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• Intraspeciﬁc variation is one of the most
fundamental components of biodiversity.
• It is largely unknown whether plastic pollution affects intraspeciﬁc variation.
• We focused on symbiont-induced phenotypic variation in reef building mussel species.
• Symbionts signiﬁcantly increase reef complexity, microplastic trapping and ingestion.
• Intraspeciﬁc variation shapes plastic pollution at the ecosystem level.
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A B S T R A C T

Plastic contamination has major effects on biodiversity, enhancing the consequences of other forms of global anthropogenic disturbance such as climate change and habitat fragmentation. Despite this and the recognised importance of
intraspeciﬁc diversity, we still know relatively little about how plastic pollution affects diversity below the species
level. Here, we assessed the effects of intraspeciﬁc variation in a habitat forming species (the Mediterranean mussel
Mytilus galloprovincialis) on the trapping and ingestion of microplastics. We focused on symbiont-induced phenotypic
variation in mussel beds. Using fractal analysis, we measured an increase in the complexity of mussel bed surfaces
by ca. 15% caused by phototropic shell-degrading endoliths. By simulating high tide ﬂow conditions and incoming
waves, we found that symbionts signiﬁcantly increased microplastic accumulation in mussel beds. This likely reﬂects
deceleration of near-bed ﬂow velocities, creation of turbulence in the bottom boundary layer and consequently increased particle retention. This effect was not constant at high tide, with no effect of infestation on retention at the
base of the mussel bed under mid and high ﬂow conditions and reduced microplastic trapping on the surface of mussel
shells. Nevertheless, under natural conditions, the ingestion and trapping of microplastic were higher by the mussels
comprising beds with symbionts than those in beds without symbionts. Given the dependency of many species on mussel biogenic habitats, there is an increased risk of plastics moving up the food chain in mussel beds infested by symbiotic endoliths. Our results highlight how the effects of within-species phenotypic diversity may inﬂuence the
consequences of rising levels of plastic pollution.

K.R. Nicastro et al.

Science of the Total Environment 826 (2022) 153922

changes in water ﬂow and turbulence also increase the vulnerability of biogenic habitats to microplastic trapping and ingestion (e.g., Khan and
Prezant, 2018; Nel and Froneman, 2018; Cozzolino et al., 2020). For instance, in cold-water corals, the degree of microplastic trapping is enhanced
by the species-speciﬁc complexity of the three-dimensional structure of
coral colonies (D’Onghia et al., 2017). Similarly, macro- and microplastic
trapping in multiple coastal vegetated habitats is inﬂuenced by interspeciﬁc differences in canopy properties, such as shoot height, density or
stiffness (Cozzolino et al., 2020). Despite these marked species-speciﬁc effects, to our knowledge, no study has assessed the effect of different phenotypic structural variability within a species on plastic trapping.
In this study, we focus on the effect of symbiont-induced intraspeciﬁc
phenotypic variation in an intertidal mussel biogenic habitat. Withinspecies phenotypic variation can be produced by genetic differences, stochastic developmental events and by abiotic and biotic components of the
environment. Numerous experimental and observational studies have
shown that, among the biotic components, symbiotic interactions, both parasitic and mutualistic, can alter the host's experience of environmental
stress by altering the host phenotype (Feldhaar, 2011). This is the case for
the widespread symbiosis between shell-degrading endoliths and intertidal
mussels. In intertidal mussel beds, phototrophic shell-degrading endoliths
(mainly cyanobacteria) signiﬁcantly corrode mussel shells and modify the
structure and microhabitat conditions within mussel assemblages (Lourenço
et al., 2017b). With increasing endolithic activity, grooves and pits appear
on the shell surface and eventually, at the highest levels of infestation, the
shell becomes heavily pitted, deformed and eventually collapses, usually in
the area above the adductor muscle (Kaehler and McQuaid, 1999).
Here, we ask whether endolith-induced phenotypic variation of shell
microtopography in an important biogenic reef forming species, the Mediterranean mussel Mytilus galloprovincialis, affects microplastic accumulation
within the mussel bed structure and microplastic presence in the mussels
comprising the bed. Using a series of laboratory experiments that exposed
artiﬁcial mussel beds to distinct hydrodynamic conditions (water ﬂow and
wave splash) and ﬁeld assessments of natural beds, we tested the hypothesis
that microplastic accumulation and ingestion are higher in beds composed
of highly eroded mussels compared to beds of non-eroded conspeciﬁcs.

1. Introduction
Intraspeciﬁc variation is one of the most fundamental components of
biodiversity, yet early research assessing the impacts of human-induced climate change on biodiversity largely overlooked variation below the species
level. Only recently has mounting theoretical and empirical evidence
shown that most often species do not respond as single, homogenous
units to climate change-related threats and that variation below the species
level plays a fundamental role in ecological and evolutionary processes, including responses to environmental change (Saada et al., 2016; Hurtado
et al., 2020) the maintenance of overall diversity (Lourenço et al., 2016;
Lourenço et al., 2017a; Ntuli et al., 2020), and ecological stability and resilience (Des Roches et al., 2018; Nicastro et al., 2020).
Plastic contamination is rapidly emerging as a worldwide threat. Since
mass production of plastic took off in modern society, the inadequate management of its waste has increasingly jeopardised biodiversity. Interspeciﬁc
differences in response to plastic pollution have been highlighted in numerous studies (e.g., Green et al., 2016; Law, 2017; Seuront et al., 2020), but, as
with early research on the effect of climate changes, studies on plastic litter
have, so far, mostly assumed that species are ecologically and physiologically homogenous units. Such generalisation ignores variation below the
species level, potentially underestimating and oversimplifying the effects
of plastics in the environment. Failure to detect population-level or
within-population level effects may mask subtle, but important, withinspecies responses that may be crucial for the assessment of the impact of
plastic pollution at the species level.
Marine biogenic habitats are three-dimensional structures created by
the presence of species that form new complex habitats such as coral
reefs, seagrass and mussel beds, or mangrove and kelp forests. The structural and functional characteristics of such species provide vital ecosystem
functions and services that support human well-being. For instance, they
support biodiversity, provide “blue carbon” storage by acting as carbon
sinks (e.g., Krause-Jensen et al., 2018), contribute to nutrient and biogeochemical cycling (e.g., Lacoste et al., 2019), and promote secondary and
tertiary production (Lim et al., 2020). Furthermore, biogenic habitats are
a direct source of food and biotic raw materials, used as fertilizer and
wood, and offer protection against coastal erosion and waves (Loh et al.,
2019). Yet, all of these biogenic habitats are under serious threat. On one
hand, they experience particularly strong non-climatic anthropogenic pressure from dense human populations, which are concentrated in coastal
areas (e.g., Gillson et al., 2013; Kaplan-Hallam et al., 2017; Nicastro et al.,
2018). At the same time, they are particularly vulnerable to long-term
warming (e.g., Nicastro et al., 2013; Mota et al., 2015) and extreme climatic
events such as heat waves (e.g., Seuront et al., 2019; Smale et al., 2019).
There is now also overwhelming evidence that plastic contamination has
major effects on biogenic habitats, contributing to the stress of other
forms of global anthropogenic disturbance, such as rising temperatures,
ocean acidiﬁcation and habitat fragmentation (Green et al., 2016; Huang
et al., 2020; Seuront et al., 2020). Because numerous species and ecological
processes depend on biogenic habitats, accumulation of plastic litter in the
ecosystems they sustain can have several signiﬁcant consequences. These include transfer of ingested microplastic to higher trophic levels (Farrell and
Nelson, 2013; Khan and Prezant, 2018), biomagniﬁcation of leaching contaminants (Mato et al., 2001; Teuten et al., 2009), and increased vulnerability
to biotic and abiotic stressors such as predators and waves (Green et al., 2016;
Green et al., 2019; Seuront et al., 2020). Additionally, microplastic ingestion
can inﬂuence the ecological functioning of biogenic habitats by reducing the
diversity and abundance of the associated fauna (e.g., Green et al., 2016).
In this context, structural features of biogenic habitats play a crucial
role. Features such as surface roughness and spatial arrangement can significantly alter hydrodynamics over a surface by decreasing water ﬂow speed
and generating turbulent mixing (Butman et al., 1994; Green et al., 1998).
Such effects can signiﬁcantly inﬂuence the retention and accumulation of
particles, ultimately affecting sedimentation, larval recruitment and food
uptake by ﬁlter-feeders (Widdows et al., 1998; Lapointe and Bourget,
1999; Fuchs and Reidenbach, 2013). Recent evidence shows that such

2. Methods
2.1. Field assessment of plastic trapping
Plastic trapping in infested and non-infested mussel beds naturally occurring on rocky shores was evaluated by collecting patches of Mytilus
galloprovincialis (15 cm in diameter; n = 6 for each treatment; Plettenberg
Bay 34.005oS, 23.45°E, South Africa), including their basal matrix of sediment, and byssal threads from beds in the mid mussel zone. Collections
were made during the a single low tide using a metal scraper and only cotton clothes were worn. Immediately after collection, samples were brought
in glass containers to the laboratory where each sample was treated in order
to quantify microplastics (a) in the sediment matrix, (b) on the surface of
mussel shells, (c) ingested by individual mussels. Microplastic (MP) identiﬁcation was done using the Guide to Microplastic Identiﬁcation (MERI,
2015). Following the Guide, particles that did not break or dissolve when
pressed with tweezers were classiﬁed as MPs. MP items were counted,
photographed and measured using the software Image J (https://imagej.nih.
gov/ij/index.html; Schneider et al., 2012). The particles were categorised according to their shape (fragment, ﬁbre, ﬁlm, foam, or microbead; Gündoğdu
and Çevik, 2017) and size class (using1 mm intervals). At the end of all experiments, mussels from each sampled bed were measured for length and
categorised by shell length (0–1 mm, 1–2 mm, 2–3 mm, 4–5 mm, and 5–6
mm) and level of infestation deﬁned as A - non-infested, B, C, D, E - severely
infested following Zardi et al. (2009).
2.1.1. Sediment matrix
MPs were extracted from the matrix of sediment and byssal threads by
density separation (Hidalgo-Ruz et al., 2012), using a ﬁltered hypersaline
2
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500 cm−1 to 3500 cm−1 were collected using a Nicolet iN10 Fourier infrared microspectroscopy (Thermal Fisher Scientiﬁc Co., USA). Micro Tip ATR
was placed in contact with the sample to record the spectra, with air as the
background spectrum. Recorded spectra were compared against commercial FTIR spectral libraries (Hummel Polymer and Additives Library and
FBI ﬁbre library).

solution prepared with ultrapure water (350 g NaCl L-1). Each sample (n =
6) was transferred into a glass jar (3.3 L) containing 2 L of the hypersaline
solution, mixed for 3 min using a metal spoon and then allowed to settle for
1 h. After sedimentation, ca. 2.5 L of the overlying water was ﬁltered
through a GF/C Whatman ﬁlter (47 mm of diameter, 1.2 μm of pore size)
using a glass vacuum system. When necessary, several ﬁlters were used to
avoid clogging. Mixing and ﬁltering were done twice for each sample to
allow the ﬂotation of denser polymers and plastic particles potentially
trapped by organic matter (e.g., Hidalgo-Ruz et al., 2012; Mathalon and
Hill, 2014). Filters were then placed in pre-labelled glass petri dishes and
dried (40 °C, 24 h), followed by visual examination under a stereomicroscope
(Leica S8 APO, x40). MPs were visually identiﬁed, counted and categorised as
described above. Each sample was then sieved (500 μm), dried in an oven at
70 °C to constant weight and weighed to the nearest 0.001 g. MP abundance
was expressed as number of items g−1 of sediment DW.

2.1.6. Data analyses
Differences in frequency distributions of mussel size classes between
infested and non-infested beds were assessed using a Chi-squared Test of Independence. The effect of infestation on plastic trapping by mussel beds
was analysed in two ways. First, MP abundance across plastic categories
was calculated and used in a series of Kruskal-Wallis tests with treatment
(2 levels; infested, non-infested) as the factor and overall counts of MPs in
the sediment matrix, on mussel shell or ingested by mussels as the dependent variable. Second, data were tested for the effects of treatment on the
proportions of different plastic polymers in mussels, in sediment or on mussel shells. To do this, a series of 1-way multivariate PERMANOVA tests were
performed with treatment (2 levels; infested, non-infested) as a ﬁxed factor
and abundance of each polymer as the dependent variable. Each analysis
was run with 9999 permutations using Bray–Curtis dissimilarity matrices
(Clarke et al., 2006) for square-root transformed multivariate measures
(Anderson, 2006). To represent each dataset visually, a two-dimensional
non-metric multidimensional scaling plot (MDS) was used. All multivariate
analyses were performed using PRIMER 6.1.15 and PERMANOVA+ 1.0.5
software (Clarke and Gorley, 2006).

2.1.2. Mussel shells
From each sampled bed (n = 6), three individual mussels (3–5 cm in
shell length) were set aside to assess MP ingestion. All the remaining mussels from the bed were placed in a 3.3 L glass jar where MPs were extracted
by density separation and visually identiﬁed, counted and categorised as
described above. Mussels (shell and soft tissue) were then dried in an
oven to constant weight at 70 °C and weighed to the nearest 0.001 g. MP
abundance was expressed as number of items per g−1 of mussels DW.
2.1.3. Extraction of MP in individual mussels
Wet soft bodyweight (g WW) was measured using a microbalance
(0.001 g precision). Individuals in each sample were rinsed with preﬁltered tap water (tap water ﬁltered through a GF/C Whatman with
1.2 μm pore size) to remove potential external contaminants adhered to
the shells. Shells were opened, and soft tissue was extracted and weighed
(g WW) to the nearest 0.001 g, then rinsed again with pre-ﬁltered tap
water. The whole soft tissue was used as an effective method to assess plastic pollution in the ﬁeld and as a relative comparison of mussel ingestion
between treatments. MP extractions were subsequently conducted in a laminar ﬂow cabinet using an adapted protocol from Dehaut et al. (2016). Each
composite sample (i.e. made up of 3 mussels) was placed in a 250 mL ﬂask
and 1.8 M KOH solution was added to digest the organic matter. The solution was stirred for 2 min to complete digestion and placed on a hot plate
stirrer set at 60 °C and 1000 rpm for 24 h. After incubation, the whole solution was ﬁltered through a Whatman GF/C glass-ﬁbre ﬁlter (diameter
47 mm, 1.2 μm pore size) while still warm, using a glass vacuum system.
The resulting ﬁlters were placed in glass petri dishes with lids, dried in
the oven at 40 °C for 24 h, then examined for the presence of MPs as described above. MP abundance was expressed as number of items per wet
soft-tissue weight (items g−1 WW).

2.2. Laboratory experiments
To simulate the various hydrodynamic conditions experienced by a
mussel bed over the course of a tidal cycle, we designed two sets of experiments where mussel beds would experience (i) the kinetic energy of
water ﬂowing over them when immersed during high tide and (ii) the kinetic energy of breaking waves while emerged. These experiments are referred to hereafter as ﬂow and wave splash experiments respectively.
All experiments were run using artiﬁcial mussel beds made of either
non-infested or infested biomimetic mussels as the primary treatment. Biomimetic mussels were constructed by replacing the tissues of mussels with
silicon and used to artiﬁcially create mussel beds (Lourenço et al., 2017b).
Based on previous categorization of endolithic infestation (Zardi et al.,
2009), infested beds were made of mussels belonging to the infestation categories C and D, while non-infested beds were made up of non-infested
mussels (i.e., category A). These beds were circular (ca. 20 cm in diameter)
and made of mussels (5 ± 0.5 cm in length; n ∼ 55–65 mussels per bed)
arranged vertically to mimic their position in natural beds (Fig. S1). Semirigid, white PVC net (mesh size 1 cm) was placed around the beds to
keep the mussels in position while a soft substratum was placed underneath
the nets in order to simulate the complex soft matrix of organic matter, shell
debris and sediment characterizing the basal layer of natural mussel aggregations.

2.1.4. Quality control
To eliminate post-sampling contamination, gloves and 100% cotton
laboratory coats were throughout worn during the laboratory treatment
process. In addition, all equipment used was non-plastic (i.e., glass or
metal), and was rinsed twice with pre-ﬁltered ultrapure water between
sample extractions. Aluminium foil was used to cover material before use
and to cover glass jars during settling intervals and while ﬁltering. To account for potential contamination, one procedural (blank) control (containing KOH solution only for extraction in mussels or hypersaline solution only
for sediment and shells) was performed in parallel to each batch (i.e., each
batch was made up of 1 control and 1 of each of the two treatments), yielding an average procedural MP contamination of 0.66 ± 0.82 items in
250 ml of solution (mean ± standard deviation, SD) for extraction in mussels, 0.5 ± 0.55 in 3.3 l of solution (mean ± SD) for sediment matrix and
0.17 ± 0.41 in 3.3 l solution (mean ± SD) for mussel shells.

2.2.1. Flow experiment
To simulate the free stream velocities occurring above intertidal beds at
high tide, we created a steady unidirectional ﬂow in a 30-cm wide
smoothed-wall recirculating ﬂume (2 m long by 1 m wide; Fig. S2) ﬁlled
with 30 cm of seawater (33 PSU), where artiﬁcial mussel beds were individually placed in the middle of a 1-m-long linear section. Water was entrained
by surface friction through the rotation of a set of 10 vertical PVC disks
(60 cm diameter, 5 mm thick) and set up at three ﬂow rates corresponding
to free-stream velocities UF over the ﬂat ﬂume bottom in front of the mussel
bed (UF = 0.11, 0.38 and 0.63 m.s−1), and over the mussel bed (UB = 0.13,
0.47 and 0.81 m s−1). These velocities are referred to as slow, medium and
high ﬂow velocity hereafter. The increase observed between UF and UB is
induced by the presence of the mussel beds, which leads to accelerated
ﬂow due to the reduction in channel cross-sectional area over the mussel
bed. These ﬁgures are consistent with previous estimates of 20 to 27%

2.1.5. Polymer identiﬁcation
To obtain information on polymer composition and to validate MP identiﬁcation, FTIR microspectroscopy was used. IR-ATR spectra between
3
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0:5
and w’, i.e. w ¼ ðu0Þ2 þ ðv0Þ2 þ ðw0Þ2
. The turbulent velocity compo-

ﬂow acceleration over a mussel bed height of 6.1 cm maintained in 40 cm
of water in a 60 cm wide ﬂume under free-stream velocities UF of 0.045,
0.10 and 0.27 m.s−1 (van Duren et al., 2006). The ﬂume was calibrated
using the ensemble average velocity of the speed of a drifter over the linear
section of the ﬂume. This surface velocity correlates linearly with the rotation speed of the wheels. Preliminary experiments showed that the free
stream velocity did not differ signiﬁcantly over the width or depth of the
linear section of the ﬂume where the artiﬁcial mussel beds were deployed
(unpublished data; see also Seuront et al., 2001, Seuront et al., 2004,
Seuront and Schmitt, 2005b for further details on the turbulent properties
of the ﬂow generated in this ﬂume, Seuront and Schmitt, 2005a).
The velocity proﬁle u(z) above the mussel bed was recorded every 5 mm
for 10 s using an Acoustic Doppler Velocimeter (ADV; Vectrino Plus, Nortek
AS) at a frequency of 200 Hz. In the coordinate system of the carriage, x
was deﬁned as the direction along the main ﬂow direction, y across the
ﬂume channel and z the vertical direction. We deﬁned z = 0 to be the average
height of the mussel bed determined as 5.5 cm using the distance-toboundary function of the ADV to determine the height of the mussel bed at
several locations. No signiﬁcant differences were found in bed height between non-infested and infested beds (Kruskal-Wallis test, p > 0.05). Each
proﬁle contained 31 points, the highest one at 150 mm above the bed. In addition to the proﬁles over the mussel beds, three proﬁles were collected at
each of the three experimental velocities over the ﬂat PVC bottom surface
ca. 15 cm upstream of the location of the artiﬁcial mussel beds. The velocity
proﬁle u(z) is typically expressed as the so-called law of the wall (Mann and
Lazier, 1991):
uðzÞ ¼ ðu

∗

=κÞ ln ðz=z0 Þ

nents are deﬁned as the difference between the instantaneous and average veRn
locities, i.e., u0 ¼ u−u, v0 ¼ v−v and w0 ¼ w−w, with ðu0 Þ2 ¼ 1n ðvx −vx Þ2 ,
ðv0 Þ2

¼

1
n

Rn 
1

vy −vy

2

2

and ðw0Þ ¼

1
n

Rn

1

2

ðvz −vz Þ . The Reynolds shear stress τ

1

(Pa), τ ¼ −ρu0w0, which, under the assumption that the rates of transport of
momentum and mass are identical (Rutherford, 1994; Monin and Yaglom,
2013), determines the vertical transfer of mass to the bottom (i.e., the transport of mass from one volume of ﬂuid to another induced by turbulent velocity ﬂuctuations) was also calculated to assess the link between turbulent stress
and mussel bed roughness.
For each stream velocity (0.13, 0.47 and 0.81 cm s−1) and treatment
(non-infested and infested mussel beds), three trials were run with different beds (n = 3). Each trial consisted of running the entrainment system for an initial 5 min to establish a steady unidirectional ﬂow.
Subsequently, the ﬂume water was loaded with MPs of 1 mm in length
at a concentration of 2.95 g l−1 of seawater, and the ﬂow experiment
run for 10 min. The entrainment ﬂow was then stopped and after
5 min, when the ﬂow was nil, both the mussel bed and its basal layer
were carefully removed, rinsed separately with freshwater over a
1 mm pore size sieve. The collected MPs were dried at 60 °C for 12 h
and weighed to the nearest 0.0001 g.
2.2.2. Wave splash experiment
The effect of wave splash on mussel beds was simulated pouring a
volume of water V (l) from a height h (m) on an emerged artiﬁcial mussel bed to simulate wave action. By virtue of the law of the conservation
of energy, which states that the potential energy of a falling object
equals the kinetic energy of the object upon impact with a substratum,
the resulting kinetic energy of the ‘wave splash’ was estimated following
Meriam et al. (2020) as ε(WaveSplash) = mhg (J), where m is the mass of
the volume of water V (i.e., m = dV, where d is the density of seawater
at a temperature of 25 °C and a salinity of 35 PSU, i.e., 1.0236 kg.l−1),
and g the gravitational acceleration (g = 9.81 m.s−2). Using two different volumes of seawater to simulate weak (V = 0.5 l) and strong (V = 5
l) wave action, the resulting kinetic energy was respectively 15.1 and
1.5 J; these two volumes of seawater were speciﬁcally chosen to simulate the hydrodynamic effects induced by weak and strong wave conditions respectively. Each simulated wave was homogenously loaded with
MPs at a concentration of 2.95 g l−1 of seawater. MP particles consisted
of fragments of 1 mm in length.
Each splash experiment consisted of simulating one wave (weak or
strong) on one bed treatment (non-infested or infested) after which, MP
particles were collected from the mussel bed and its basal layer separately
by rinsing each section with freshwater over a 1 mm pore size sieve. The
collected MPs were then dried at 60 °C for 12 h and weighed to the nearest
0.0001 g. For each treatment and wave strength, the splash experiment was
carried out 3 times (n = 3).

(1)

where κ is the Von Kármán constant (κ = 0.41), and z the distance above the
mussel bed. From Eq. (1), it is readily seen that the roughness length z0
(m) and the shear velocity u⁎ (m.s−1) can respectively be estimated as the
z-intercept and the slope of a plot of u(z) vs. ln(z). The bed shear stress τ0
(Pa) was subsequently estimated as τ0 = ρu ∗ 2, where ρ is the density of seawater. Eq. (1) is based on the assumption that within the benthic boundary
layer the velocity gradient is shaped by friction drag, and thus it does not
hold when (i) the boundary layer is dominated by viscous forces and/or (ii)
the roughness elements (e.g., sediment grains or biogenic structures) are
large enough to generate turbulent wake structures. Very close to the bottom
and when roughness elements are relatively small, viscous forces dominate.
In this region, referred to as the viscous sublayer (VSL), the velocity u(z) is
a linear function of z, u⁎ and the kinematic viscosity n as u(z) = zu ∗ 2/ν
INCLUDEPICTURE "D:\\var\\folders\\w3\\61j5ws953mg4kpv3yz3t3_
x00000gn\\T\\com.microsoft.Word\\WebArchiveCopyPasteTempFiles\\0?
ui=2&ik=31543399dc&attid=0.1.1&permmsgid=msg-f1722865660295
031849&th=17e8d9309d9aac29&view=ﬁmg&fur=ip&sz=s0-l75-ft&att
bid=ANGjdJ8VBVliyb-5zUOfCx_6-BSKcRqihWmmAW3FevT6hrAGIjDsX3R
1Yxd15XQI6rsCH4v57-MRHCs0XacibeVfWusq-1hD7V-fA4qLEBDuBjan4Y
Vb6a8i-TSYruE&disp=emb" \* MERGEFORMAT. In the VSL, which is about
12n /u⁎ thick, the ﬂow is hydraulically smooth, but when the ﬂow is strong
enough and/or the bottom rough enough, the ﬂow becomes ‘hydraulically
rough’ and the VSL is only present in the interstices of the bed. In turn,
when roughness elements increase in size, and form turbulent wakes, drag
starts to play a role (Arya, 1975; Chriss and Caldwell, 1982), which can
lead to the formation of several internal boundary layers, each with a different shear velocity u⁎, as previously shown in ﬂume tanks over a periphyton
mat (Nikora et al., 1997) and a bed of the mussel Mytilus edulis (Van Duren
et al., 2006) and in the ﬁeld over beds of the horse mussel Atrina zelandica
(Nikora et al., 2002). The lower logarithmic layer was referred to as the
‘near-bed roughness sublayer’ (Nikora et al., 1997) and the two logarithmic
layers found over a M. edulis bed as the ‘higher and lower boundary layers’
(Van Duren et al., 2006).
Turbulent kinetic energy (TKE) (ε) was estimated at each distance z above
the mussel bed as TKE(Flow) ≤w > 2/2 (Denny and Shibata, 1989), where w is
the root-mean-square turbulent velocity ﬂuctuation estimated as the sum of
the variances of the three-dimensional turbulent velocity components u’, v’

2.2.3. Data analyses
The effect of infestation on plastic trapping during high tide was
assessed with a 3-way ANOVA with treatment (2 levels: infested, noninfested), ﬂow strength (3 levels: high, mid, low) and position (2 levels:
base, mussel bed) as ﬁxed factors and the weight of trapped MPs as the dependent variable.
The effect of infestation on mussel bed trapping at low tide, after initial
wave splash of incoming tides, was assessed with a 2-way ANOVA with
treatment (2 levels: infested, non-infested) and position (2 levels: base,
mussel bed) as ﬁxed factors and the weight of trapped MPs as the dependent variable. Each wave strength (strong and weak) was analysed separately and not included as an additional factor as data failed the test for
homogeneity of variance (Levene's test) even after square root or logarithmic transformation.
4
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though our experimental beds consisted of relatively tightly packed mussels
of similar size, their surface is typically irregularly shaped, with gaps, invaginations and evaginations that are expected to have a relatively smooth surface with a small fractal dimension. Because even slight reorientation of a
mussel bed can produce different values of N(l), hence potentially modify
the complexity of its surface as estimated by the fractal dimension D, the surface complexity of each individual mussel bed was analysed from 18 pictures
taken from successive angles with 10° increments from 0 to 170°. This procedure also allows the detection of potential lack of isotropy in our artiﬁcial
mussel beds (Katrak et al., 2008, Seuront, 2010 for details). The presence of
differences between the resulting fractal dimensions (Di) was inferred using
an analysis of covariance (Zar, 1999). In the absence of signiﬁcant differences
among these intermediate fractal dimensions Di, the surface complexity of a
mussel bed was quantiﬁed as D = ∑18
i=1Di. Because an objective procedure
is needed to identify the appropriate range of scales l to include in the regression analysis of the log-log plots of N(l) vs. l, we considered a regression
window of varying width ranging from a minimum of 5 data points to the entire data set. The smallest windows are slid along the entire data set at the
smallest available increments, with the whole procedure iterated n – 4
times, where n is the total number of available data points. Within
each window and for each width, we estimated the coefﬁcient of determination (r2) and the sum of the squared residuals for the regression. We
subsequently used the values of l (Eq. (2)), which maximized the coefﬁcient of determination and minimized the total sum of the squared residuals (Seuront, 2010), to deﬁne the scaling range and to estimate the
related dimensions Di.

2.3. Rugosity assessment
We further investigated the rugosity of the mussel beds through an
assessment of the complexity of the bed surface using fractal analysis
(Commito and Rusignuolo, 2000). Mussel beds are fundamentally composed
of multiple copies of individual mussels of different sizes but similar shape,
i.e., a mussel bed can theoretically be decomposed into multiple re-scaled
copies of one large mussel, down to the smallest possible mussel. As such,
mussel beds are a perfect candidate for exhibiting self-similarity, a property
quantiﬁed through fractal analysis (e.g., Sugihara and May, 1990; Seuront,
2010). Fractal analysis identiﬁes self-similar properties across scales and, in
our case, we expect endolithic infestation to increase the surface complexity
of a mussel bed. Fractal dimensions, D, are estimated by superimposing a regular grid of squares of size l on a given object and counting the number of ‘occupied' squares. This procedure is repeated using different values for l,
allowing the surface occupied by the object to be estimated with a series of
counting squares spanning a range of surfaces down to some small fraction
of the entire surface. The number of occupied squares increases with decreasing square size, leading to the following power-law relationship:
N ðlÞ ¼ kl−D

(2)

where l is the square size, N(l) the number of squares occupied by the object
and D is the so-called fractal dimension.
Here, the rugosity of both non-infested and infested mussel beds was
assessed from the complexity of the bed surface contours (Fig. 1A,B). Even
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Fig. 1. Non-infested (A) and infested (C) mussel beds, with close-up on the typical surface topography of a non-infested mussel (B) and an infested mussel (D). The results of
fractal analysis are shown as typical log-log plots of N(l) vs. l, for non-infested (E) and infested (F) beds. Non-infested beds exhibit a very strong scaling range over the whole
range of scales considered (i.e., 0.5 to 200 mm), with the resulting fractal dimensions ranging from 1.06 to 1.09. In contrast, infested beds were characterized by two distinct
scaling ranges occurring for scales ranging from 0.5 to 20 mm and 20 to 200 mm, with signiﬁcantly different fractal dimensions respectively ranging from 1.17–1.22 and
1.05–1.08, respectively.
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scale, i.e. 0.5 to 20 mm (DI(ss) ∈ [1.17–1.22]; an increase in complexity of
ca.15%) than at the larger scale, i.e. 20 to 200 mm, (DI(ls) ∈ [1.05–1.08]).
Noticeably, no signiﬁcant differences were found between DNI and DI(ls),
which suggests that endolithic infestation only modiﬁes surface complexity
at scales characteristic of individual mussels.

3. Results
3.1. Field assessment of plastic trapping
No association was found between mussel size class distribution and
treatment (Χ2(2) = 1.186, p = 0.553). Only ﬁbres and fragments were recorded in natural beds. Speciﬁcally, only ﬁbres were ingested by mussels,
while this category represented 41.6% and 83.3% of all MPs found in the
sediment matrix and on mussel shells respectively. On average, more plastic
was ingested than trapped in shells or sediment matrix. MPs were signiﬁcantly more abundant in infested than in non-infested treatments
(Fig. 2B-D; H2 = 5.067, p = 0.024 for shell trapping; H2 = 8.308, p =
0.004 for sediment matrix trapping; H2 = 8.307, p = 0.004 for mussels).
The pattern in the polymer counts did not differ between treatments for
ingested MPs (PERMANOVA, Treatment, p(Perm) = 0.447; Table S1;
Fig. S3), those retained by the sediment matrix (PERMANOVA, Treatment,
p(Perm) = 0.917) or those trapped on mussel shells (PERMANOVA,
Treatment, p(Perm) = 0.058).

3.3. Laboratory experiments
3.3.1. Hydrodynamic properties of ﬂow over mussel beds
The vertical structure of the ﬂow velocity observed over the ﬂat bottom
of the tank upstream from the mussel beds was highly signiﬁcantly (r2 =
0.99, p < 0.001) and was described by a unique logarithmic layer, indicating an ideal boundary layer over the whole range of distances from the bottom considered here, i.e. from 0.5 to 155 mm (Fig. S4, Table S2); this
observation implies that the ﬂow velocity u(z) increases as a logarithmic
function of the distance z from the bottom of the tank, see Eq. (1). In contrast, the ﬂows observed over both non-infested and infested M. edulis
beds were far more complex. They did not show a unique logarithmic
layer, as expected over smooth surfaces (Chriss and Caldwell, 1982;
Nikora et al., 1997; Nikora et al., 2002; Van Duren et al., 2006). Instead,
they were consistently characterized by an internal boundary layer of varying thickness, and an upper layer separated by a clear break occurring in the
scaling of u(z) vs. ln(z); see Fig. S4 and Table S2. The thickness of the internal boundary layer signiﬁcantly increased with the free-stream velocity UB
with δslow < δmedium < δfast for both non-infested and infested mussel beds
(Table S2). Noticeably, the friction velocity u⁎, which consistently increased
with UB over both non-infested and infested beds, was consistently signiﬁcantly higher (Student's t-test, p < 0.01) over infested mussels. This result
indicates a steeper velocity gradient over infested mussels than over noninfested mussel beds. Note that δ was consistently signiﬁcantly thicker
over infested beds, irrespective of UB (Table S2). Each velocity proﬁle was
subsequently characterized by a lower and an upper layer, with properties
clearly dependent on both the free-stream velocity and the infestation of
the mussels (Fig. S4, Table S2).
The friction velocity u⁎, roughness length z0, the bed shear stress τ0, and
turbulent kinetic energy (TKE) were consistently signiﬁcantly higher

3.2. Rugosity assessment
Non-infested beds (Fig. 1A,C) were consistently characterized by a very
strong linear behaviour of log–log plots of N(l) vs. l over the whole range of
available scales (i.e., from 0.5 to 200 mm; Fig. 1E) with coefﬁcients of determination (r2) ranging from 0.98 to 0.99. For each mussel bed, no significant differences were found between the resulting intermediate fractal
dimensions Di (p > 0.05) which conﬁrms the isotropic nature of our mussel
beds. The resulting fractal dimension for non-infested beds (DNI), ranged
from 1.06 to 1.09 and did not signiﬁcantly differ among our three experimental beds (p > 0.05). In contrast, infested beds (Fig. 1B,D) were characterized by two distinct power-law behaviours at scales smaller and larger
than 20 mm (Fig. 1F). No signiﬁcant differences were found between the intermediate fractal dimensions Di within each bed, nor between beds for
each scaling range. The surface complexity of infested beds differed, however, between scaling ranges (Student's t-test, p < 0.01; Zar, 1999), with
the resulting fractal dimensions DI being signiﬁcantly higher at the small
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Fig. 2. (A) Example of infested and non-infested mussels and close up of the infested individual with a trapped microﬁber. Box-plots of the overall MP abundance in infested
and non-infested mussel beds (B) in the sediment matrix, (C) on mussel shells, (D) ingested by mussels.
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within the internal boundary layer occurring over infested than noninfested beds. The relative difference between non-infested and infested
beds decreased with free-stream velocity UB for u⁎ (29–34% at 130 mm
s−1, 15–20% at 470 mm s−1, and 8–12% at 810 mm s−1), z0 (ca. 4-fold
at 130 mm s−1, 3.5-fold at 470 mm s−1, and 2-fold at 810 mm s−1) and
τ0 (66–79% at 130 mm s−1, 31–44% at 470 mm s−1, and 16–25% at
810 mm s−1). In contrast, turbulent kinetic energy (TKE) noticeably increased with free-stream velocity by ca. 80%, 106% and 240% at
130 mm s−1, 470 mm s−1, and 810 mm s−1, respectively. The Reynolds
stress τ was signiﬁcantly stronger (i.e., 39 to 48%) in the internal boundary
layer overlying infested beds at 130 mm s−1, but this difference became
non-signiﬁcant at 470 mm s−1, and 810 mm s−1 (p > 0.05). Finally, TKE
and Reynolds stress (τ ¼ −ρu0w0) were consistently signiﬁcantly weaker
in the lower than in the upper layer (Table S2).
3.3.2. Plastic trapping
Under simulated high tide conditions, infestation had a signiﬁcant effect on MP trapping by mussel beds but the effects differed among layers
of the beds and among stream velocities (Fig. 3A-C; 3-way ANOVA; sqrttransformed; Treatment x Position x Flow: F2,24 = 6.56, p = 0.005).
Speciﬁcally, on shells, the infested treatment trapped more MPs than
non-infested patches (SNK test: p < 0.001) while, overall, fewer MPs were
trapped under high ﬂow than reduced velocities (i.e., High < Mid = Low;
p < 0.001). At the base, infested beds trapped fewer MPs than noninfested patches at low velocities (SNK test: p = 0.016), with no treatment
effect at mid or high ﬂow velocities (p = 0.105 and p = 0.328 respectively). More generally, the base of the bed retained more MPs (on average
79% more) than mussel shells.
Under simulation of both strong and reduced wave intensities, infested
mussel beds trapped more MPs than non-infested mussel ones (Fig. 4; 2way ANOVA; Treatment: F1,8 = 13.27 and F1,8 = 51.57 respectively, p <
0.001 in both cases) and more MPs were found on the upper part than on
the understory of the bed (Position: F1,8 = 36.66 and F1,8 = 30.34 respectively, p < 0.001 in both cases).
4. Discussion
In this study, we demonstrate that symbiont-induced intraspeciﬁc, phenotypic variation in the physical properties of mussel beds alters ﬂow dynamics and MP trapping and retention, leading to changes in the passive
delivery of MPs to mussels for consumption.
Our assessment of the surface complexity of non-infested and infested
beds shows that endolithic infestation only affected surface complexity at
scales smaller than individual mussels. Nevertheless, the ca. 15% increase
in surface complexity over these small scales induced major consequences
on the hydrodynamic properties of the ﬂows overlaying beds, particularly
in terms of the roughness length (which was increased by infestation by
2- to 4-fold depending on ﬂow velocity) and the subsequent generation of
microscale turbulence and modiﬁcation of near-bed velocity proﬁles.
These results support previous research on a range of ﬂuid dynamics
assessed over artiﬁcial surfaces of different rugosities (Krogstadt and
Antonia, 1999; Bergstrom et al., 2002) and over biogenic surfaces
(Butman et al., 1994; Nikora et al., 1997; Nikora et al., 2002; Van Duren
et al., 2006; Drobnitch et al., 2017).
The higher quantity of MPs accumulating on the shells of infested mussels irrespective of free-stream velocity is consistent with the signiﬁcantly
larger velocity gradient, the larger roughness length and the stronger turbulent kinetic energy observed in the internal boundary layer overlying
infested beds. In particular, the combination of reduced ﬂow and increased
turbulence are consistent with higher encounter rates between non-motile
objects (here mussels) and MP particles freely advected by turbulent velocity ﬂuctuations within a thicker boundary layer. This encounter rate is a direct function of the root-mean-square turbulent velocity w (e.g., Evans,
1989) which scales as TKE0.5. As such, the 80%, 106% and 240% relative
differences observed between the TKE measured in the internal boundary
layer overlying non-infested and infested beds lead to a 1.3- to 1.8-fold

Fig. 3. Flow experiment. Box-plots of the weight of MPs trapped by infested and
non-infested mussel beds during high tide at (A) low, (B) mid and (C) high water
velocities.

increase in w and hence in encounter rates. These ﬁgures are compatible
with the 1.6 to 1.8-fold increase in the quantity of plastic found on infested
mussels compared to non-infested individuals. Likewise, the quantity of MP
particles trapped within mussel beds is in line with the related differences
observed in the friction velocity τ0 and the Reynolds shear stress τ
(Table S2). At the smallest free-stream velocity, the bed shear stress τ0
was comparable to the critical bottom shear stress reported in the literature
7

K.R. Nicastro et al.

Science of the Total Environment 826 (2022) 153922

Fig. 4. Wave splash experiment. Box-plots of the weight of MPs trapped by infested and non-infested mussel beds after the splash of waves at incoming tide for (A) strong
wave and (B) weak wave conditions.

aggregation. Given the pattern observed in the ﬁeld, this suggest that it is
a transitory condition for both infested and non-infested beds where most
of the particles trapped on the shell are eventually transported at the
basal section of the bed. Future experiments testing how microplastic sedimentation varies through time, could conﬁrm this suggestion.
Endolith-induced corrosion is a wide-spread phenomena in intertidal
ecosystems. Microbial endoliths that degrade mussel shells have been reported in multiple bioregions, ranging from cold-temperate to subtropical/tropical conditions (Ndhlovu et al., 2019). Their corrosive activities are modulated by varying environmental conditions across large to
small spatial scales and are generally related to gradients in solar radiation,
hydrodynamic stress and wind stress (Kaehler, 1999; Zardi et al., 2009). For
instance, endolithic corrosion increases with wave exposure (Zardi et al.,
2016; Ndhlovu et al., 2020); the physical damage to the outer shielding
periostracum of mussels caused by abrasion by wave- or wind-borne sand
facilitates the initial stages of endolithic shell excavation (Kaehler, 1999).
At smaller spatial scales within the intertidal, variation in light exposure affects the distribution of photoautotrophic endoliths thus causing more intense shell corrosion at non-shaded sites. The determinant role of light is
also visible at geographic scales. A large-scale survey along the Atlantic
shores of Portugal, Morocco and Western Sahara, revealed higher incidences of phototrophic shell-degrading endoliths at lower latitudes that
correlated with higher solar radiation and lower cloud cover (Lourenço
et al., 2017b). In the context of plastic pollution, this suggests that the incidence of endolith-induced corrosion in mussel beds is likely to be a determinant of topographic changes in MP retention in these biogenic habitats.
Characterizing such variation is, therefore, necessary to understand the dynamics of MP accumulation, and to develop targeted management strategies.
Our results indicate the complexity and context dependency of the relationship between endoliths and their hosts. Endoliths cause distinctive
whitening of mussel shells leading to reduced uptake of solar energy and
heat stress (Zardi et al., 2016, 2021), which is likely to be increasingly beneﬁcial as heatwave frequency, duration and cumulative heat are projected
to increase (Perkins-Kirkpatrick and Lewis, 2020). Nevertheless, the relationship is generally negative from the host perspective. The conspicuous
amount of energy used to repair the shell alters the energetic budgeting
of mussels and comes at the expense of other processes such as growth, reproduction and strength of byssal attachment (Zardi et al., 2009; Ndhlovu
et al., 2021). Here, we show that symbiotic microbes can also amplify the
negative effects of another anthropogenic stress, plastic pollution. Increased retention and accumulation of MPs by the mussel biogenic habitat
is likely to increase the bioavailability and ingestion of MP (e.g., Piarulli
and Airoldi, 2020), trophic transfer (e.g., Zhao et al., 2018), and plastic
leachate-induced behavioural changes (e.g., Seuront et al., 2020) among
species associated with these habitats.

for resuspension of sediment (i.e., 0.10–0.14 Pa; Wright et al., 1997) and
particulate matter (i.e., 0.13 Pa; Burchard and Baumert, 1998). These observations, coupled with the signiﬁcantly higher Reynolds stress observed
over non-infested beds compared to infested ones, indicate higher MP
transport towards the bottom with very limited possibility of resuspension.
In contrast, the drastic increase in friction velocity (τ0) observed at intermediate and high velocities is likely to favour resuspension, explaining both
the decrease in plastic retention and lack of signiﬁcant differences between
the retention observed in infested and non-infested beds when they were
exposed to higher ﬂow velocities. This interpretation is supported by the
lack of signiﬁcant difference in Reynolds stress over infested and noninfested beds under higher ﬂow. Nevertheless, regardless of the different retention and trapping processes suggested above, the observed increase in
plastic retention on infested mussel shells and within infested beds is in accordance with the role of increased turbulence in the retention of MP particles at the surface of mussels with greater shell rugosity, and suggests that
the complex surface structure of mussel beds may play a role in trapping
MP particles through a massive increase in vertical transport. The spatial
resolution of this speciﬁc issue lies well beyond the scope of the present
work, and would require measurements of the nature of the ﬂow above
and within non-infested and infested mussel beds following wave exposure.
Critically, in nature, water ﬂow and wave action can be extremely variable both in time and in space (e.g., Denny, 1995; Zardi et al., 2006;
Nicastro et al., 2008; Denny and Gaylord, 2010). Hydrodynamic variation
within the intertidal is well known to play a key role in supplying nutrients
and sediment and the breaking or dislodgement of organisms, thus helping
determine the structure and dynamics of many communities in intertidal
systems (e.g., Menge, 1976; Paine and Levin, 1981; Sousa, 1984). Our ﬁndings indicate that spatio-temporal variation in the frequency and intensity
of water ﬂow and waves could signiﬁcantly affect the magnitude of plastic
trapping along hydrodynamic gradients. Such effects can be either direct,
through the transport of plastics to or from mussel aggregations, or indirect
by inﬂuencing the frequency of endolithic infestation through the removal
the periostracum of shells, a precondition of endolithic infestation (Kaehler,
1999; Ndhlovu et al., 2020).
Furthermore, regardless of ﬂow intensity, our results from laboratory
high tide simulations matched ﬁeld results, revealing signiﬁcantly higher
amounts of plastic at the base of the mussel beds than on the shells. This
is in line with previous ﬁeld work assessing plastic accumulation in coastal
vegetated habitats dominated by canopy-forming bioengineers (Cozzolino
et al., 2020). Despite high variability in plastic trapping, which is largely dependent on habitat and position on the shore, MPs persistently accumulate
more on the surface of sediments than in the vegetative canopy (Cozzolino
et al., 2020). In contrast, in the simulation of incoming waves, we found
that more MPs were trapped on shells than at the base of the mussel
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