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ARTICLE INFO ABSTRACT
Editor: Olga Pantos Microplastics (MPs) are ubiquitous and constantly accumulating in the marine environment, especially sedi-
ments. Yet, it is not well clarified if and how their carbon backbone could interact with surrounding sediments,
Keywords: eventually impairing key benthic processes. We assessed the effects of a ‘pulse’ contamination event of MPs on
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sedimentary organic matter (OM) quantity, quality and extracellular enzymatic activities (EEAs), which are well
established descriptors of benthic ecosystem functioning. Marine sediments were exposed for 30 days to envi-
ronmentally relevant concentrations (~0.2 % in weight) of naturally weathered particles (size range 70-210 pm)
of polyurethane, polyethylene, and a mixture of the most common polymers that are documented to accumulate
in marine sediments. Despite the low concentration, contaminated sediments showed significantly different
composition of OM, showing a decrease in lipid content and increase in protein. Moreover, we document a
significant decrease (over 25 %) in quantity of biopolymeric C already after 15 days of exposure, compared to
controls. Contaminated sediments showed lower C degradation rates (up to —40 %) and altered EEAs, with
alkaline phosphatase being ~50 % enhanced and aminopeptidase being reduced over 35 % compared to control
treatments. Overall, the effects generated by the mixture of polymers were smaller than those exerted by the
same amount of a single polymer. Our results provide insights on how that MPs can significantly alter marine
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sedimentary biogeochemistry through altered benthic processes, that could cumulatively impair whole benthic
trophic webs by enhancing the accumulation and possible longer-term storage of recalcitrant organic C in the

seabed.

1. Introduction

Nations worldwide are struggling to manage the increasing volume
of plastic waste, that is forecasted to reach 53 million tons year™! in
2030, according to ‘business as usual’ projections (Borrelle et al., 2020).
Over ~80 % of all plastic ever produced is already dispersed across all
environmental matrices: soil, atmosphere and aquatic environments
(Geyer et al., 2017), with consequences that are still under scrutiny by
the scientific community.

Oceans’ seabed represent the final destination for most of the plastic
waste generated on land (Lebreton et al., 2017). Plastic slowly degrades
through biological, mechanical and physical processes (Cau et al., 2020;
Klein et al., 2018; Mohanan et al., 2020; Paluselli et al., 2019) that cause
its fragmentation into smaller particles called microplastics (MPs) (1 pm
- 5 mm; Frias and Nash, 2019). MPs are ubiquitous in marine environ-
ments and, even considering utopic scenarios with ceased plastic input,
the fraction already accumulated would still fragment and generate new
MPs that would unavoidably interact with the surrounding environment
(Galgani and Loiselle, 2021). Laboratory studies investigated potential
effects of MPs contamination in seawater and at the air-sea boundary
layer, documenting significant impairment of microbial processes
(Romera-Castillo et al., 2018), including those controlling gas exchange
with the atmosphere (Galgani et al., 2023, 2018).

Many plastic polymers are buoyant and come from land-based
sources, but they are still exported to the seafloor after a more or less
long period of time (Kowalski et al., 2016). Vectors of vertical mixing
can be waves and downwelling phenomena, coupled with biological
processes such as biofouling and the inclusion of MPs in organic ag-
gregates and colloidal substances (fecal pellets, marine snow, exopol-
ymer particles) which increase the sinking rates of MP, including low-
density polymers (Wright et al., 2020). Sedimentary environments
(most of which composed by fine mud) occupy the largest surface of the
oceans’ floor and represent the ultimate sink for MPs, with considerable
concentrations already detected across multiple environments, from
sandy coastal regions to fine mud of the deep-sea, down to hadal
trenches (Van Cauwenberghe et al., 2015; Woodall et al., 2014).

Focusing on the ecological hierarchy, MPs are now demonstrated to
affect most of the marine realm, from the individual to community level,
with apparently no geographical or bathymetric boundaries. Yet, there
is no wide understanding on the exact extent to which MPs can possibly
trigger ecosystem-wide impacts that would impair its key functions such
as organic matter cycling and degradation (Ladewig et al., 2021; Seeley
et al., 2020). Moreover, effects of MPs documented on populations or
assemblages mostly remain split among those providing evidence of
positive, negative, or neutral effects (Bucci et al., 2020). These dis-
crepancies have been ascribed to the fact that in most experiments,
‘microplastics’ have been erroneously generalized as a single macro-
scopic contaminant, rather than a multitude of contaminants that vary
in shape, size (within the MP definition range), colour, chemical
composition, etc. Moreover, laboratory experiments are often conducted
using high concentrations of MPs, so that resulting effects might be
detected under non-realistic conditions (Foley et al., 2018).

Despite the growing number of laboratory studies investigating the
effects of plastic contamination, a consensus has not yet been achieved
on the potential alterations of key ecosystem functions. This effect was
conceivably expected since most of polymers are made of interactive
carbon molecules that affect not only the biology and ecology of or-
ganisms and communities, but also the chemistry and structural dy-
namics of sediments, which can collectively influence benthic
biogeochemistry (Ladewig et al., 2021). This claims an urgent call to

posing questions on whether and how MPs affect key ecosystems func-
tions, and this holds particularly relevant for marine sedimentary en-
vironments, which are either major contributors to global
biogeochemical cycles or hotspots of ocean ecosystems’ functioning
(Snelgrove, 1999).

The efficiency in transferring energy towards higher trophic levels in
marine sediments is driven by the relative susceptibility of organic
matter to heterotrophic consumption (Pusceddu and Danovaro, 2009).
Sedimentary organic C, especially in oligotrophic sediments, is domi-
nated by large and relatively refractory polymeric molecules (Pusceddu
et al.,, 2009). Therefore, these molecules must undergo extracellular
enzymatic hydrolysis to being channeled through the microbial loop
(Manini et al., 2003) and then becoming nutritionally available for
higher trophic levels. Although C degradation rates estimated from
extracellular enzymatic activities can be considered only potential (Soru
et al., 2022), they have often been used as a reliable proxy for benthic
ecosystem functioning (Palmas et al., 2019; Pusceddu et al., 2014).

Thus, we conducted a manipulative experiment to test whether and
how sedimentary carbon degradation processes mediated by extracel-
lular enzymes can potentially be impaired by MPs accumulated in
coastal sediments, potentially causing an impairment of key ecosystem
functions and wide effects on benthic trophic webs.

2. Materials and methods
2.1. Sediment sampling and microcosm setting

Sediment was collected by scuba divers in October 2021, using a
manual sediment collector that scraped the top 2 cm from the sediment
surface on the sea bottom, avoiding deeper sediments and the redox
discontinuity later. This was to avoid unpredictable consequences in
chosen response variables, likely ascribable to microbial activities
associated with hypoxic conditions. Sediment collection was performed
over coastal sandy bottoms located at ~30 m depth in the Marine Pro-
tected Area of Capo Carbonara (Sardinia, Italy; Supplementary Fig. S1).
Temperature (14.3 °C), salinity (37.5 PSU) and dissolved oxygen (6.6
mg L™!) were measured at the sampling site using a multiparameter
probe (InSitu smarTROLL Multi- parameter Handheld, Fort Collins, CO,
USA). Values at the sampling site were then reproduced in either the
acclimatation or experimental phase. Seawater and sediments sampled
from the same site were transported to the laboratory in controlled
temperature conditions using a temperature-controlled box, until put in
aquaria for acclimatation.

Baseline assessment of MPs contamination of sandy sediments used
in microcosms was performed in triple replicate, using NaCl density
separation protocol and polymer characterization (see supplementary
material). Baseline assessment (avg. n. of particles g1 0.06 + 0.02 st.
dev) was aimed at showing how sediments used in this experiment do
fall within the low to very-low contamination rate for Marine Protected
Areas (Nunes et al.,, 2023). A preliminary assessment of the trophic
status (sensu Dell’Anno et al., 2002; Pusceddu et al., 2009) of the
experimental sediments showed that they can be classified as oligotro-
phic, having biopolymeric C (BPC) concentrations rounding 1 mgC g~ L.
Sediment texture was determined by dry sieving of sediments through a
0.0625 mm mesh to distinguish between the sandy and the silt-clay
fractions. The sandy fraction was further sieved through a 4, 2, 1, 0.5,
0.125, and 0.063-mm mesh to distinguish between coarse (>1 mm),
medium (>0.25 mm) and fine (<0.25 and > 0.0625 mm) sandy frac-
tions. The sediment water content was calculated as the difference be-
tween the wet and dry weights and expressed as percentages. Sediment
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granulometry and water content are reported in Supplementary
Table S1.

Before being placed in microcosms, a stock of sediments (ca. 2 L) was
thoroughly homogenized by gentle manual mixing, after large debris
removal. Approximately 250 g of wet sediment from the stock were
added to previously acid-washed and sterilized (121 °C, 60 min) 600 mL
glass beakers (sediment depth reached 3 cm), hereafter termed
microcosms.

As recently commented (Ladewig et al., 2023; Seeley et al., 2020),
the number of studies reporting MPs concentration in sediments is huge,
but the almost totality of results are reported as particle count and not on
weight. The few available references from environmental samples report
concentrations ranging between 3.3 % and 0.15 % (Carson et al., 2011;
McDermid and McMullen, 2004), while 0.5 % was used in a founda-
tional manipulative laboratory experiment testing for potential effects of
MPs on nitrogen cycling (Seeley et al., 2020). We thus manipulated
marine sediments to obtain a concentration of MPs of ~0.2 % by weight
of sediment (corresponding to 0.5 g of MPs in 250 g of sediment).
Sediments were thoroughly homogenized prior to MPs addition; then,
once put in each beaker, it was further homogenized when MPs (0.5 g
microcosm 1) were added, prior to sea water. Before its addition to the
microcosms, seawater was filtered (0.45 pm pore size GF/F filters) to
remove larger particulate matter, including potential floating MPs. A
first aliquot of filtered seawater (50 mL) was added to each microcosm,
mixed with sediments, and allowed to settle. After that, an additional
300 mL aliquot of filtered seawater was gently added to each micro-
cosm, avoiding sediment resuspensions, and left untouched for 24 h to
allow the sediment column to fully settle. Microcosms were gently
aerated using 12 aquaria oxygenators with adjustable flow, equipped
with an air flow control valve kit ensuring a quasi-constant air insuf-
flation., as confirmed by daily measures of dissolved oxygen concen-
trations (average during the experiment 6.54 + 0.09 mg L) and
salinity (average for the entire study 37.4 £+ 0.4 PSU), that showed very
limited variations. Oxygen concentration and salinity in the microcosms
were measured using the same probe used at the sampling site. Micro-
cosms were maintained at room temperature (15°), covered with par-
affine foil to prevent evaporation, and exposed to a natural sunlight
regime prior to and during the experiment. Sediment aliquots were
collected from the surface sediment (top 1st cm) from each microcosm,
as independent replicates (n = 3) at the beginning of exposure (Ty), and
then after 15 (T;) and 30 days (T2), to perform organic matter (OM) and
extracellular enzymatic activities (EEA) analyses. The choice of 15 days
of exposure was based on sampling timing adopted in previous experi-
ments carried out with marine and salt-marsh sediments added with MPs
both in the field and in laboratory conditions (e.g., Ladewig et al., 2024
deployed ROMA’ plates for 11-15 days, while 7 and 15 days was
exposure times were used by Seeley et al., 2020). To investigate eventual
effects on a longer time exposure, previously considered in experiments
with riverine sediments (Li et al., 2022) we extended the exposure time
to 30 days (Li et al., 2022).

2.2. Experimental setup

To investigate whether contamination of marine sediments from
microplastics injected in the sea after nurdle accidental spills, uncon-
trolled wastewater discharge, outfall pipes and flooding events
(Giindogdu et al., 2018; Palmas et al., 2022) could alter benthic
biogeochemical processes, we simulated a pulse-like contamination
event of coastal marine sediments with microplastics made of different
polymers and their combination. Beside concentration, to be as close as
possible to realistic environmental scenarios, we conducted the experi-
ment using MPs obtained by mechanical fragmentation of plastic debris
retrieved from the marine environment during clean-up activities con-
ducted in coastal areas. This was to guarantee that source debris used in
the experiment had undergone natural physio-chemical weathering, at
least for the duration of their permanence in the marine environment.
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Fragmentation was performed using a lab mixer in chilled sterilized and
0.02 pm pre-filtered milliQ water, operating under a laminar flow hood.
Resulting solution was then sieved to a defined size range comprised
between 70 and 210 pm.

The experimental design (Supplementary Fig. S1) included, for each
of the sampling times [at O (Tp), 15 (T1), and 30 (T3) days], three
microcosm replicates (i.e., independent samples) added with each of the
three MPs combinations, and three plastic-free microcosm replicates
(control; CON), for a total of 36 microcosms. The three MPs combina-
tions included: i) only polyethylene (PE), obtained from a recycled
bottle of predominantly high-density PE; ii) only polyurethane (PU),
obtained from a brick of foam used as float for fishing nets, and iii) a
mixture (MIX) of multiple polymers. The mixture of microplastics was
composed of 60 % of polyethylene (PE), 25 % of polypropylene (PP), 5 %
of polystyrene (PS), 5 % of polyurethane (PU) and 5 % of Polyethylene
Terephthalate (PET).

The polymeric nature of plastic debris collected from the cleanup
activity was determined by means of a non-confocal micro-Raman OEM
system in back-scattering geometry. The emission at 785 nm from a
fibre-coupled laser diode (BWTEK BRM-785) was focused onto the
samples by means of a 10 X microscope objective (laser spot diameter on
the sample ~ 200 mm). Raman signals were recorded by a fibre-coupled
grating spectrometer coupled with a Peltier cooled CCD (BWTEK
BTC667N-785S) with a spectral resolution >5 cm~l. The Rayleigh
scattering was rejected using an edge-filter cutting at nearly 65 cm .
Depending on the sample under investigation, the laser power was kept
below 6 mW to avoid sample damage. After baseline correction
(Savitzky—Golay filter), smoothing techniques (IModPolyFit) were used
to amplify the signal-to-noise ratio and eventually plastics were conse-
quently identified through matching tool of Open Specy (Cowger et al.,
2021).

2.3. Contents, biochemical composition, and degradation of sedimentary
organic matter

Protein, carbohydrate, and lipid analyses were carried out in tripli-
cate using photometric protocols (Danovaro et al., 2008) for each of the
three independent sediment aliquots. Protein, carbohydrate, and lipid
contents were converted into C equivalents using the conversion factors
0.49, 0.40, and 0.75 mg of C per milligram, respectively, and their sum
reported as biopolymeric C (Fabiano et al., 1995).

OM degradation rates were estimated from aminopeptidase and
B-glucosidase activities, determined by the cleavage of fluorogenic
substrates  (L-leucine-4-methylcoumarinyl-  7-amide and 4
methylumbelliferone-D-glucopyranoside, for aminopeptidase and
B-glucosidase, respectively) at saturating concentrations (Danovaro
et al., 2008). Extracellular enzymatic activities (EEA) were measured
after the addition of 150 pL of substrate to 1 mL of a slurry prepared
using 1:1 volume of filtered (0.2 pm) and sterile seawater and sediment
(substrate final concentration 200 pM). Substrate incubations were
performed in the dark at in situ temperature (same as that used for the
experiment) for 1 h. After these incubations, the slurries were centri-
fuged (3000 rpm, 5 min), and the supernatants were analyzed fluoro-
metrically (at 365 nm excitation, 455 nm emission for f-glucosidase, and
380 nm excitation, 440 nm emission for aminopeptidase). The protease
and glucosidase activities (micromoles of substrate per gram per hour)
were converted into C degradation rates (micrograms of C per gram per
hour), using 72 pg of C per mole of substrate as the conversion factor
(Pusceddu et al., 2014). The turnovers (per day) of the whole protein
and carbohydrate pools were calculated as the ratios of the hourly C
degradation rates (once multiplied by 24) and the whole protein and
carbohydrate C contents in the sediment.

2.4. Statistical analyses

We investigated the effects of MPs contamination on OM contents
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and biochemical composition through permutational analysis of vari-
ance (PERMANOVA), performed both in uni- and multivariate context.
As anticipated experimental design included two orthogonal factors:
Time (Ti, 3 fixed levels: Ty, T1, T2) and Treatment (Tr, 4 fixed levels:
CON, PE, PU, MIX) and their interaction (TixTr). PERMANOVA tests
were carried out on Euclidean distances resemblance matrixes of pre-
viously normalized data. All statistical analyses were performed using
the software PRIMER 7, using the routine included in the package
PERMANOVA+ (Anderson et al., 2008). When the interaction between
factors was significant, post-hoc tests were conducted. Multivariate
differences in organic matter biochemical composition among treat-
ments at each of the sampling date were visualized using MDS plots
produced through ‘bootstrap averages’ function of PRIMER7, which
calculates bootstrap averages and confidence regions, based on the same
resemblance matrix of normalized data.

For each treatment, the patterns and amplitude of change across time
in C degradation rates and turnover, aminopeptidase and alkaline-
phosphatase activities were visualized using forest plots obtained
using Log-transformed ratios of mean values in impact (i.e., MPs
contaminated) on values in control microcosms. Forest plots were per-
formed using R Studio (R Studio Team, 2016), through the meta-analysis
packages “metafor”(Viechtbauer, 2010) and “robumeta”(Fisher and
Tipton, 2015); the original script, created by (Quintana, 2015), was
modified using the Log-transformed ratios of means.
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3. Results
3.1. Biochemical composition and trophic status

MPs contamination exerted a positive effect (i.e., increase) in the
protein contents of sediments, which were all significant after 30 days of
exposure, but no significant difference was detected among treatments
(Figs. 1, 2). For carbohydrates, neither treatment nor time of exposure
had a significant effect except for the treatment MIX, which was
significantly positive after 30 days. Lipid contents were negatively
affected (i.e., decreased) already after 15 days of exposure, with the
treatment PE being significantly different from the MIX one. The largest
effect was observed after 30 days of exposure in the treatment PE, which
was significantly higher than the effect exerted by the treatment PU
(Fig. 1). MPs contamination showed negative effects on BPC sedimen-
tary contents after 15 days of exposure in PU and PE treatments, whereas
the only significant negative effect after 30 days of exposure was
observed in PE. The MIX treatment did not show any significant effect
(Figs. 1, 2).

The biochemical composition of sedimentary organic matter was
affected by a significant interaction of the two factors (Supplementary
Table S2). The results of the bootstrap analysis and the resulting MDS
representations show that, at the beginning of the experiment, control
and treated sediments exhibited the same biochemical composition,
whereas the biochemical composition of control sediments clearly
segregated from those of the treated ones in T; and, even more clearly, in
T, (Fig. 3A-C). Regardless of the treatment, at Ty sediments were

B Carbohydrates
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Fig. 1. Forest plot (LnR of means as effect size) showing significant negative (red dots) or positive effect (green dots) in BPC by MPs contamination across inves-
tigated ecosystem functioning variables. Bars represent the standard deviation and grey dots are not significant effects.
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Fig. 2. Temporal variations (in mg g’l) of: A) protein; B) carbohydrate; C) lipid and D) biopolymeric C contents in control sediments and sediments added with
microparticles made of polyurethane (PU), polyethylene (PE), and a mixture of different polymers (MIX). Ty: start; T;: day 15; To: day 30. Error bars represent

standard errors (n = 3).

characterized by the dominance carbohydrates (55 %) over proteins (25
%) and lipids (18 %). Biochemical composition varied in T; and T and
was significantly different between controls and contaminated sedi-
ments, with different variations observed according to treatments
(Supplementary Table S3; Fig. 3D). In T1, sediments added with PU were
characterized by a slightly increasing lipid contribution to BPC, at the
expenses of the carbohydrate one, whereas sediments added with PE
showed slightly increasing protein and carbohydrate contributions at
the expense of the lipid one. In T; sediments added with MIX were
characterized by an increasing contribution of carbohydrates. In Ty all
treatments were characterized by a consistent increase in the protein
and to a lesser extent carbohydrates contribution to BPC, at the expenses
of lipids (Fig. 3D).

3.2. Extracellular enzymatic activities, C degradation rates and turnover
time

EEA showed significant differences between contaminated and
control sediments after either 15 or 30 days (Figs. 4, 5). Aminopeptidase
activity in the controls did not vary significantly with time, whereas it
significantly decreased (Supplementary Table S4) in all contaminated
sediments, with maxima of a — 33 % variation after 15 days when
exposed to PU and after 30 days when exposed to MIX, followed by PE
after 15 days (by —24 %) (Fig. 4A). The p-Glucosidase activity increased
significantly only in the control group, while it did not show significant
variation in any of the contaminated sediments (Fig. 4B; Supplementary
Table S5). When compared with the controls, alkaline-phosphatase

activity significantly increased (by 34 % whatever the added polymer;
Supplementary Table S6) in all contaminated sediments after 30 days.

The effect size of plastic contamination on EEA, regardless of the
added polymer, was similar after 15 and 30 days, with negative effects
on both aminopeptidase or p-glucosidase activities, while the alkaline-
phosphatase activity showed positive effects (Fig. 4A-C). The size ef-
fect of plastic contamination was in the same order of magnitude on
either aminopeptidase and p-glucosidase activities (—0.3 on average).
The effect was least pronounced after 15 days on alkaline-phosphatase
and most pronounced after 30 days also on alkaline-phosphatase
(Fig. 4D).

When compared with controls, sediments contaminated with
microplastics, regardless of the added polymer, showed a significant
decrease in C degradation rates with time (Supplementary Table S7).
The largest decrease was measured in sediments contaminated with PU
after 15 days, in which C degradation decreased by 39 %, followed by
the decrease measured in sediments contaminated with PE after 15 days
(by 29 %) and MIX after 30 days (by 23 %) (Fig. 4A). After 30 days of
exposure, MPs contamination, regardless of the polymer, also caused a
significant increase of the turnover time of carbohydrates and proteins
(by ca. 32 %- 98 % and 45 %-100 %, respectively) when compared to
control sediments (Supplementary Table S7; Fig. 4B Fig. 5A). The forest
plot shows that the largest increase was observed for MIX (LnR = 0.51 +
0.15; 95 % CI), followed by PU (LnR = 0.46 + 0.13; 95 % CI) and PE
(LnR = 0.35 + 0.13; 95 % CI). For all treatments, the observed effects
were significant only after 30 days of exposure (Fig. 4).
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4. Discussion

We report here that a pulse-like injection of MPs can alter coastal
surface sediments biogeochemistry, by provoking either significant
change in the quantity and biochemical composition of the sedimentary
organic loads and impairment of extracellular enzymatic activities.
Overall, these effects led to a significant decrease of the whole BPC
sedimentary content and a significant slowdown in C degradation pro-
cesses. These results might indicate how, already after 15 days of
exposure, the semi-labile fraction of the C pool (Pusceddu et al., 2009)
has significantly been reduced, leaving only more recalcitrant com-
pounds available for degradation.

Plastic pollution has recently been pointed out as a ‘new biogeo-
chemical cycle’ (Bank and Hansson, 2019), for which sources, transport,
fate, and environmental reservoirs should be better understood. In this
perspective, our results suggest that MPs accumulated in marine sedi-
ments could potentially foster a regression towards a more oligotrophic
state and reduce food availability for higher trophic levels. If so, this
would represent a “vertical pump” that further enhances the accumu-
lation and possible longer term storage of recalcitrant organic C in costal
seabed (Galgani and Loiselle, 2021).

4.1. Effects on biopolymeric carbon

We observed that MPs contamination exerted differential effects on
sedimentary contents, by enhancing (compared to controls) proteins,
abating lipids and having no significant effects on carbohydrates, except
for the MIX treatment. We also document a significant trophic shift in
the relative contributions of proteins, carbohydrates, and lipids to

sedimentary BPC, that progressively differed among treatments with the
increasing time of exposure (Fig. 3D).

The increase in protein for all contaminated sediments could be due
to the increase in proteinaceous material associated with bacteria
colonizing plastic particles, that can serve as a potential energy source
for heterotrophic prokaryotes.

Lipids are a high nutritional quality and labile biomolecule; thus,
they are generally rapidly digested. Sediments contaminated with PU
(obtained by the fragmentation of a polyurethane foam block) were
characterized by a slightly increasing lipid contribution to BPC, at the
expenses of the carbohydrates. Due to their matrix structure, poly-
urethanes are prone to adsorbing substances with prolonged release
time and are thus used for e.g., as controlled-release urea fertilizer in
agriculture, or as drug delivery vehicles (Liu et al., 2019; Wienen et al.,
2023). The PU microstructure could thus have promoted the absorption
of lipids into the polymer matrix. On top of this, weathering could also
have exacerbated lipid adsorption due to altered roughness, polarity and
porosity. This, in turn, could also alter biofouling processes, microbial
colonization, sorption and adhesion of organic compounds (Ammar
et al., 2015; Zheng et al., 2021). An additional hypothesis may involve
the disruption of the trophic functionality of the microcosm community
due to the toxicity of the MPs used in the exposure treatments. This
toxicity may have caused a reduction in the lipid renewal and an in-
crease in the production of proteinaceous material.

Carbohydrate content was unaffected by MPs exposure, with the only
exception of the MIX treatment after 30 days; this result is in accordance
with the paradigm that considers MPs as a source of recalcitrant carbon
(Chamas et al., 2020; Stubbins et al., 2021). The increase in carbohy-
drates observed for the MIX treatment after 30 days could be due to the
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Fig. 4. Forest plot (LnR of means as effect size) showing significant negative (red dots) or positive effect (green dots) determined by MPs contamination across
investigated ecosystem functioning variables: A) Carbon degradation rates (in days); B) Carbon turnover rates (in days); C) Aminopeptidase activity (nmol g’1 )]
and D) Alkaline phosphatase (nmol g~! h™?). Bars represent the standard deviation and grey dots are not significant effects.

heterogeneity of polymers used in that specific treatment compared to
others. This heterogeneity may have fostered a more complex and
carbohydrate-rich biofilm over time. Indeed, as per any material
entering aquatic environments, MPs are subject to biofouling processes
that usually begin with microbial colonization of the plastic surface,
leading the formation of the so called ‘plastisphere’ (Zettler et al., 2013).
This refers to the microbial community colonizing plastic debris,
resulting in niche segregation between marine microorganisms inhab-
iting the plastisphere and those in the surroundings environment.

Polyurethane contains nitrogen in its polymer backbone and is more
susceptible to hydrolytic cleavage compared to compounds with solely C
backbones like PE and other polymers composing the MIX treatment
(Gewert et al., 2015; Seeley et al., 2020). Thus, it could be possible that
PU promoted a more pronounced positive trophic response, stimulating
the activity of various bacteria capable of retrieving C and N as energy
sources and resulting in increased proteinaceous content associated with
bacteria (Howard, 2002). For instance, Seeley et al., 2020 showed that
oligotrophic salt marsh sandy sediments treated with PU foam exhibited
a variation in the microbial community composition over time. Such
shift could have favoured the fraction of microorganisms capable of
degrading PU by the production of hydrolytic enzymes such as pro-
teinase, urease, and esterase (Howard, 2002).

Polyethylene is the most abundant polymer in production, the most
common in single-use containers and also the most discarded synthetic
polymer, globally (Geyer et al., 2017). Plastic is known to release a

variety of chemicals during degradation, which has a negative impact on
biota; on top of this, recent evidence highlighted how PE is also the most
prolific emitter of greenhouse gases (methane and ethylene) when
exposed to physical weathering, that is likely to occur in coastal envi-
ronments (Royer et al., 2018). Considering the overall slowdown of C
cycling here observed, it would be of great relevance to determine
whether accumulation of prevalently recalcitrant organic C (Galgani
and Loiselle, 2021) deriving from MPs could foster enhanced reminer-
alization and consequent emission of carbon dioxide from the seabed, as
recently documented in experimental condition for estuarine mangrove
environments (Lin et al., 2024). Hence, MPs like PE might be playing an
even greater role in the carbon cycle than anticipated.

Regardless of the variable considered, we observed how effects
generated by the mixture of polymers (treatment MIX), despite not being
significantly different, were either smaller or absent compared to those
exerted by the same concentration of a single polymer, with PU being
the most distinctive one (Fig. 2). The MIX treatment is surely not
comprehensive of all possible environmental contamination of MPs in
sediments, but it had the scope to embody a reasonable range of possible
features that may be encountered, since it would be unlike that such
concentrations could be reached by a single polymer in environmental
conditions.
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glucosidase activity rates (nmol g~! h™?) across different treatments (PU: polyurethane; PE: polyethylene; MIX: mixture of different polymers) and days of exposure

to MPs (TO: Start; T1: 15 days; T2: 30 days).
4.2. Carbon degradation rates and extracellular enzymatic activities

The differential effects observed across treatments over time could
be explained by a different selection pressure on microorganisms with
unique traits (such as antibiotic resistance, hydrocarbon degradation,
and heavy metal adsorption) that might have led to substantial shifts in
the patterns and succession of the associated microbial communities.
This, in turn, can be ascribed as possible explanation of the differences in
EEAs that we measured in our experiment. EEAs are the key step in the
degradation and utilization of organic polymers by bacteria, that foster
OM transfer to higher trophic levels by means of the so-called ‘microbial
loop’(Azam et al., 1983). Because of this, EEAs have been repeatedly
used as a proxy of benthic ecosystem functioning (Danovaro et al., 2008;
Zeppilli et al., 2016) and indicators to evaluate different typologies of
impacts affecting sedimentary environments (Pusceddu et al., 2014;
Soru et al., 2022). Our results show that aminopeptidase activity was
compromised for up to ~30 % in all treated sediments (Fig. 5B), whereas
B-glucosidase increased in control sediments after 15 and 30 days, while
remained unvaried in treated sediments (Fig. 5C). These results suggest
that, at least in the short-to-medium term, the presence of MPs has a
more pronounced effects on protein degradation processes than carbo-
hydrates, which indeed did not show any significant change in quantity.
Since proteins, together with lipids, represent the most labile class of
organic compounds and are more rapidly digested than carbohydrates
(Pusceddu et al., 2003), our results suggest that MPs contamination
could exert effects on the bioavailability of resources for benthic detritus
feeders. This hypothesis is supported by the increase in sedimentary
protein contents observed in all treatments after 30 days of exposure to

MPs, regardless of the treatment, which can be reliably interpreted as a
progressive accumulation of these labile molecules, likely due to
enhanced microbial activity. However, we cannot exclude the possibility
that such increase could also be attributed to other factors.

We notice here also that MPs contamination, again whichever the
treatment, exerted a positive effect on alkaline-phosphatase activities
(APA). APA are implied in organic P remineralization processes medi-
ated by algae to hydrolyze dissolved organophosphate and obtain
phosphorus when the preferred dissolved inorganic phosphorus is pre-
sent in limited supply (Zhang et al., 2021). The overall increase of APA
accompanied by a general decrease of protease activities has been sug-
gested as a proxy for P deficiency in microbial assemblages (Danovaro
etal., 2005; Sala et al., 2001). Our results, thus, suggest that, besides the
impairment of protein degradation processes mediated by heterotrophic
activities, MPs contamination can exert also relevant effects on the
metabolism of the autotrophic component of the benthos. Since APA
increased only in contaminated sediments but not in the control ones,
we stress here that, most likely, MPs contamination can provoke more
stressful conditions for the microphytobenthos because of a progres-
sively increasing limitation of inorganic phosphorus. Although we did
not measure inorganic phosphorus concentrations during the experi-
ment, such hypothesis is corroborated by previous manipulation ex-
periments that reported that: i) the presence of microplastic biofilms can
accumulate P temporarily and increase APA in aquatic environments
(Chen et al., 2020) and ii) the presence of microplastics can significantly
decrease soil available phosphate content.

It is also important to acknowledge that, to guarantee a proper
isolation of different effects and factors involved in controlled
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conditions, our static incubation experiment did not consider these
aspects:

i) new input of OM deriving from vertical fluxes or other possible
sources, that would surely occur in natural conditions, and it
could possibly influence effects here observed;

the vertical oxic/anoxic gradient of sediments was not considered
in our experimental setup and analyses. It would be reasonable to
expect different effects occurring above and below the redox
discontinuity layer;

iii) granulometry of sediments could represent a crucial factor to
consider (e.g., Filgueiras et al., 2019), with muddy sediments
being expected to show different responses, also due to their
enhanced exposure to MPs in deep-sea (Woodall et al., 2014);
dynamic physical parameters of the marine environment, among
which temperature can be mentioned as the most representative,
but also those driving the transport of solutes such as advection.

ii

-

—

iv

We stress here that these aspects should be considered and further
explored in future efforts on the topic. Due to the complex nature of
seafloor ecosystems and the wide range of factors that influence its
functioning, it is necessary to further test these effects in fieldwork based
experiments, e.g., as recently did in New Zealand, using ‘ROMA’ plates
(Ladewig et al., 2023, 2024; O’Meara et al., 2018).

Our approach did not focus on the sedimentary microbial diversity
but rather on variables that describe and quantify alterations on carbon
cycling (and consequent benthic ecosystem functioning), deriving from
MPs contamination. To do so, we used relevant concentrations that were
over ~50 % lower than those used for laboratory experiments using salt
marsh sediments, that documented for the first-time alteration in Ni-
trogen cycling (Seeley et al., 2020). Recent pioneering field-based
studies on marine sediments documented how the addition of micro-
fibers to OM already present in marine sediments shifted the importance
of factors controlling consumption rates (Ladewig et al., 2024), thus
confirming how the input deriving from MPs accumulated on the sea-
floor triggers an important impairment in OM consumption and cycling.
For marine environments, in particular, it will be crucial to assess effects
from deep-waters, Oceans’ greatest plastic and MPs accumulation areas
(Carreras-Colom et al., 2024; Peng et al., 2020; Woodall et al., 2014).

5. Conclusions

Seafloor ecosystems provide many benefits to humans (Snelgrove,
1999), and it is important that we understand changes due to increasing
plastic pollution loads, that occur in parallel with other stressors. The
outcomes of our experiment support the hypothesis that MPs may
relevantly affect marine sediment biogeochemistry, potentially trig-
gering effects that echo up to the top of the ecological hierarchy. We thus
further confirm how plastic contamination strongly deserves to be
regarded as a new planetary boundary threat (Persson et al., 2022;
Villarrubia-Gomez et al., 2018). Most importantly, results here pre-
sented are foundational and call for future effort that combines micro-
biology and biogeochemistry, to properly assess ecosystem-wide effects
deriving from MPs accumulation in diverse reservoirs of the marine
environments.

CRediT authorship contribution statement

Alessandro Cau: Writing — original draft, Methodology, Formal
analysis, Data curation, Conceptualization. Davide Moccia: Writing —
original draft, Methodology, Investigation, Formal analysis, Data cura-
tion. Claudia Dessi: Writing — original draft, Methodology, Data cura-
tion. Laura Carugati: Writing — original draft, Methodology, Data
curation, Conceptualization. Ester Carreras-Colom: Writing — original
draft, Visualization, Data curation. Fabrizio Atzori: Writing — original
draft, Resources. Nicoletta Cadoni: Writing - original draft,

Science of the Total Environment 955 (2024) 176795

Investigation, Data curation. Antonio Pusceddu: Writing — original
draft, Validation, Resources, Methodology, Conceptualization.

Ethical approval
Not applicable.

Funding

We acknowledge financial support under the National Recovery and
Resilience Plan (NRRP), Mission 4, Component 2, Investment 1.1, Call
for tender No. 104 published on 2.2.2022 by the Italian Ministry of
University and Research (MUR), funded by the European Union -
NextGenerationEU- Project Title ‘MICROplastic effects on marine
BEnthic  Ecosystems  Functioning = (MICROBEEF)' -  CUP
F53D23004170006 - Grant Assignment Decree No. 1015 adopted on
07.07.2023 by the Italian Ministry of University and Research (MUR).

Declaration of competing interest

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

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.176795.

Data availability

Data will be made available on request.

References

Ammar, Y., Swailes, D., Bridgens, B., Chen, J., 2015. Influence of surface roughness on
the initial formation of biofilm. Surf. Coat. Technol. 284, 410-416. https://doi.org/
10.1016/j.surfcoat.2015.07.062.

Anderson, M.J., Gorley, R.N., Clarke, K.R., 2008. PERMANOVA-+ for PRIMER: Guide to
Software and Statis- Tical Methods. PRIMER-E Ltd, Plymouth, UK, p. 214.

Azam, F., Fenchel, T., Field, J., Gray, J., Meyer-Reil, L., Thingstad, F., 1983. The
ecological role of water-column microbes in the sea. Mar. Ecol. Prog. Ser. 10,
257-263. https://doi.org/10.3354/meps010257.

Bank, M.S., Hansson, S.V., 2019. The plastic cycle: a novel and holistic paradigm for the
Anthropocene. Environ. Sci. Technol. 53, 7177-7179. https://doi.org/10.1021/acs.
est.9b02942.

Borrelle, S.B., Ringma, J., Lavender Law, K., Monnahan, C.C., Lebreton, L., McGivern, A.,
Murphy, E., Jambeck, J., Leonard, G.H., Hilleary, M.A., Eriksen, M., Possingham, H.
P., De Frond, H., Gerber, L.R., Polidoro, B., Tahir, A., Bernard, M., Mallos, N.,
Barnes, M., Rochman, C.M., 2020. Predicted growth in plastic waste exceeds efforts
to mitigate plastic pollution. Science 1518, 1515-1518.

Bucci, K., Tulio, M., Rochman, C.M., 2020. What is known and unknown about the
effects of plastic pollution: a meta-analysis and systematic review. Ecol. Appl. 30,
€02044. https://doi.org/10.1002/eap.2044.

Carreras-Colom, E., Follesa, M.C., Carugati, L., Mulas, A., Bellodi, A., Cau, A., 2024.
Marine macro-litter mass outweighs biomass in trawl catches along abyssal seafloors
of Sardinia channel (Italy). Environ. Sci. Pollut. Res. https://doi.org/10.1007/
s11356-024-33909-3.

Carson, H.S., Colbert, S.L., Kaylor, M.J., McDermid, K.J., 2011. Small plastic debris
changes water movement and heat transfer through beach sediments. Mar. Pollut.
Bull. 62, 1708-1713. https://doi.org/10.1016/j.marpolbul.2011.05.032.

Cau, A., Avio, C.G., Dessi, C., Moccia, D., Pusceddu, A., Regoli, F., Cannas, R., Follesa, M.
C., 2020. Benthic crustacean digestion can modulate the environmental fate of
microplastics in the Deep Sea. Environ. Sci. Technol. 54, 4886-4892. https://doi.
org/10.1021/acs.est.9b07705.

Chamas, A., Moon, H., Zheng, J., Qiu, Y., Tabassum, T., Jang, J.H., Abu-Omar, M.,
Scott, S.L., Suh, S., 2020. Degradation rates of plastics in the environment. ACS
Sustain. Chem. Eng. 8, 3494-3511. https://doi.org/10.1021/
acssuschemeng.9b06635.

Chen, Xianchuan, Chen, Xiaofei, Zhao, Y., Zhou, H., Xiong, X., Wu, C., 2020. Effects of
microplastic biofilms on nutrient cycling in simulated freshwater systems. Sci. Total
Environ. 719, 137276. https://doi.org/10.1016/j.scitotenv.2020.137276.

Cowger, W., Steinmetz, Z., Gray, A., Munno, K., Lynch, J., Hapich, H., Primpke, S., De
Frond, H., Rochman, C., Herodotou, O., 2021. Microplastic spectral classification


https://doi.org/10.1016/j.scitotenv.2024.176795
https://doi.org/10.1016/j.scitotenv.2024.176795
https://doi.org/10.1016/j.surfcoat.2015.07.062
https://doi.org/10.1016/j.surfcoat.2015.07.062
http://refhub.elsevier.com/S0048-9697(24)06952-3/rf0010
http://refhub.elsevier.com/S0048-9697(24)06952-3/rf0010
https://doi.org/10.3354/meps010257
https://doi.org/10.1021/acs.est.9b02942
https://doi.org/10.1021/acs.est.9b02942
http://refhub.elsevier.com/S0048-9697(24)06952-3/rf0025
http://refhub.elsevier.com/S0048-9697(24)06952-3/rf0025
http://refhub.elsevier.com/S0048-9697(24)06952-3/rf0025
http://refhub.elsevier.com/S0048-9697(24)06952-3/rf0025
http://refhub.elsevier.com/S0048-9697(24)06952-3/rf0025
https://doi.org/10.1002/eap.2044
https://doi.org/10.1007/s11356-024-33909-3
https://doi.org/10.1007/s11356-024-33909-3
https://doi.org/10.1016/j.marpolbul.2011.05.032
https://doi.org/10.1021/acs.est.9b07705
https://doi.org/10.1021/acs.est.9b07705
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1016/j.scitotenv.2020.137276

A. Cau et al.

needs an open source community: open Specy to the rescue! Anal. Chem. 93,
7543-7548. https://doi.org/10.1021/acs.analchem.1c00123.

Danovaro, R., Armeni, M., Luna, G.M., Corinaldesi, C., Dell’Anno, A., Ferrari, C.R.,
Fiordelmondo, C., Gambi, C., Gismondi, M., Manini, E., Mecozzi, M., Perrone, F.M.,
Pusceddu, A., Giani, M., 2005. Exo-enzymatic activities and dissolved organic pools
in relation with mucilage development in the northern Adriatic Sea. Sci. Total
Environ. 353, 189-203. https://doi.org/10.1016/j.scitotenv.2005.09.029.

Danovaro, R., Gambi, C., Dell’Anno, A., Corinaldesi, C., Fraschetti, S., Vanreusel, A.,
Vincx, M., Gooday, A.J., 2008. Exponential decline of deep-sea ecosystem
functioning linked to benthic biodiversity loss. Curr. Biol. 18, 1-8. https://doi.org/
10.1016/j.cub.2007.11.056.

Dell’Anno, A., Mei, M., Pusceddu, A., Danovaro, R., 2002. Assessing the trophic state and
eutrophication of coastal marine systems: a new approach based on the biochemical
composition of sediment organic matter. Mar. Pollut. Bull. 44, 611-622. https://doi.
0rg/10.1016/50025-326X(01)00302-2.

Fabiano, M., Danovaro, R., Fraschetti, S., 1995. A three-year time series of elemental and
biochemical composition of organic matter in subtidal sandy sediments of the
Ligurian Sea (northwestern Mediterranean). Cont. Shelf Res. 15, 1453-1469.
https://doi.org/10.1016,/0278-4343(94)00088-5.

Filgueiras, A.V., Gago, J., Campillo, J.A., Leén, V.M., 2019. Microplastic distribution in
surface sediments along the Spanish Mediterranean continental shelf. Environ. Sci.
Pollut. Res. 26, 21264-21273. https://doi.org/10.1007/s11356-019-05341-5.

Fisher, Z., Tipton, E., 2015. Robumeta: an R-package for robust variance estimation in
meta-analysis. J. Stat. Softw. 1-16 arXiv:1503.02220 [stat.ME].

Foley, C.J., Feiner, Z.S., Malinich, T.D., H60k, T.O., 2018. A meta-analysis of the effects
of exposure to microplastics on fish and aquatic invertebrates. Sci. Total Environ.
631-632, 550-559. https://doi.org/10.1016/j.scitotenv.2018.03.046.

Frias, J.P.G.L., Nash, R., 2019. Microplastics: finding a consensus on the definition. Mar.
Pollut. Bull. 138, 145-147. https://doi.org/10.1016/j.marpolbul.2018.11.022.

Galgani, L., Loiselle, S.A., 2021. Plastic pollution impacts on marine carbon
biogeochemistry. Environ. Pollut. 268, 115598. https://doi.org/10.1016/j.
envpol.2020.115598.

Galgani, L., Engel, A., Rossi, C., Donati, A., Loiselle, S.A., 2018. Polystyrene microplastics
increase microbial release of marine Chromophoric dissolved organic matter in
microcosm experiments. Sci. Rep. 8, 14635. https://doi.org/10.1038/541598-018-
32805-4.

Galgani, L., Tzempelikou, E., Kalantzi, ., Tsiola, A., Tsapakis, M., Pitta, P., Esposito, C.,
Tsotskou, A., Magiopoulos, 1., Benavides, R., Steinhoff, T., Loiselle, S.A., 2023.
Marine plastics alter the organic matter composition of the air-sea boundary layer,
with influences on CO2 exchange: a large-scale analysis method to explore future
ocean scenarios. Sci. Total Environ. 857, 159624. https://doi.org/10.1016/j.
scitotenv.2022.159624.

Gewert, B., Plassmann, M.M., MacLeod, M., 2015. Pathways for degradation of plastic
polymers floating in the marine environment. Environ Sci Process Impacts 17,
1513-1521. https://doi.org/10.1039/C5EM00207A.

Geyer, R., Jambeck, J.R., Law, K.L., 2017. Production, use, and fate of all plastics ever
made. Sci. Adv. 3, e1700782. https://doi.org/10.1126/sciadv.1700782.

Giindogdu, S., Cevik, C., Ayat, B., Aydogan, B., Karaca, S., 2018. How microplastics
quantities increase with flood events? An example from Mersin Bay NE Levantine
coast of Turkey. Environ. Pollut. 239, 342-350. https://doi.org/10.1016/j.
envpol.2018.04.042.

Howard, G.T., 2002. Biodegradation of polyurethane: a review. Int. Biodeterior.
Biodegradation 49, 245-252. https://doi.org/10.1016/50964-8305(02)00051-3.

Klein, S., Dimzon, LK., Eubeler, J., Knepper, T.P., 2018. Analysis, occurrence, and
degradation of microplastics in the aqueous. Environment 58, 51-67. https://doi.
org/10.1007/978-3-319-61615-5.

Kowalski, N., Reichardt, A.M., Waniek, J.J., 2016. Sinking rates of microplastics and
potential implications of their alteration by physical, biological, and chemical
factors. Mar. Pollut. Bull. 109, 310-319. https://doi.org/10.1016/j.
marpolbul.2016.05.064.

Ladewig, S.M., Bianchi, T.S., Coco, G., Hope, J.A., Thrush, S.F., 2021. A call to evaluate
Plastic’s impacts on marine benthic ecosystem interaction networks. Environ. Pollut.
273, 116423. https://doi.org/10.1016/j.envpol.2021.116423.

Ladewig, S.M., Coco, G., Hope, J.A., Vieillard, A.M., Thrush, S.F., 2023. Real-world
impacts of microplastic pollution on seafloor ecosystem function. Sci. Total Environ.
858, 160114. https://doi.org/10.1016/j.scitotenv.2022.160114.

Ladewig, S.M., Bianchi, T.S., Coco, G., Ferretti, E., Gladstone-Gallagher, R.V.,

Hillman, J., Hope, J.A., Savage, C., Schenone, S., Thrush, S.F., 2024. Polyester
microfiber impacts on coastal sediment organic matter consumption. Mar. Pollut.
Bull. 202, 116298. https://doi.org/10.1016/j.marpolbul.2024.116298.

Lebreton, L.C.M., Van Der Zwet, J., Damsteeg, J.W., Slat, B., Andrady, A., Reisser, J.,
2017. River plastic emissions to the world’s oceans. Nat. Commun. 8, 1-10. https://
doi.org/10.1038/ncomms15611.

Li, Wenlu, Wang, Z., Li, Weiping, Li, Z., 2022. Impacts of microplastics addition on
sediment environmental properties, enzymatic activities and bacterial diversity.
Chemosphere 307, 135836. https://doi.org/10.1016/j.chemosphere.2022.135836.

Lin, X., Lin, S., Peng, L., Chen, M., Cheng, X., Xie, S., Bao, R., Su, Y., Mehmood, T., 2024.
Effects of polypropylene microplastics on carbon dioxide dynamics in intertidal
mangrove sediments. Environ. Pollut. 346, 123682. https://doi.org/10.1016/j.
envpol.2024.123682.

Liu, J., Yang, Y., Gao, B, Li, Y.C., Xie, J., 2019. Bio-based elastic polyurethane for
controlled-release urea fertilizer: fabrication, properties, swelling and nitrogen
release characteristics. J. Clean. Prod. 209, 528-537. https://doi.org/10.1016/j.
jclepro.2018.10.263.

10

Science of the Total Environment 955 (2024) 176795

Manini, E., Fiordelmondo, C., Gambi, C., Pusceddu, A., Danovaro, R., 2003. Benthic
microbial loop functioning in coastal lagoons: a comparative approach. Oceanol.
Acta 26, 27-38. https://doi.org/10.1016/50399-1784(02)01227-6.

McDermid, K.J., McMullen, T.L., 2004. Quantitative analysis of small-plastic debris on
beaches in the Hawaiian archipelago. Mar. Pollut. Bull. 48, 790-794. https://doi.
org/10.1016/j.marpolbul.2003.10.017.

Mohanan, N., Montazer, Z., Sharma, P.K., Levin, D.B., 2020. Microbial and enzymatic
degradation of synthetic plastics. Front. Microbiol. https://doi.org/10.3389/
fmicb.2020.580709.

Nunes, B.Z., Moreira, L.B., Xu, E.G., Castro, [.B., 2023. A global snapshot of microplastic
contamination in sediments and biota of marine protected areas. Sci. Total Environ.
865, 161293. https://doi.org/10.1016/j.scitotenv.2022.161293.

O’Meara, T., Gibbs, E., Thrush, S.F., 2018. Rapid organic matter assay of organic matter
degradation across depth gradients within marine sediments. Methods Ecol. Evol. 9,
245-253. https://doi.org/10.1111/2041-210X.12894.

Palmas, F., Podda, C., Frau, G., Cau, A., Moccia, D., Peddio, S., Solari, P., Pusceddu, A.,
Sabatini, A., 2019. Invasive crayfish (Procambarus clarkii, Girard, 1852) in a
managed brackish wetland (Sardinia, Italy): controlling factors and effects on
sedimentary organic matter. Estuar. Coast. Shelf Sci. 231, 106459. https://doi.org/
10.1016/j.ecss.2019.106459.

Palmas, F., Cau, A., Podda, C., Musu, A., Serra, M., Pusceddu, A., Sabatini, A., 2022.
Rivers of waste: anthropogenic litter in intermittent Sardinian rivers, Italy (Central
Mediterranean). Environ. Pollut. 302, 119073. https://doi.org/10.1016/j.
envpol.2022.119073.

Paluselli, A., Fauvelle, V., Galgani, F., Sempere, R., 2019. Phthalate release from plastic
fragments and degradation in seawater. Environ. Sci. Technol. https://doi.org/
10.1021/acs.est.8b05083.

Peng, G., Bellerby, R., Zhang, F., Sun, X, Li, D., 2020. The ocean’s ultimate trashcan:
Hadal trenches as major depositories for plastic pollution. Water Res. 168, 115121.
https://doi.org/10.1016/j.watres.2019.115121.

Persson, L., Carney Almroth, B.M., Collins, C.D., Cornell, S., de Wit, C.A., Diamond, M.L.,
Fantke, P., Hassellov, M., MacLeod, M., Ryberg, M.W., Spgaard Jgrgensen, P.,
Villarrubia-Gémez, P., Wang, Z., Hauschild, M.Z., 2022. Outside the safe operating
space of the planetary boundary for novel entities. Environ. Sci. Technol. 56,
1510-1521. https://doi.org/10.1021/acs.est.1c04158.

Pusceddu, A., Danovaro, R., 2009. Exergy, ecosystem functioning and efficiency in a
coastal lagoon: the role of auxiliary energy. Estuar. Coast. Shelf Sci. 84, 227-236.
https://doi.org/10.1016/j.ecss.2009.06.019.

Pusceddu, A., Dell’Anno, A., Danovaro, R., Manini, E., Sara, G., Fabiano, M., 2003.
Enzymatically hydrolyzable protein and carbohydrate sedimentary pools as
indicators of the trophic state of detritus sink systems: a case study in a
Mediterranean coastal lagoon. Estuaries 26, 641-650. https://doi.org/10.1007/
BF02711976.

Pusceddu, A., Anno, A.D., Fabiano, M., Danovaro, R., 2009. Quantity and bioavailability
of sediment organic matter as signatures of benthic trophic status. Mar. Ecol. Prog.
Ser. 375, 41-52. https://doi.org/10.3354/meps07735.

Pusceddu, A., Bianchelli, S., Martin, J., Puig, P., Palanques, A., Masque, P., Danovaro, R.,
2014. Chronic and intensive bottom trawling impairs deep-sea biodiversity and
ecosystem functioning. Proc. Natl. Acad. Sci. 111, 8861-8866. https://doi.org/
10.1073/pnas.1405454111.

Quintana, D.S., 2015. From pre-registration to publication: a non-technical primer for
conducting a meta-analysis to synthesize correlational data. Front. Psychol. 6, 1549.
https://doi.org/10.3389/fpsyg.2015.01549.

R Studio Team, 2016. RStudio: Integrated Development for R. RStudio, Inc, Boston, MA.
https://www.rstudio.com/.

Romera-Castillo, C., Pinto, M., Langer, T.M., Alvarez-Salgado, X.A., Herndl, G.J., 2018.
Dissolved organic carbon leaching from plastics stimulates microbial activity in the
ocean. Nat. Commun. 9. https://doi.org/10.1038/541467-018-03798-5.

Royer, S.-J., Ferrén, S., Wilson, S.T., Karl, D.M., 2018. Production of methane and
ethylene from plastic in the environment. PLoS One 13, e0200574. https://doi.org/
10.1371/journal.pone.0200574.

Sala, M.M., Karner, M., Arin, L., Marrasé, C., 2001. Measurement of ectoenzyme
activities as an indication of inorganic nutrient imbalance in microbial communities.
Aquat. Microb. Ecol. 23, 301-311. https://doi.org/10.3354/ame023301.

Seeley, M.E., Song, B., Passie, R., Hale, R.C., 2020. Microplastics affect sedimentary
microbial communities and nitrogen cycling. Nat. Commun. 11, 2372. https://doi.
org/10.1038/541467-020-16235-3.

Snelgrove, P.V.R., 1999. Getting to the bottom of marine biodiversity: sedimentary
habitats: ocean bottoms are the most widespread habitat on earth and support high
biodiversity and key ecosystem services. Bioscience 49, 129-130. https://doi.org/
10.2307/1313538.

Soru, S., Stipcich, P., Ceccherelli, G., Ennas, C., Moccia, D., Pusceddu, A., 2022. Effects of
Field simulated marine heatwaves on sedimentary organic matter quantity,
biochemical composition, and degradation rates. Biology (Basel) 11, 841. https://
doi.org/10.3390/biology11060841.

Stubbins, A., Law, K.L., Munoz, S.E., Bianchi, T.S., Zhu, L., 2021. Plastics in the earth
system. Science 373, 51-55. https://doi.org/10.1126/science.abb0354.

Van Cauwenberghe, L., Devriese, L., Galgani, F., Robbens, J., Janssen, C.R., 2015.
Microplastics in sediments: a review of techniques, occurrence and effects. Mar.
Environ. Res. 111, 5-17. https://doi.org/10.1016/j.marenvres.2015.06.007.

Viechtbauer, W., 2010. Conducting Meta-analyses in R with the metafor package. J. Stat.
Softw. 36, 1-48. https://doi.org/10.1103/PhysRevB.91.121108.

Villarrubia-Gémez, P., Cornell, S.E., Fabres, J., 2018. Marine plastic pollution as a
planetary boundary threat — the drifting piece in the sustainability puzzle. Mar.
Policy 96, 213-220. https://doi.org/10.1016/j.marpol.2017.11.035.


https://doi.org/10.1021/acs.analchem.1c00123
https://doi.org/10.1016/j.scitotenv.2005.09.029
https://doi.org/10.1016/j.cub.2007.11.056
https://doi.org/10.1016/j.cub.2007.11.056
https://doi.org/10.1016/S0025-326X(01)00302-2
https://doi.org/10.1016/S0025-326X(01)00302-2
https://doi.org/10.1016/0278-4343(94)00088-5
https://doi.org/10.1007/s11356-019-05341-5
http://refhub.elsevier.com/S0048-9697(24)06952-3/rf0090
http://refhub.elsevier.com/S0048-9697(24)06952-3/rf0090
https://doi.org/10.1016/j.scitotenv.2018.03.046
https://doi.org/10.1016/j.marpolbul.2018.11.022
https://doi.org/10.1016/j.envpol.2020.115598
https://doi.org/10.1016/j.envpol.2020.115598
https://doi.org/10.1038/s41598-018-32805-4
https://doi.org/10.1038/s41598-018-32805-4
https://doi.org/10.1016/j.scitotenv.2022.159624
https://doi.org/10.1016/j.scitotenv.2022.159624
https://doi.org/10.1039/C5EM00207A
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1016/j.envpol.2018.04.042
https://doi.org/10.1016/j.envpol.2018.04.042
https://doi.org/10.1016/S0964-8305(02)00051-3
https://doi.org/10.1007/978-3-319-61615-5
https://doi.org/10.1007/978-3-319-61615-5
https://doi.org/10.1016/j.marpolbul.2016.05.064
https://doi.org/10.1016/j.marpolbul.2016.05.064
https://doi.org/10.1016/j.envpol.2021.116423
https://doi.org/10.1016/j.scitotenv.2022.160114
https://doi.org/10.1016/j.marpolbul.2024.116298
https://doi.org/10.1038/ncomms15611
https://doi.org/10.1038/ncomms15611
https://doi.org/10.1016/j.chemosphere.2022.135836
https://doi.org/10.1016/j.envpol.2024.123682
https://doi.org/10.1016/j.envpol.2024.123682
https://doi.org/10.1016/j.jclepro.2018.10.263
https://doi.org/10.1016/j.jclepro.2018.10.263
https://doi.org/10.1016/S0399-1784(02)01227-6
https://doi.org/10.1016/j.marpolbul.2003.10.017
https://doi.org/10.1016/j.marpolbul.2003.10.017
https://doi.org/10.3389/fmicb.2020.580709
https://doi.org/10.3389/fmicb.2020.580709
https://doi.org/10.1016/j.scitotenv.2022.161293
https://doi.org/10.1111/2041-210X.12894
https://doi.org/10.1016/j.ecss.2019.106459
https://doi.org/10.1016/j.ecss.2019.106459
https://doi.org/10.1016/j.envpol.2022.119073
https://doi.org/10.1016/j.envpol.2022.119073
https://doi.org/10.1021/acs.est.8b05083
https://doi.org/10.1021/acs.est.8b05083
https://doi.org/10.1016/j.watres.2019.115121
https://doi.org/10.1021/acs.est.1c04158
https://doi.org/10.1016/j.ecss.2009.06.019
https://doi.org/10.1007/BF02711976
https://doi.org/10.1007/BF02711976
https://doi.org/10.3354/meps07735
https://doi.org/10.1073/pnas.1405454111
https://doi.org/10.1073/pnas.1405454111
https://doi.org/10.3389/fpsyg.2015.01549
https://www.rstudio.com/
https://doi.org/10.1038/s41467-018-03798-5
https://doi.org/10.1371/journal.pone.0200574
https://doi.org/10.1371/journal.pone.0200574
https://doi.org/10.3354/ame023301
https://doi.org/10.1038/s41467-020-16235-3
https://doi.org/10.1038/s41467-020-16235-3
https://doi.org/10.2307/1313538
https://doi.org/10.2307/1313538
https://doi.org/10.3390/biology11060841
https://doi.org/10.3390/biology11060841
https://doi.org/10.1126/science.abb0354
https://doi.org/10.1016/j.marenvres.2015.06.007
https://doi.org/10.1103/PhysRevB.91.121108
https://doi.org/10.1016/j.marpol.2017.11.035

A. Cau et al.

Wienen, D., Gries, T., Cooper, S.L., Heath, D.E., 2023. An overview of polyurethane
biomaterials and their use in drug delivery. J. Control. Release 363, 376-388.
https://doi.org/10.1016/j.jconrel.2023.09.036.

Woodall, L.C., Sanchez-Vidal, A., Canals, M., Paterson, G.L.J., Coppock, R., Sleight, V.,
Calafat, A., Rogers, A.D., Narayanaswamy, B.E., Thompson, R.C., 2014. The deep sea
is a major sink for microplastic debris. R. Soc. Open Sci. 1, 140317. https://doi.org/
10.1098/rs0s.140317.

Wright, R.J., Langile, M.G.I., Walker, T.R., 2020. Food or Just a Free Ride? A meta-
Analysis Reveals the Global Diversity of the Food or Just a Free Ride? ISME J, A
meta-analysis reveals the global diversity of the Plastisphere. https://doi.org/
10.1038/541396-020-00814-9.

11

Science of the Total Environment 955 (2024) 176795

Zeppilli, D., Pusceddu, A., Trincardi, F., Danovaro, R., 2016. Seafloor heterogeneity
influences the biodiversity—ecosystem functioning relationships in the deep sea. Sci.
Rep. 6, 26352. https://doi.org/10.1038/srep26352.

Zettler, E.R., Mincer, T.J., Amaral-Zettler, L.A., 2013. Life in the “plastisphere”:
microbial communities on plastic marine debris. Environ. Sci. Technol. 47,
7137-7146. https://doi.org/10.1021/es401288x.

Zhang, K., Li, J., Zhou, Z., Huang, R., Lin, S., 2021. Roles of alkaline phosphatase PhoA in
algal metabolic regulation under phosphorus-replete conditions. J. Phycol. 57,
703-707. https://doi.org/10.1111/jpy.13151.

Zheng, S., Bawazir, M., Dhall, A., Kim, H.E., He, L., Heo, J., Hwang, G., 2021. Implication
of surface properties, bacterial motility, and hydrodynamic conditions on bacterial
surface sensing and their initial adhesion. Front. Bioeng. Biotechnol. 9, 1-22.
https://doi.org/10.3389/fbioe.2021.643722.


https://doi.org/10.1016/j.jconrel.2023.09.036
https://doi.org/10.1098/rsos.140317
https://doi.org/10.1098/rsos.140317
https://doi.org/10.1038/s41396-020-00814-9
https://doi.org/10.1038/s41396-020-00814-9
https://doi.org/10.1038/srep26352
https://doi.org/10.1021/es401288x
https://doi.org/10.1111/jpy.13151
https://doi.org/10.3389/fbioe.2021.643722

	Microplastics impair extracellular enzymatic activities and organic matter cycling in oligotrophic sandy marine sediments
	1 Introduction
	2 Materials and methods
	2.1 Sediment sampling and microcosm setting
	2.2 Experimental setup
	2.3 Contents, biochemical composition, and degradation of sedimentary organic matter
	2.4 Statistical analyses

	3 Results
	3.1 Biochemical composition and trophic status
	3.2 Extracellular enzymatic activities, C degradation rates and turnover time

	4 Discussion
	4.1 Effects on biopolymeric carbon
	4.2 Carbon degradation rates and extracellular enzymatic activities

	5 Conclusions
	CRediT authorship contribution statement
	Ethical approval
	Funding
	Declaration of competing interest
	Appendix A Supplementary data
	datalink3
	References


