectional flow following
Nicastro et al. (2022). The device was 2 m long by 1 m wide, with 30-cm
wide smoothed-wall (Fig. S1). The bottom and lateral walls of the tank
were composed of dark grey PVC and transparent acrylic, respectively.
Flow was generated through surface friction by the rotation of a set of 10
parallel PVC disks 5 mm thick and 0.6 m in diameter. The rotation
frequency of the disks was controlled using an electronic control board
connected to an electric engine. The flumewas calibrated using the ensem-
ble average velocity of a drifter that travelled between distinct locations in
the linear section of the flume. This surface velocity highly significantly
(p < 0.01, r2 = 0.99) correlated linearly with the rotation speed of the
wheels. The velocity of the free-stream flow, V0, and the flow observed
behind the vegetated structure, Vx, were measured at 100 Hz for the dura-
tion of 1 min (i.e., N = 6000 velocity measurements) with an Acoustic
Doppler Velocimeter (ADV, Nortek Vectrino Cable Probe) respectively
3

positioned 25 cm upstream and 25 cm downstream of the sample. These
measurements were consistently triplicated. Velocity was measured at
two different depths, Z1 = Top (within 5 cm of the surface) and Z2 = Bot-
tom (within 5 cm of the bottom). Two free-stream velocities respectively
representative of peak tidal flow of microtidal systems (de Smit et al.,
2021; i.e., V0 (Low flow) = 0.15 m s−1) and average maximum flow velocity
in wave-exposed locations (Gaylord, 1997; i.e., V0 (High flow) = 0.45 m s−1)
were considered. For each flow velocity, inter- vs intraspecific effects on
water flow were quantified using the velocity ratio d = V0/Vx as a proxy
of the dissipation of the flow by the algae. The comparison was made
between species (Fucus vesiculosus vs F. guiryi) for the interspecific effect
(n = 3) and within species (F. guiryi Southern vs F. guiryi Northern) for
the intraspecific effect (n = 3).

F. guiryi S individuals were consistently smaller than the other two
species/morphotypes (i.e., 3-fold smaller). Hence, to consider the differ-
ence in size of the Fucus spp. used in the experiments, the flume was filled
with 300 l and 175 l of seawater (salinity 33 ppt) for experiments on north-
ern (F. guiryi N and F. vesciculosus) and southern (F. guiryi S) species/
morphotypes respectively. This approach has specifically been chosen to
ensure that all individuals experienced similar flow conditions, with the
water surface about 2–5 cm above the specimen's tip, simulating an incom-
ing high tide with the alga just submerged.

2.3.2. Microplastic trapping
Microplastic trapping was consistently tested on solitary individuals of

the three species/morphotypes under both low (V0 (low flow) = 15 cm
s−1) and high flow (V0 (high flow)= 45 cm s−1) with n=4 for each velocity
and species/morphotype combination.

Under each tested velocity, a mixture of MPs was added to the flume ca.
50 cm behind the rotating wheel and allowed to circulate for 2 min. The
microplastics consisted of polyamide (PA) and polypropylene (PP) fibres
(3 nm in diameter, and length variable between 0.05 mm and 5 mm) and
polyethylene pellets in a combination of both low-density (LDPE) and
high-density polyethylene (HDPE; length 1 mm). Each polymer type was
added at a fixed concentration (0.0265 g l−1) to the microplastic mixture
following the concentration proposed by de Smit et al. (2021). These
polymers were specifically chosen because: (1) they are among the most
common polymers found in the marine environment (Gallo et al., 2018),
and (2) because they have different densities, some tend to float to the
surface (i.e., PP and LDPE) while others tend to sink (i.e., PA and HDPE),
providing the opportunity to investigate MP trapping through the entire
water column. To easily distinguish the microplastics from potential exter-
nal contamination, bright green polypropylene and light green polyamide
fibres were used.

Each run consisted of one individual alga glued to a flat rock using a
two-part epoxy compound glue (Splash Zone A-788) and placed in the mid-
dle of the linear section of theflume. Specimenswere surrounded by similar
rocks (10–15 cm in length each), simulating the heterogenous substrata of
rocky shores. After twominutes, a net (mesh size 0.05mm)was dropped ca.
50 cm on the vegetative structure to block the microplastics stream. Subse-
quently, the algawas collected and rinsedwithfiltered seawater. All rinsing
water used was filtered through glass microfiber Whatman GF/C filters
(47 mm diameter) using a vacuum pump (VWR VP-86; 100 mbar). The
filters were dried and observed under a stereomicroscope (Olympus,
SZX16). All microplastics resembling those added to the flume were
counted.

2.4. Structural complexity

The effect of the two experimental flows on the structural complexity of
northern (F. guiryi N and F. vesciculosus) and southern (F. guiryi S) species/
morphotypes was assessed using fractal geometry (Mandelbrot, 1983).
Fractals have the desirable properties of being independent of the
observation scales and more sensitive to even slight variation in structural
complexity than traditional Euclidean descriptors (Sugihara and May,
1990; Seuront, 2009). Noticeably, fractals have been successfully applied
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to describe architectural complexity in a range of marine organisms such as
coral reefs (Basillais, 1997), sponges (Kaandorp, 1991; Kaandorp and de
Kluijver, 1992; Abraham, 2001), gorgonians (Burlando et al., 1991; Mistri
and Ceccherelli, 1993), crabs burrows (Katrak et al., 2008), mussel beds
(Erlandsson et al., 2011; Zardi et al., 2021), and seaweeds (Corbit and
Garbary, 1995; Kübler and Dudgeon, 1996; Davenport et al., 1996;
Ndhlovu et al., 2021). Here, for each flow velocity and for each species
and morphotype, we took high-resolution digital pictures of each experi-
mental algae (n = 3) from the side and the top of the linear section of the
flume. We subsequently assessed the complexity of the contour of each in-
dividual algae using the dividers procedure, which uses a set of dividers of
fixed length l along the algae edge. The length of the algae's edge was sub-
sequently estimated as the product of N(l) (the number of dividers needed
to cover the algae's edge) and the length scale l. The number of dividers
necessary to cover the algae's edge increases with decreasing measurement
scale as N(l) = k × l-D, where l is the measurement scale, D the so-called
fractal dimension estimated as the slope of the log-log plot of N(l) vs l,
and k an empirical constant. The fractal dimension D is theoretically
bounded between 1 and 2. D=1when the edge is linear, and in the oppo-
site instance of curviness,D=2when the edge geometry is so complex that
it virtually fills the whole available space. Because the value of N(l) may
vary depending on the starting position along the algae's edge, we systema-
tically ran our analyses by starting the dividers procedure at 10 different,
randomly chosen location along the edge, walking forwards and back-
wards, and using the distribution of the resulting divider dimensions as
an estimate of D (Seuront, 2009). The potential presence of anisotropy in
the structural edge complexity was assessed for each flow velocity and for
each species and morphotype through a comparison of the fractal dimen-
sions Di of the algae's edge returned from the analysis of the side (DSide)
and top (DTop) view of individual algae using a t-test (Zar, 1999). If the
null hypothesis of non-significant differences between DSide and top DTop

was rejected, the edge complexity was subsequently estimated as D =
(DSide + DTop)/2 (Zar, 1999; Seuront, 2009). Interspecific differences
were assessed through comparisons of the structural complexity of
F. vesiculosus and F. guiryi (Northern and Southern combined) whereas
intraspecific differences were inferred by comparing the fractal dimensions
of individual F. guiryi N and F. guiryi S. The presence of significant
differences in algae's edge complexity at the inter- and intraspecific levels
were assessed using an analysis of covariance, and a subsequent multiple
comparison procedure based on the Tukey test was used to identify distinct
groups of measurements (Zar, 1999).

2.5. Field plastic trapping experiments

A field experiment on plastic trapping was conducted using intact adult
reproductive individuals collected in January 2020 from Praia de Monte
Clèrigo (37° 20′ 29.16″ N; 8° 51′ 16.16″ W; F. guiryi S) and from Viana do
Castelo (41° 41′ 29.93″ N, 8° 50′ 57.99″ W; F. guiryi N and F. vesiculosus).
The algae were maintained in cool boxes and transported to the laboratory
within 72 h. In the laboratory, all individuals were cleaned of epibionts and
carefully rinsed with filtered seawater (GF/C Whatman filter, 47 mm of
diameter, 1.2 μm of pore size). A visual examination under a stereomicro-
scope (Leica S8 APO,magnification×40)was also done for each individual
before it was deployed in the field. A small portion of the substratum to
which each individual was attached was carefully removed using a chisel
and was then used to affixed to solid substratum at the host site (Vilamura;
37° 4′ 15.00″ N, 8° 7′ 22.43″ W) using a fast-curing epoxy compound (Z-
Spar Splash Zone Compound, Underwater Epoxy Putty, A-788). The host
substratumwas cleaned of natural biological cover andmudprior to gluing.
Individuals were deployed in the field for 14 days after which each one was
cut at the base and carefully rinsed with filtered seawater. All rinsing water
was filtered as above. To prevent loss of microplastics, each container was
further rinsed and each individual visually inspected under the stereomi-
croscope. For each alga, the dry biomass was calculated and the initial
maximum length (i.e., from the holdfast to the furthest apex) measured.
MP counts were expressed as Total MPs/individual.
4

2.6. Quality control

To eliminate post-sampling contamination (e.g., contamination by MPs
through sample handling) several measures were adopted while handling
and processing the samples. Gloves and 100 % cotton laboratory coats
were worn during laboratory processing. In addition, all equipment used
was non-plastic (i.e., glass or metal), and was rinsed twice with pre-
filtered ultrapure water between each sample extraction. Aluminium foil
was used to cover material before use and to cover glass jars during settling
intervals and while filtering.

To obtain information on polymer composition and to validateMP iden-
tification, Fourier transform infraredmicro-spectroscopywas performed on
a subsample of microplastics trapped in the field (50 % representativeness
of total number of MPs). Infra-red Attenuated Total Reflection (IR-ATR)
spectra between 500 and 3500 cm−1 were collected using a Nicolet iN10
Fourier infrared micro-spectroscopy (Thermal Fisher Scientific Co., USA).
Micro Tip ATRwas placed in contact with the sample to record the spectra,
with air as the background spectrum. Recorded spectra were compared
against commercial FT-IR spectral libraries (Hummel Polymer and Addi-
tives Library and FBI fibre library).

2.7. Data analyses

Analyses were performed for both laboratory and field plastic trapping
experiments using data expressed as total number of MP per individual. In
addition, estimates of MP trapping at the canopy level were calculated by
standardising the field MP trapping to the canopy density occurring at the
sites where the species/morphotypes were collected. The density of each
species/morphotype was expressed as the number of adult individuals
counted in a 30 × 30cm quadrat. The total number of MP per canopy
was standardised as the average number of MP trapped by an individual
in the field (sample size n=12) multiplied by the total number of individ-
uals present in each quadrat (30 × 30 cm, sample size n = 8).

The comparison of inter- vs intraspecific effectswasmade by comparing
the strengths of two contrasts. The effect of interspecific variation (Contrast
1) was assessed by comparing all Fucus guiryi treatments (Southern and
Northern combined) versus the Fucus vesiculosus treatment. The effect of
intraspecific variation (Contrast 2) was derived by comparing F. guiryi S
versus F. guiryi N.

The effect of inter and intraspecific variation on MP retention was
assessed using three statistical procedures. First, orthogonal contrasts
were used for each dataset for both laboratory and field experiments. For
the laboratory experiment, each velocity was treated separately. Second,
the effect size was calculated for each orthogonal contrast analysed and
used to compare the magnitudes of the effects between inter- (Contrast
1) and intraspecific variation (Contrast 2). Given the sample sizes (<20),
Hedges' g was chosen over Cohen's d (Grissom and Kim, 2005). Descriptors
for magnitudes based on Cohen (1992) and adapted according to
Sawilowsky (2009) were used. The 95 % confidence interval for the effect
size was calculated (Hedges and Olkin, 2014). Third, Permutational
Multivariate Analyses of Variance (Permanova; Anderson, 2001) were
performed to test the effects of inter- and intraspecific variability (i.e., the
two contrasts) on MP polymer composition (i.e., polyamide, polypropylene
or polyethylene). This analysiswas performedonly for data from laboratory
experiments as 90 % of MPs trapped in the field were fibres. The tests were
performed with either Contrast 1 (effect of interspecific variability) or
Contrast 2 (effect of intraspecific variability) and velocity (V0(low flow) =
15 cm s−1 and V0(high flow) = 45 cm s−1) as fixed factors and MP polymer
abundance (n) as the dependent variable. For each PERMANOVA analysis,
a Bray-Curtis dissimilarity matrix for square root transformed multivariate
data was used. Significance of F-ratios was determined from 9999 random-
izations of the data (Anderson, 2005). When only a restricted number of
permutations was possible, Monte Carlo p-values (p(mc)) were preferred
to permutational p-values (p(perm)). A similarity percentage analysis (SIM-
PER) was used to determine the percentage contribution that each variable
(MP polymer type abundance) made to the Bray-Curtis dissimilarities.



Fig. 1. Illustration of the linear behaviour of the log-log plots of the numberN(l) of dividers of lengthlneeded to cover the edge of the same individual Fucus vesiculosus under
various flow conditions, i.e., still seawater (A), low flow (15 cm s−1; B) and high flow (45 cm s−1; C).
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Differences between Fucus species/morphotypeswere visualized using non-
metric multidimensional scaling (nMDS) ordinations based on Bray-Curtis
similarity matrices.

The ADV statistical analysis was carried out for each flow velocity
separately. A two-way ANOVA was performed with the effect of intraspe-
cific or interspecific variation and distance from the bottom (Z1 = Top
and Z2= Bottom) as fixed factors, and dissipation (d) as the dependent var-
iable. When data did not follow a normal distribution or exhibit homosce-
dasticity, a non-parametric Kruskal-Wallis test was used.

3. Results

3.1. Structural complexity

For each species and morphotype, no significant differences were found
between the structural complexity obtained from the analysis of the side
and top view of the individual algae (p > 0.05). As a consequence, the corre-
sponding fractal dimensions DSide and DTop were pooled for further analysis.

The fractal analysis revealed that both F. vesiculosus and F. guiryi
species/morphotypes significantly change in structural complexity with
flow conditions (DNoFlow = DLowFlow > DHighFlow; Tukey test, p < 0.05;
Figs. 1 and 2). These results indicate a significant effect of high flow veloc-
ity on the structural complexity observed between and among species.

Both inter- and intraspecific differences were detected in Fucus spp.
structural complexity (Fig. 2). Specifically, at the interspecific level,
F. vesiculosus was structurally significantly more complex than F. guiryi in
the absence of flow and under high flow conditions (p < 0.05) but the
two species showed similar structural complexity at low flow velocity
Fig. 2. Interspecific (A) and intraspecific (B) structural complexity (estimated through th
structural complexity were respectively assessed through comparisons of (A) interspecifi
bars) and (B) intraspecific - F. guiryi N (dark grey bars) and F. guiryi S (light grey bars).
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(p > 0.05; Fig. 2A). In contrast, at the intraspecific level, F. guiryi N was
always structurally more complex than F. guiryi S (i.e., DFgN > DFgS),
irrespectively of flow conditions (Fig. 2B).

3.2. Individual plastic trapping under laboratory conditions

The Acoustic Doppler Velocimeter (ADV) revealed no significant intra-
specific or interspecific differences in flow dissipation at low flow velocity
(V0(Low flow) = 0.15 m s−1), regardless of the depth (Fig. 3S- A and C). At
higherflow velocity (V0(High flow)=0.45m s−1), no significant interspecific
effects on water flow dissipation were observed (Fig. 3S- D) regardless of
the depth. Therewas, however, significant intraspecific variation in surface
flow dissipation, with the northern lineage of Fucus guiryi being more effec-
tive at dissipating flux than the southern lineage (Fig. 3S-BTop; Tukey test:
p = 0.0003). In contrast, flow dissipation did not differ significantly
between the two lineages at the bottom of the water column (Fig. 3S-
BBottom; Tukey test: p = 0.8315).

In general, the orthogonal contrast analyses highlighted significant inter
and intraspecific effects on the number of microplastic particles trapped
under laboratory conditions. Data were expressed as total number of MP
per individual (hereafter Total MPs/individual (n)). Effect sizes were
always relatively higher between morphotypes than between species
(Huge vs Small/Medium; Table 1). Specifically, northern individuals
of F. guiryi trapped significantly more microplastics than southern individ-
uals at both low (t=−6.682, p=0.001; Fig. 3A) and high flow velocities
(t=−6.693, p = 0.001; Fig. 3B). F. vesiculosus trapped significantly more
MPs than F. guiryi at high flow velocity (t=2.977, p=0.016, effect size=
Medium; Table 1) while no interspecific effect was detected at low velocity.
e fractal dimensionD) of Fucus spp. under various flow conditions. The differences in
c - F. vesiculosus (black bars) and F. guiryi (Northern and Southern combined; white
The asterisks (*) identify significant differences between fractal dimensions D.
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Fig. 3. Microplastics counts (n) per individual algae between species (Contrast 1) and between lineages (Contrast 2) using data collected during the laboratory-controlled
hydrodynamic simulation. The analysis was performed on each velocity separately. (A) Microplastics counts per individual at V0 (low flow) = 15 cm s−1 (n = 4; mean ±
SD) and (B) Microplastics counts per individual at V0 (high flow) = 45 cm s−1 (n = 4; mean ± SD).

Table 1
Contrast analysis performed on data from the laboratory trapping experiments. P-value, t, Common Language Effect Size (CLES), Mean and 95 % Confidence Intervals (CI)
of effect sizes (g Hedges) for Total MPs/individual (n) at each velocity for interspecific and intraspecific variation. Asterisk indicates approacheswhere the relevant 95%CI of
effect size overlaps with zero. Descriptors for magnitudes are based on Cohen (1992) and expanded by Sawilowsky (2009).

Variable Flow velocity (U) p-Value t CLES gHedges (lower CI–upper CI) Descriptor

Interspecific variation
Total MPs/Individual (n) 15 cms−1 0.094 1.875 0.637 0.496 (−0.721; 1.712)* Small
Total MPs/Individual (n) 45 cms−1 0.016 2.977 0.711 0.786 (−0.455; 2.027)* Medium

Intraspecific variation
Total MPs/Individual (n) 15 cms−1 0.001 −6.682 1 6.279 (2.904; 9.653) Huge
Total MPs/Individual (n) 45 cms−1 0.001 −6.693 1 7.337 (3.848; 11.19) Huge
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When data expressed as Total MPs polymer/individual, there was a
significant intraspecific (PERMANOVA, p = 0.001), but no interspecific
effect on MP polymer composition (i.e., polyamide, polypropylene and
polyethylene; n/individual; Table 3SM). The nMDS plots mirrored the
PERMANOVA results, revealing clear separation between the two lineages
(Fig. 4B). Polyamide and polypropylene fibres contributed the most to the
observed difference (65 % and 26.7 % respectively; SIMPER).

3.3. Individual plastic trapping in the field

The orthogonal contrast analyses highlighted significant interspecific
and intraspecific effects on the numbers of microplastics trapped in the
field. When data were expressed as Total MPs/individual (n; Fig. 5A), the
A
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Fig. 4. The similarity in species abundance of microplastic polymer types (polyamide, p
Fv = Fucus vesiculosus) and (B) intraspecific variation (S = Fucus guiryi Southern, N =
performed using data from the laboratory experiment expressed as Total MPs polym
superimposed as circles on the nMDS plots.
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effect sizes between lineage were always higher than between species
(Huge vs Medium respectively). Northern individuals of F. guiryi accumu-
lated on average 3.5 times more MP than southern individuals (t =
9.466, p = 0.001), while F. vesiculosus trapped 1.4 times more MP than
F. guiryi (t = 4.251, p = 0.001 Table 2).
3.4. FT-IR spectroscopy characterization in the field

Overall, 90 % of MPs found were fibres while the remainder consisted
of plastic fragments. Fibres were mostly polyethylene terephthalate (PET;
55 %) or polyethylene (PE; 21 %), whereas fragments were mainly made
up of polystyrene (PS; 50 %) or polyethylene (PE; 29 %).
B

S S

S

S
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S

S
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N
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Velocity
15 cm −1

45 cm −1
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olypropylene and polyethylene) for the effect of (A) interspecific (Fg = Fucus guiryi,
Fucus guiryi Northern). Non-metric multidimensional scaling (nMDS) plots were

er/individual (n). The results of clusters detected by PERMANOVA (Fig. 2S) are
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Fig. 5. Microplastics counts (n) per individual algae between species (Contrast 1) and between lineages (Contrast 2) using data collected during the field transplant
manipulative experiment. (A) Total microplastics abundance per individual (n = 12; mean ± SD) and (B) mean total microplastics abundance per canopy (n = 8;
mean ± SD).

Table 2
Data from the field transplant experiment. P-value, t, Common Language Effect Size
(CLES), Mean and 95 % Confidence Intervals (CI) of effect sizes (g Hedges) of Total
MPs/individual (n) for interspecific and intraspecific variation. Asterisk indicates
approaches where the relevant 95% CI of effect size overlaps with zero. Descriptors
for magnitudes are based on Cohen (1992) and expanded by Sawilowsky (2009).

Variable p-Value t CLES gHedges (lower CI–upper CI) Descriptor

Interspecific variation
Total MPs/Individual
(n)

0.001 4.251 0.688 0.692 (−0.019; 1.403)* Medium

Intraspecific variation
Total MPs/Individual
(n)

0.001 9.466 0.994 3.584 (2.293; 4.876) Huge
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3.5. Estimated canopy microplastic trapping in the field

Orthogonal contrast tests using data expressed as Total MPs/canopy
(mean n) revealed a significant interspecific effect (Fig. 5B) on the number
of microplastics trapped, with Fucus guiryi trapping more MP particles than
F. vesiculosus (p = 0.002) resulting in a very large effect size (Table 3). No
intraspecific effect was detected.

4. Discussion

We assessed the relative effects of intraspecific versus interspecific
diversity on plastic trapping in coastal biogenic habitats. While
F. vesiculosus trapped more plastic than F. guiryi at higher flow velocity in
the laboratory, there was also an intraspecific effect, with plastic
Table 3
Data adapted from the field transplant experiment and the preliminary field assess-
ment. P-value, t, Common Language Effect Size (CLES), Mean and 95 % Confidence
Intervals (CI) of effect sizes (g Hedges) of Total MPs/canopy (mean n) for interspe-
cific and intraspecific variation. Asterisk indicates approaches where the relevant
95 % CI of effect size overlaps with zero. Descriptors for magnitudes are based on
Cohen (1992) and expanded by Sawilowsky (2009).

Variable p-Value t CLES gHedges (lower
CI–upper CI)

Descriptor

Interspecific variation
Total MPs/canopy
(mean n)

0.002 −3.948 0.804 1.211 (0.296;
2.126)

Very large

Intraspecific variation
Total MPs/canopy
(mean n)

0.123 −1.708 0.727 0.854 (−0.17;
1.877)*

Large
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accumulating significantly more within northern than southern
morphotypes of F. guiryi. The results differed slightly underfield conditions,
where we found differences in MP retention between the morphotypes of
F. guiryi at the individual level, but not at the canopy level.

The number of studies assessing plastic contamination in biogenic
habitats has grown substantially in recent years and biogenic habitats are
often described as sinks for plastic litter (Garcés-Ordóñez et al., 2019;
Huang et al., 2020; Jones et al., 2020; Cozzolino et al., 2020; Stead et al.,
2020; Unsworth et al., 2021). Importantly, experimental evidence from
laboratory and field flume tests has shown how the individual structural
complexity of the organisms forming the biogenic habitat is a key determi-
nant of the magnitude of plastic trapping (de Smit et al., 2021; Carmen
et al., 2021; Nicastro et al., 2022). The relevance of structural features
has been confirmed by field assessments of architectural complexity
(i.e., total surface area and surface area to volume ratio) and physical prop-
erties such as stiffness/flexibility and surface characteristics. Specifically,
benthic structures with a rough surface andmore complex architecture pro-
vide larger exposed surface areas resulting in greater retention of plastic
particles (Cozzolino et al., 2020; de Smit et al., 2021; Nicastro et al.,
2022). Our laboratory experiments provide further evidence that morpho-
logical variation within a species can have even stronger effects than
variation between species. In other words, what matter the most is
morphology, not species identity sensu stricto. This was confirmed by the
patterns observed in the field transplant experiment. The consistency of
field and laboratory findings, also maintained under variable flow veloci-
ties, clearly indicate that phenotypic variation between northern and south-
ern individuals of F. guiryi is crucial in determining differences in the
efficiency with which they accumulate microplastics.

The ADV did not reveal intra- or interspecific effects on flow dissipation
at low velocities. At higher flows, however, intraspecific morphological
differences affected surface flow dissipation. In the natural environment,
Fucus spp. are subjected to high hydrodynamic forces including lift, drag
and impingement forces due to wave breakage in the rocky intertidal
(Gaylord, 1997; Gaylord, 2000; Denny and Gaylord, 2002). It has been sug-
gested that the structural properties of organisms are correlatedwith hydro-
dynamic performance through velocity-dependent relations (Boller and
Carrington, 2007). In response to increased velocity, flexible macroalgae
such as Fucus spp. tend to bend passively by changing their shape and pro-
file, allowing an exponential reduction in drag relative to their canopies
(Denny and Gaylord, 2002; Harder et al., 2004). This phenomenon,
known as reconfiguration, has been quantified as a measure of the relation-
ship between velocity and drag (Vogel, 1994; Harder et al., 2004). It occurs
through twomechanisms: (i) stem deflection at low velocities (<20 cm s−1)
and (ii) canopy compaction, consisting of a reduction in frontal area and a
change in shape, at higher velocities (Boller and Carrington, 2006). Thus, it
is likely that at higher flow velocities the phenotypical variation within
F. guiryimorphotypes results in different plant reconfigurations— in agree-
ment with the observed change in structural complexity under high flow
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conditions (Fig. 2)—which in turn modulate surface flow dissipation. This
underlies a strict correlation between the fractal dimension of the alga, its
reconfiguration shape and the amount of microplastic trapped.
Importantly, the interspecific difference in structural complexity observed
in still water conditions between F. vesiculosus and F. guiryi is lost under
conditions of low flow velocity (Figs. 1 and 2A). In contrast, these differ-
ences are maintained at the intraspecific level between F. guiryi northern
and southern lineages (Fig. 2B), further highlighting the importance of
intraspecific differences in morphology.

Together with flow velocity, polymer type affects the probability
of microplastics being retained in marine vegetated canopies (Carmen
et al., 2021). Previous studies have reported that microplastics made up
of denser polymers (e.g., polyamide and polyethylene terephthalate pellets)
are more likely to be retained in seagrass beds than less dense MPs
(e.g., polypropylene pellets). Particularly, the trapping of floating MPs has
been observed at low velocities (<12 cm s−1) presumably due to the barrier
created at the canopy/surface- water interface (Carmen et al., 2021). These
results are in contrast to our observations of higher occurrence of polyam-
ide fibres than floating microplastics (i.e., polypropylene), that might be
explained by our simulation of an incoming high-tide during the
laboratory-controlled hydrodynamic experiment using a stronger flow
regime (i.e., 15 and 45 cm s−1). In addition to flow-induced algal reconfig-
uration at higher flow velocity and the related significant decrease in struc-
tural complexity, the fact that the water surface just covered the algae
would have hindered the formation of the canopy/surface-water interface,
thus minimising the likelihood of trapping for less dense MP polymers. We
observed similar patterns in the field with higher density polymers
(i.e., PET and PE) being the most common MPs. Polymer-specific density
influences particle position in the water column (i.e., the tendency to
float at the surface or sink to the bottom) consequently driving the tendency
of particles to settle, disperse or be retained.

Our results further show that, in combination with individual architec-
tural complexity, the density of the biogenic structure plays a crucial role in
the extent of plastic trapping. This is in line with recent evidence highlight-
ing that microplastic retention within canopies of the seagrass Zostera
marina increases with increasing shoot density (Carmen et al., 2021).
Here, we found that canopies of F. guiryi accumulated more microplastics
than those of F. vesiculosus, thus reversing the trend observed at the individ-
ual level (F. vesiculosus > F. guiryi). Plant density differs significantly but
gradually across the north–south distribution of F. guiryi (Zardi et al.,
2015); southern populations of F. guiryi are characterised by higher densi-
ties and provide more uniform cover than those of the northern
morphotype. At the southern edge, inter-individual distances are reduced
but patches aremore scattered (Zardi et al., 2015). Hence, southern patches
of F. guiryi would be expected to concentrate higher amount of
microplastics. Despite marked differences in the structure and plant densi-
ties between northern and southern canopies of F. guiryi (Zardi et al.,
2015), we observed, however, no difference in MP trapping at the canopy
level. It is known that aggregations of individuals can strongly modify envi-
ronmental factors. For instance, laboratoryflume experimentswith the blue
mussel Mytilus edulis have shown that density and spatial arrangement of
the individuals comprising a biogenic reef reduce boundary layer velocities,
and increase turbulence and boundary layer thickness, eventually leading
to higher risk of microplastic bioaccumulation due to plastic retention
over reef surfaces (Lim et al., 2020). Similarly, a recent study showed that
the increase in surface complexity of a mussel bed induced by endolithic
infestation of the shell affects the structure of the overlying flow and in-
creases plastic retention (Nicastro et al., 2022). In the context of
macroalgae, previous research on F. guiryi showed a tempering effect of
the canopy on local conditions of humidity, light intensity and temperature,
attenuating stress level within the group (Monteiro et al., 2019). However,
along the species' distributional range, the habitat-modifying abilities of the
southern and northern F. guiryimorphotypes do not differ significantly and
do not result in distinct microclimates (Monteiro et al., 2019), which is in
agreement with the lack of intraspecific effects at the canopy level found
in the present study.
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5. Conclusion

Our results demonstrate that intraspecific phenotypic variation not only
modulates the extent of plastic trapping between morphotypes of the same
species, but that its effects can be larger than those due to interspecific
differences. Our findings also emphasize the crucial contribution of flow
velocity, polymer composition and canopy density in triggering the pat-
terns of microplastic accumulation observed. We thus argue that assessing
the relative effects of intra- and interspecific diversity onmicroplastic accu-
mulation in key ecosystems is essential to developing mitigation strategies.

CRediT authorship contribution statement

Lorenzo Cozzolino: Investigation, Data curation, Formal analysis,
Visualization, Writing – original draft, Writing – review & editing. Katy
R. Nicastro: Conceptualization, Investigation, Formal analysis, Resources,
Writing – review & editing, Funding acquisition, Project administration,
Supervision. Laurent Seuront: Investigation, Formal analysis, Resources,
Writing – review & editing. Christopher D. McQuaid: Investigation,
Resources, Writing – review & editing, Supervision. Gerardo I. Zardi:
Conceptualization, Investigation, Formal analysis, Resources, Writing –
review & editing, Supervision.

Data availability

Data will be made available on request.

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgments

Funding: This research received Portuguese national funds from FCT –
Foundation for Science and Technology through projects UIDB/04326/
2020, UIDP/04326/2020, LA/P/0101/2020, EXPL/BIA-BMA/0682/
2021, PhD grant with reference 2020.06671.BD, EuropeanUnion's Horizon
2020 research and innovation programme under the Marie Sklodowska-
Curie Grant agreement n. 10103439 and by the National Research Founda-
tion of South Africa (grant number: 64801).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.157771.

References

Abraham, E.R., 2001. The fractal branching of an arborescent sponge. Mar. Biol. 138 (3),
503–510.

Agardy, T., Alder, J., 2005. Millennium Ecosystem Assessment Chapter 19 Coastal Systems.
coordinating authors.

Anderson, M.J., 2001. A new method for non-parametric multivariate analysis of variance.
Austral Ecol. 26 (1), 32–46.

Anderson, M.J., 2005. Permutational Multivariate Analysis of Variance. 26. Department of
Statistics, University of Auckland, Auckland, pp. 32–46.

Arthur, C., Baker, J., Bamford, H., 2009. Proceedingsof the International Research Workshop
on the Occurrence, Effects, and Fate of Microplastic Marine Debris, September 9-11,
2008.

Azevedo-Santos, V.M., Brito, M.F., Manoel, P.S., Perroca, J.F., Rodrigues-Filho, J.L., Paschoal,
L.R., Pelicice, F.M., 2021. Plastic pollution: a focus on freshwater biodiversity. Ambio 50
(7), 1313–1324.

Balvanera, P., Siddique, I., Dee, L., Paquette, A., Isbell, F., Gonzalez, A., Griffin, J.N., 2014.
Linking biodiversity and ecosystem services: current uncertainties and the necessary
next steps. Bioscience 64 (1), 49–57.

Barnes, D.K., Galgani, F., Thompson, R.C., Barlaz, M., 2009. Accumulation and fragmentation
of plastic debris in global environments. Philos. Trans. R. Soc., B 364 (1526), 1985–1998.

https://doi.org/10.1016/j.scitotenv.2022.157771
https://doi.org/10.1016/j.scitotenv.2022.157771
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504309405
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504309405
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300456100961
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300456100961
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300442032152
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300442032152
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443011527
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443011527
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300457080090
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300457080090
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300457080090
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443033487
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443033487
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504314795
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504314795
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443129417
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443129417


L. Cozzolino et al. Science of the Total Environment 848 (2022) 157771
Basillais, É., 1997. Coral surfaces and fractal dimensions: a new method. Comptes Rendus de
l'Académie des Sciences-Series III-Sciences de la Vie 320 (8), 653–657.

Bertram, C., Quaas, M., Reusch, T.B., Vafeidis, A.T., Wolff, C., Rickels, W., 2021. The blue car-
bon wealth of nations. Nat. Clim. Chang. 11 (8), 704–709.

Boller, M.L., Carrington, E., 2006. The hydrodynamic effects of shape and size change during
reconfiguration of a flexible macroalga. J. Exp. Biol. 209 (10), 1894–1903.

Boller, M.L., Carrington, E., 2007. Interspecific comparison of hydrodynamic performance
and structural properties among intertidal macroalgae. J. Exp. Biol. 210 (11),
1874–1884.

Bonanno, G., Orlando-Bonaca, M., 2020. Marine plastics: what risks and policies exist for
seagrass ecosystems in the Plasticene? Mar. Pollut. Bull. 158, 111425.

Burlando, B., Cattaneo-Vietti, R., Parodi, R., Scardi, M., 1991. Emerging fractal properties in
gorgonian growth forms (Cnidaria: Octocorallia). Growth, development, and aging:
GDA 55 (3), 161–168.

Cardinale, B.J., Duffy, J.E., Gonzalez, A., Hooper, D.U., Perrings, C., Venail, P., Naeem, S.,
2012. Biodiversity loss and its impact on humanity. Nature 486 (7401), 59–67.

Carmen, B., Krång, A.S., Infantes, E., 2021. Microplastic retention by marine vegetated cano-
pies: simulations with seagrass meadows in a hydraulic flume. Environ. Pollut. 269,
116050.

Cesarini, G., Scalici, M., 2022. Riparian vegetation as a trap for plastic litter. Environ. Pollut.
292, 118410.

Chubarenko, I., Bagaev, A., Zobkov, M., Esiukova, E., 2016. On some physical and dynamical
properties of microplastic particles in marine environment. Mar. Pollut. Bull. 108 (1–2),
105–112.

Cohen, J., 1992. A power primer. Psychol. Bull. 112 (1), 155.
Corbit, J.D., Garbary, D.J., 1995. Fractal dimension as a quantitative measure of complexity in

plant development. Proc. R. Soc. Lond. Ser. B Biol. Sci. 262 (1363), 1–6.
Cozzolino, L., Nicastro, K.R., Zardi, G.I., Carmen, B., 2020. Species-specific plastic accumula-

tion in the sediment and canopy of coastal vegetated habitats. Sci. Total Environ. 723,
138018.

Crutsinger, G.M., Collins, M.D., Fordyce, J.A., Gompert, Z., Nice, C.C., Sanders, N.J., 2006.
Plant genotypic diversity predicts community structure and governs an ecosystem pro-
cess. Science 313 (5789), 966–968.

Davenport, J., Pugh, P.J.A., McKechnie, J., 1996. Mixed fractals and anisotropy in subantarc-
tic marine macroalgae from South Georgia: implications for epifaunal biomass and abun-
dance. Mar. Ecol. Prog. Ser. 136, 245–255.

Denny, M., Gaylord, B., 2002. The mechanics of wave-swept algae. J. Exp. Biol. 205 (10),
1355–1362.

Des Roches, S., Post, D.M., Turley, N.E., Bailey, J.K., Hendry, A.P., Kinnison, M.T., Palkovacs,
E.P., 2018. The ecological importance of intraspecific variation. Nature Ecology & Evolu-
tion 2 (1), 57–64.

Deudero, S., Alomar, C., 2015. Mediterranean marine biodiversity under threat: reviewing in-
fluence of marine litter on species. Mar. Pollut. Bull. 98 (1–2), 58–68.

Duarte, C.M., Borja, A., Carstensen, J., Elliott, M., Krause-Jensen, D., Marbà, N., 2015. Paradigms
in the recovery of estuarine and coastal ecosystems. Estuar. Coasts 38 (4), 1202–1212.

Erlandsson, J., McQuaid, C.D., Sköld, M., 2011. Patchiness and co-existence of indigenous and
invasive mussels at small spatial scales: the interaction of facilitation and competition.
PloS one 6 (11), e26958.

Farrell, P., Nelson, K., 2013. Trophic level transfer of microplastic: Mytilus edulis (L.) to
Carcinus maenas (L.). Environ. Pollut. 177, 1–3.

Gallo, F., Fossi, C., Weber, R., Santillo, D., Sousa, J., Ingram, I., Romano, D., 2018. Marine lit-
ter plastics and microplastics and their toxic chemicals components: the need for urgent
preventive measures. Environ. Sci. Eur. 30 (1), 1–14.

Garcés-Ordóñez, O., Castillo-Olaya, V.A., Granados-Briceño, A.F., García, L.M.B., Díaz, L.F.E.,
2019. Marine litter and microplastic pollution on mangrove soils of the Ciénaga grande
de Santa Marta, colombian Caribbean. Mar. Pollut. Bull. 145, 455–462.

Gaylord, B., 1997. Consequences of wave-induced water motion to nearshore macroalgae.
PhD thesisStanford University.

Gaylord, B., 2000. Biological implications of surf-zone flow complexity. Limnol. Oceanogr. 45
(1), 174–188.

Green, D.S., 2016. Effects of microplastics on european flat oysters, Ostrea edulis and their as-
sociated benthic communities. Environ. Pollut. 216, 95–103.

Grissom, R.J., Kim, J.J., 2005. EffectSizes for Research: A Broad Practical Approach. Lawrence
Erlbaum Associates Publishers.

Gutow, L., Eckerlebe, A., Giménez, L., Saborowski, R., 2016. Experimental evaluation of sea-
weeds as a vector for microplastics into marine food webs. Environ. Sci. Technol. 50 (2),
915–923.

Gutow, L., Bartl, K., Saborowski, R., Beermann, J., 2019. Gastropod pedal mucus retains
microplastics and promotes the uptake of particles by marine periwinkles. Environ.
Pollut. 246, 688–696.

Haage, P., 1975. Quantitative Investigations of the Baltic Fucus Belt Macrofauna: Quantitative
seasonal fluctuationsVol. 9. Askö Laboratory.

Han, Z., Jiang, T., Xie, L., Zhang, R., 2022. Microplastics impact shell and pearl biominerali-
zation of the pearl oyster Pinctada fucata. Environ. Pollut. 293, 118522.

Harder, D.L., Speck, O., Hurd, C.L., Speck, T., 2004. Reconfiguration as a prerequisite for sur-
vival in highly unstable flow-dominated habitats. J. Plant Growth Regul. 23 (2), 98–107.

Hedges, L.V., Olkin, I., 2014. Statistical Methods for Meta-analysis. Academic press.
Heidbreder, L.M., Bablok, I., Drews, S., Menzel, C., 2019. Tackling the plastic problem: a

review on perceptions, behaviors, and interventions. Sci. Total Environ. 668,
1077–1093.

Hendriks, I.E., Sintes, T., Bouma, T.J., Duarte, C.M., 2008. Experimental assessment and
modelling evaluation of the effects of the seagrass Posidonia oceanica on flow and parti-
cle trapping. Mar. Ecol. Prog. Ser. 356, 163–173.

Hendriks, I.E., Bouma, T.J., Morris, E.P., Duarte, C.M., 2010. Effects of seagrasses and algae of
the Caulerpa family on hydrodynamics and particle-trapping rates. Mar. Biol. 157 (3),
473–481.
9

Hendry, A.P., Gotanda, K.M., Svensson, E.I., 2017. Human Influences on Evolution, and the
Ecological and Societal Consequences.

Huang, Y., Xiao, X., Xu, C., Perianen, Y.D., Hu, J., Holmer, M., 2020. Seagrass beds acting as a
trap of microplastics-emerging hotspot in the coastal region? Environ. Pollut. 257,
113450.

Hughes, A.R., Stachowicz, J.J., 2004. Genetic diversity enhances the resistance of a seagrass
ecosystem to disturbance. Proc. Natl. Acad. Sci. 101 (24), 8998–9002.

Isbell, F., Gonzalez, A., Loreau, M., Cowles, J., Díaz, S., Hector, A., Larigauderie, A., 2017.
Linking the influence and dependence of people on biodiversity across scales. Nature
546 (7656), 65–72.

Jones, K.L., Hartl, M.G., Bell, M.C., Capper, A., 2020. Microplastic accumulation in a Zostera
marina L. Bed at deerness sound, Orkney, Scotland. Mar. Pollut. Bull. 152, 110883.

Kaandorp, J.A., 1991. Modelling growth forms of the sponge Haliclona oculata (Porifera,
Demospongiae) using fractal techniques. Mar. Biol. 110 (2), 203–215.

Kaandorp, J.A., De Kluijver, M.J., 1992. Verification of fractal growth models of the sponge
Haliclona oculata (Porifera) with transplantation experiments. Mar. Biol. 113 (1),
133–143.

Katrak, G., Dittmann, S., Seuront, L., 2008. Spatial variation in burrow morphology of the
mud shore crab helograpsus haswellianus (Brachyura, Grapsidae) in south australian
saltmarshes. Mar. Freshw. Res. 59 (10), 902–911.

Kautsky, L., Kautsky, H., 1989. Algal species diversity and dominance along gradients of stress
and disturbance in marine environments. Vegetatio 83 (1), 259–267.

Khan, M.B., Prezant, R.S., 2018. Microplastic abundances in a mussel bed and ingestion by the
ribbed marsh mussel Geukensia demissa. Mar. Pollut. Bull. 130, 67–75.

Kreitsberg, R., Raudna-Kristoffersen, M., Heinlaan, M., Ward, R., Visnapuu, M., Kisand, V.,
Tuvikene, A., 2021. Seagrass beds reveal high abundance of microplastic in sediments:
a case study in the Baltic Sea. Mar. Pollut. Bull. 168, 112417.

Kübler, J.E., Dudgeon, S.R., 1996. Temperature dependent change in the complexity of form
of Chondrus crispus fronds. J. Exp. Mar. Biol. Ecol. 207 (1–2), 15–24.

Law, K.L., 2017. Plastics in the marine environment. Annu. Rev. Mar. Sci. 9, 205–229.
Lecerf, A., Chauvet, E., 2008. Intraspecific variability in leaf traits strongly affects alder leaf

decomposition in a stream. Basic Appl. Ecol. 9 (5), 598–605.
Lefcheck, J.S., Hughes, B.B., Johnson, A.J., Pfirrmann, B.W., Rasher, D.B., Smyth, A.R., Orth,

R.J., 2019. Are coastal habitats important nurseries?A meta-analysis. Conservation Let-
ters 12 (4), e12645.

Li, H.X., Ma, L.S., Lin, L., Ni, Z.X., Xu, X.R., Shi, H.H., Rittschof, D., 2018. Microplastics in oys-
ters Saccostrea cucullata along the Pearl River estuary, China. Environ. Pollut. 236,
619–625.

Li, Q., Su, L., Ma, C., Feng, Z., Shi, H., 2021. Plastic debris in coastal macroalgae. Environ. Res.
112464.

Lim, H.S., Fraser, A., Knights, A.M., 2020. Spatial arrangement of biogenic reefs alters bound-
ary layer characteristics to increase risk of microplastic bioaccumulation. Environ. Res.
Lett. 15 (6), 064024.

Lourenço, C.R., Zardi, G.I., McQuaid, C.D., Serrao, E.A., Pearson, G.A., Jacinto, R., Nicastro,
K.R., 2016. Upwelling areas as climate change refugia for the distribution and genetic di-
versity of a marine macroalga. J. Biogeogr. 43 (8), 1595–1607.

Lozano-Hernández, E.A., Ramírez-Álvarez, N., Mendoza, L.M.R., Macías-Zamora, J.V.,
Sánchez-Osorio, J.L., Hernández-Guzmán, F.A., 2021. Microplastic concentrations in cul-
tured oysters in two seasons from two bays of Baja CaliforniaMexico. Environmental Pol-
lution 290, 118031.

Luisetti, T., Jackson, E.L., Turner, R.K., 2013. Valuing the european ‘coastal blue
carbon’storage benefit. Mar. Pollut. Bull. 71 (1–2), 101–106.

Lüning, K., 1990. Seaweeds: Their Environment, Biogeography, and Ecophysiology. John
Wiley and Sons.

Mandelbrot, B.B., 1983. The Fractal Geometry of Nature/revised and Enlarged Edition. 495.
WH Free. Co, New York, p. 1.

Martin, C., Baalkhuyur, F., Valluzzi, L., Saderne, V., Cusack, M., Almahasheer, H., Duarte,
C.M., 2020. Exponential increase of plastic burial in mangrove sediments as a major plas-
tic sink. Sci. Adv. 6 (44), eaaz5593.

Mehvar, S., Filatova, T., Dastgheib, A., Ruyter, De, van Steveninck, E., Ranasinghe, R., 2018.
Quantifying economic value of coastal ecosystem services: a review. J. Mar. Sci. Eng. 6
(1), 5.

Melero-Jiménez, I.J., Salvo, A.E., Báez, J.C., Bañares-España, E., Reul, A., Flores-Moya, A.,
2017. North Atlantic oscillation drives the annual occurrence of an isolated, peripheral
population of the brown seaweed fucus guiryi in the Western Mediterranean Sea. PeerJ
5, e4048.

Meysick, L., Infantes, E., Boström, C., 2019. The influence of hydrodynamics and ecosystem
engineers on eelgrass seed trapping. PloS one 14 (9), e0222020.

Mistri, M., Ceccherelli, V.U., 1993. Growth of the Mediterranean gorgonian Lophogorgia
ceratophyta (L., 1758). Marine Ecology 14 (4), 329–340.

Monteiro, C., Zardi, G.I., McQuaid, C.D., Serrao, E.A., Pearson, G.A., Nicastro, K.R., 2019. Can-
opy microclimate modification in central and marginal populations of a marine
macroalga. Mar. Biodivers. 49 (1), 415–424.

Ndhlovu, A., McQuaid, C.D., Nicastro, K.R., Zardi, G.I., 2021. Community succession in
phototrophic shell-degrading endoliths attacking intertidal mussels. J. Molluscan Stud.
87 (1), eyaa036.

Nicastro, K.R., Zardi, G.I., Teixeira, S., Neiva, J., Serrão, E.A., Pearson, G.A., 2013. Shift
happens: trailing edge contraction associated with recent warming trends threatens
a distinct genetic lineage in the marine macroalga Fucus vesiculosus. BMC Biol. 11
(1), 1–13.

Nicastro, K.R., Seuront, L., McQuaid, C.D., Zardi, G.I., 2022. Symbiont-induced intraspecific
phenotypic variation enhances plastic trapping and ingestion in biogenic habitats. Sci.
Total Environ. 826, 153922.

Ondiviela, B., Losada, I.J., Lara, J.L., Maza, M., Galván, C., Bouma, T.J., van Belzen, J., 2014.
The role of seagrasses in coastal protection in a changing climate. Coast. Eng. 87,
158–168.

http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504319825
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504319825
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443138467
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443138467
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504331965
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504331965
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504339135
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504339135
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504339135
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504341785
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504341785
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504347215
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504347215
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504347215
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300512542077
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443148317
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443148317
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443148317
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300512549217
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300512549217
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513199287
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513199287
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513199287
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513228887
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443156077
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443156077
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443161897
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443161897
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443161897
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300457156070
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300457156070
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513267697
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513267697
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513267697
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513301817
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513301817
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513398316
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513398316
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513529566
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513529566
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513555706
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513555706
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513583996
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513583996
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513583996
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300514238436
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300514238436
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443167637
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443167637
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443167637
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443324617
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443324617
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443366927
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300443366927
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300514282136
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300514282136
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300514313426
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300514313426
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300444217847
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300444217847
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300515316525
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300515316525
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300515316525
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300514334126
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300514334126
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300514334126
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300444267487
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300444267487
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300515336515
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300515336515
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300515360695
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300515360695
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300444357497
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300515384065
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300515384065
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300515384065
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300515396255
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300515396255
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300515396255
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf5000
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf5000
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf5000
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300527162134
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300527162134
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300515413715
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300515413715
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300515413715
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300516405006
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300516405006
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300516492586
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300516492586
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300444388316
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300444388316
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517083557
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517083557
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517095017
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517095017
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517095017
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300444397146
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300444397146
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300444397146
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300444406577
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300444406577
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517108537
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517108537
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517271188
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517271188
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300444420437
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300444420437
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517280998
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517384468
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517384468
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300445040066
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300445040066
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517396838
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517396838
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517396838
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300448599694
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300448599694
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517403368
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517403368
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517403368
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517409878
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517409878
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300450012274
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300450012274
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300450012274
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517417748
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517417748
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300450134164
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300450134164
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300459266563
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300459266563
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300450226684
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300450226684
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300450564973
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300450564973
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517429928
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517429928
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517429928
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517442468
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517442468
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300500052992
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300500052992
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517449428
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517449428
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517449428
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300450577903
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300450577903
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300450577903
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300450585263
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300450585263
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300450585263
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300450585263
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517459808
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517459808
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517459808
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517465889
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517465889


L. Cozzolino et al. Science of the Total Environment 848 (2022) 157771
Pastorino, P., Prearo, M., Di Blasio, A., Barcelò, D., Anselmi, S., Colussi, S., Renzi, M., 2022.
Microplastics occurrence in the European common frog (Rana temporaria) from Cottian
Alps (Northwest Italy). Diversity 14 (2), 66.

Pawar, P.R., 2016. Anthropogenic threats to coastal and marine biodiversity: a review. Int.
J. Mod. Biol. Res. 4, 35–45.

Pearson, G.A., Brawley, S.H., 1996. Reproductive ecology, of Fucus distichus (Phaeophyceae):
an intertidal alga with successful external fertilization. Mar. Ecol. Prog. Ser. 143,
211–223.

Pendleton, L., Donato, D.C., Murray, B.C., Crooks, S., Jenkins, W.A., Sifleet, S., Baldera, A.,
2012. Estimating Global “Blue Carbon” Emissions From Conversion and Degradation of
Vegetated Coastal Ecosystems.

Perillo, G., Wolanski, E., Cahoon, D.R., Hopkinson, C.S. (Eds.), 2018. Coastal wetlands: an in-
tegrated ecosystem approach. Elsevier.

Pozharitskaya, O.N., Shikov, A.N., Faustova, N.M., Obluchinskaya, E.D., Kosman, V.M.,
Vuorela, H., Makarov, V.G., 2018. Pharmacokinetic and tissue distribution of fucoidan
from Fucus vesiculosus after oral administration to rats. Mar. Drugs 16 (4), 132.

Quevedo, J.M.D., Uchiyama, Y., Kohsaka, R., 2020. Perceptions of the seagrass ecosystems for
the local communities of Eastern Samar, Philippines: preliminary results and prospects of
blue carbon services. Ocean Coast. Manag. 191, 105181.

Raffard, A., Santoul, F., Cucherousset, J., Blanchet, S., 2018. The community and ecosystem
consequences of intraspecific diversity: a meta-analysis. BioRxiv 1–46. https://doi.org/
10.1101/328112.

Reichert, J., Arnold, A.L., Hammer, N., Miller, I.B., Rades, M., Schubert, P., Wilke, T., 2022.
Reef-building corals act as long-term sink for microplastic. Glob. Chang. Biol. 28 (1),
33–45.

Reusch, T.B., Ehlers, A., Hämmerli, A., Worm, B., 2005. Ecosystem recovery after climatic ex-
tremes enhanced by genotypic diversity. Proc. Natl. Acad. Sci. 102 (8), 2826–2831.

Rowlands, E., Galloway, T., Manno, C., 2021. A polar outlook: potential interactions of micro-
and nano-plastic with other anthropogenic stressors. Sci. Total Environ. 754, 142379.

Santana, M.F.M., Ascer, L.G., Custódio, M.R., Moreira, F.T., Turra, A., 2016. Microplastic con-
tamination in natural mussel beds from a Brazilian urbanized coastal region: rapid eval-
uation through bioassessment. Mar. Pollut. Bull. 106 (1–2), 183–189.

Sawilowsky, S.S., 2009. New effect size rules of thumb. J. Mod. Appl. Stat. Methods 8 (2), 26.
Schreyers, L., van Emmerik, T., Luan Nguyen, T., Castrop, E., Phung, N.A., Kieu-Le, T.C., van

der Ploeg, M.J., 2021. Plastic plants: the role of water hyacinths in plastic transport in
tropical rivers. Front. Environ. Sci. 9, 177.

Seed, R., O'Connor, R.J., 1981. Community organization in marine algal epifaunas. Annu.
Rev. Ecol. Syst. 12 (1), 49–74.

Serrao, E.A., Pearson, G., Kautsky, L., Brawley, S.H., 1996. Successful external fertilization in
turbulent environments. Proc. Natl. Acad. Sci. 93 (11), 5286–5290.

Seuront, L., 2009. Fractals and Multifractals in Ecology and Aquatic Science. CRC Press.
Seuront, L., 2018. Microplastic leachates impair behavioural vigilance and predator avoid-

ance in a temperate intertidal gastropod. Biol. Lett. 14 (11), 20180453.
Seuront, L., Nicastro, K.R., McQuaid, C.D., Zardi, G.I., 2021. Microplastic leachates induce

species-specific trait strengthening in intertidal mussels. Ecol. Appl. 31 (1), 1–10.
https://doi.org/10.1002/eap.2222.

Siefert, A., 2012. Incorporating intraspecific variation in tests of trait-based community as-
sembly. Oecologia 170 (3), 767–775.

Sievers, M., Brown, C.J., Tulloch, V.J., Pearson, R.M., Haig, J.A., Turschwell, M.P., Connolly,
R.M., 2019. The role of vegetated coastal wetlands for marine megafauna conservation.
Trends Ecol. Evol. 34 (9), 807–817.
10
de Smit, J.C., Anton, A., Martin, C., Rossbach, S., Bouma, T.J., Duarte, C.M., 2021. Habitat-
forming species trap microplastics into coastal sediment sinks. Sci. Total Environ. 772,
145520.

Spasojevic, M.J., Suding, K.N., 2012. Inferring community assembly mechanisms from func-
tional diversity patterns: the importance of multiple assembly processes. J. Ecol. 100
(3), 652–661.

Stead, J.L., Cundy, A.B., Hudson, M.D., Thompson, C.E., Williams, I.D., Russell, A.E.,
Pabortsava, K., 2020. Identification of tidal trapping of microplastics in a temperate salt
marsh system using sea surface microlayer sampling. Sci. Rep. 10 (1), 1–10.

Sugihara, G., May, R.M., 1990. Nonlinear forecasting as a way of distinguishing chaos from
measurement error in time series. Nature 344 (6268), 734–741.

Teichert, S., Löder, M.G., Pyko, I., Mordek, M., Schulbert, C., Wisshak, M., Laforsch, C., 2021.
Microplastic contamination of the drilling bivalve Hiatella arctica in Arctic rhodolith
beds. Sci. Rep. 11 (1), 1–12.

Terrados, J., Borum, J., 2004. Why are seagrasses important? - Goods and services provided
by seagrass meadows. European Seagrasses: An Introduction to Monitoring and Manage-
ment, pp. 8–10.

Thushari, G.G.N., Senevirathna, J.D.M., 2020. Plastic pollution in the marine environment.
Heliyon 6 (8), e04709.

Unsworth, R.K., Higgs, A., Walter, B., Cullen-Unsworth, L.C., Inman, I., Jones, B.L., 2021. Can-
opy accumulation: are seagrass meadows a sink of microplastics? Oceans 2 (1), 162–178
Multidisciplinary Digital Publishing Institute.

Vogel, S., 1994. Life in Moving Fluids. 2nd edn.
Wilkie, L., O’Hare, M.T., Davidson, I., Dudley, B., Paterson, D.M., 2012. Particle trapping and

retention by Zostera noltii: a flume and field study. Aquat. Bot. 102, 15–22.
Williams, B.A., Watson, J.E., Beyer, H.L., Klein, C.J., Montgomery, J., Runting, R.K., Wenger,

A., 2021. The Global Rarity of Intact Coastal Regions. bioRxiv.
Woodall, L.C., Sanchez-Vidal, A., Canals, M., Paterson, G.L., Coppock, R., Sleight, V.,

Thompson, R.C., 2014. The deep sea is a major sink for microplastic debris. R. Soc.
Open Sci. 1 (4), 140317.

Worm, B., Barbier, E.B., Beaumont, N., Duffy, J.E., Folke, C., Halpern, B.S., Watson, R., 2006.
Impacts of biodiversity loss on ocean ecosystem services. Science 314 (5800), 787–790.

WWF, 2020. Living planet report 2020. In: Marconi, V., McRae, L., Deinet, S., Ledger, S.,
Freeman, F, in Almond, R.E.A, Grooten, M., Petersen, T. (Eds.), Bending the Curve of Bio-
diversity Loss: A Deep Dive Into the Living Planet Index. WWF, Gland, Switzerland.

Zar, J.H., 1999. Biostatistical Analysis. Pearson Education India.
Zardi, G.I., Nicastro, K.R., Canovas, F., Costa, J.F., Serrão, E.A., Pearson, G.A., 2011. Adaptive

traits are maintained on steep selective gradients despite gene flow and hybridization in
the intertidal zone. PLoS ONE 6 (6). https://doi.org/10.1371/journal.pone.0019402.

Zardi, G.I., Nicastro, K.R., McQuaid, C.D., Castilho, R., Costa, J., Serrão, E.A., Pearson, G.A.,
2015. Intraspecific genetic lineages of a marine mussel show behavioural divergence
and spatial segregation over a tropical/subtropical biogeographic transition. BMC Evol.
Biol. 15 (1), 1–11.

Zardi, G.I., Monsinjon, J.R., McQuaid, C.D., Seuront, L., Orostica, M., Want, A., Nicastro, K.R.,
2021. Foul-weather friends: modelling thermal stress mitigation by symbiotic endolithic
microbes in a changing environment. Glob. Chang. Biol. 27 (11), 2549–2560.

Zhang, H., 2017. Transport of microplastics in coastal seas. Estuar. Coast. Shelf Sci. 199,
74–86.

Zhu, Y., Chen, H., Fan, J., Wang, Y., Li, Y., Chen, J., Mundt, C.C., 2000. Genetic diversity and
disease control in rice. Nature 406 (6797), 718–722.

http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517569329
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517569329
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300451094223
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300451094223
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517588859
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517588859
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300517588859
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300502205487
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300502205487
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300503169006
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300503169006
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300451196373
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300451196373
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518142310
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518142310
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518142310
https://doi.org/10.1101/328112
https://doi.org/10.1101/328112
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518150480
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518150480
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300451233003
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300451233003
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518156670
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518156670
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518199266
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518199266
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518199266
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300451241223
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300452446112
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300452446112
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518206696
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518206696
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518229056
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518229056
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300452578142
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518247246
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518247246
https://doi.org/10.1002/eap.2222
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518254526
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518254526
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300453069532
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300453069532
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513286047
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513286047
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300513286047
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518263346
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518263346
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518263346
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300453083932
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300453083932
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518270916
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518270916
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300453092532
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300453092532
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300454205992
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300454205992
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300454205992
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518285186
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300518285186
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504006835
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504006835
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504006835
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300455322571
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300527150684
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300527150684
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504280565
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300441443521
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300441443521
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300455414481
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf5005
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf5005
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf5005
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300441488721
https://doi.org/10.1371/journal.pone.0019402
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300441506141
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300441506141
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300441506141
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504289765
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504289765
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504296205
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504296205
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504303805
http://refhub.elsevier.com/S0048-9697(22)04870-7/rf202207300504303805

	The relative effects of interspecific and intraspecific diversity on microplastic trapping in coastal biogenic habitats
	1. Introduction
	2. Material and methods
	2.1. Model species and study area
	2.2. Sampling
	2.3. Laboratory plastic trapping experiments
	2.3.1. Flow generation
	2.3.2. Microplastic trapping

	2.4. Structural complexity
	2.5. Field plastic trapping experiments
	2.6. Quality control
	2.7. Data analyses

	3. Results
	3.1. Structural complexity
	3.2. Individual plastic trapping under laboratory conditions
	3.3. Individual plastic trapping in the field
	3.4. FT-IR spectroscopy characterization in the field
	3.5. Estimated canopy microplastic trapping in the field

	4. Discussion
	5. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References




