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Microplastics are widespread in the aquatic environment and thus available for many organisms at
different trophic levels. Many scientific papers focus their attention on the study of the effects of
microplastics on different species at individual level. Here we performed a global scale meta-analysis
focusing our work on the study of the effect of microplastics on the functional traits of aquatic
benthic organisms. Overall, microplastics showed a moderate negative effect on the examined functional
traits of benthic organisms. Our results show that some crucial functional traits, such as those linked to
behaviour and feeding, appear to be unaffected by microplastics. In contrast, traits related to the capacity
of organisms to assimilate energy are affected. Moreover, traits with possible effects at population level
appear to be negatively affected by microplastics. We discuss how the direct impact of organismal
performance may have indirect repercussions at higher levels in the ecological hierarchy and represent a
risk for the stability and functioning of the ecosystem.
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1. Introduction

Plastic is a worldwide-recognized issue that affects terrestrial
and aquatic ecosystems (Duis and Coors, 2016). Despite growing
attention on plastic pollution (Thompson et al., 2009), the presence
of plastic in the environment is likely to keep increasing in the
future (Moore, 2008; Jambeck et al., 2015; Kane et al., 2020). The
amount of plastic produced globally has rapidly increased, reaching
360 million tons in 2018 (PlasticEurope, 2019) while, at global level,
plastic waste (Barnes et al., 2009) represents 10% of global waste.
Plastic debris can be introduced in rivers by intentional or invol-
untary dumping and runoff from terrestrial environments (Gasperi
et al., 2014; Maynard, 2006: Rech, 2015). With half of the global
population living in the first 80 km from the sea and the large
amount of wastes produced from land and rivers, plastic has a high
probability of finding its way into the sea, making plastic items
highly diffused in the oceans (Derraik, 2002; Barnes et al., 2009;
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Cozar et al., 2014; Eriksen et al., 2014; Moore, 2008). Moreover, in
recent years, both scientific and public concern are being directed
toward microplastics (i.e. polymers sized less than 5 mm), which
can derive from the fragmentation of macroplastics or be produced
ex novo to be used in different sectors (e.g. industry, personal care,
medical applications; Moore et al., 2001; Browne et al., 2008).
Lentic (e.g. lakes etc.) and marine habitats are the most probable
ultimate sinks receiving plastics. Organisms linked to the bottom,
i.e. vertebrate and invertebrate benthic organisms with different
feeding modes (Farrell and Nelson, 2013; Van Cauwenberghe and
Janssen, 2014; Schmid et al., 2018; Schessl et al., 2019) are ex-
pected to experience new potential negative effects. Nevertheless,
although a large amount of research reports on the negative eco-
toxicological effects caused by additives coating mictoplastics
(Rios et al., 2007; Teuten et al., 2009; Engler, 2012:\Vu and
Seebacher, 2020), there is still no full scientific understanding on
“if” and “how” microplastics are able toaffect individual functional
traits and whether this generates repercussions at population level.
Functional traits are behavioural, physiological and morphological
characteristics (Schoener, 1986). Most concurs to optimizing indi-
vidual growth and reproduction, the so-called performance traits
(Arnold, 1983), in response to changing environmental conditions
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(Violle et al., 2007). According to the current ecological theory,
functional traits are considered crucial as they reflect changes of
the environment and can thus be used to predict variations in
organismal trait performances (Arnold, 1983; Lavorel and Garnier,
2002; Suding, 2008). Reflecting and accommodating effects of
anthropogenic-driven environmental change into metabolic and
growth rates, changes of functional traits have repercussions on
individual fitness (Violle et al., 2007; Enquist et al., 2015).
Furthermore, when most individuals of a local population are
involved in a functional trait change - and the consequent effects in
terms of performance traits due to environmental solicitations - the
expected result is an alteration of ecological equilibriums through
population demographic traits, thereby undermining ecosystem
functioning (Violle et al., 2007; Connell et al., 2017, 2018, 2018,
Harley et al., 2017). Benthic organisms living close to the bottom do
not evade such a suite of ecological rules and thanks to their spatial
position in the habitat they receive the rain of all particles of
different sizes falling through the water columns, including plastic
materials. They represent the memory of most aquatic system, both
freshwater and marine, as a result of their tight link with the
substrates. They play a crucial role - often as foundation species or
ecosystem engineers - in the increase of biodiversity and ecosystem
functioning (Lathlean and McQuaid, 2017). Thus, to elucidate
whether microplastics elicit alteration of ecological hierarchy
equilibrium through the functional traits of benthic organisms may
be effective to increase our understanding of possible repercussions
at population level by affecting functional and (i.e. “morpho-
physio-phenological traits which impact fitness indirectly via their
effects on growth, reproduction and survival, the three components
of individual performance” lit. Violle et al., 2007) and performance
traits (i.e. growth rate, reproductive output and survival, Arnold,
1983). Such a kind of information is crucial for increasing the
effectiveness of future management measures. To do it, a quanti-
tative synthesis of the scientific information available in the current
literature is the first step in creating a robust scientific baseline that
could be used to inform stakeholders and address the decision-
making process.

Here, we performed a meta-analysis on a global literature
dataset to highlight the effect of microplastics on the functional and
performance traits of freshwater and marine benthic organisms.
We estimated the overall effects size and the effects for most traits
reported across the literature in the last decades with the main aim
to investigate possible variations in the performance of benthic
organisms.

2. Materials and methods

Literature search and data collection. The scientific articles
included in our meta-analysis were retrieved by performing a
systematic literature review (Pullin and Stewart, 2006; Moher et al.,
2009), without applying nor temporal neither spatial geographic
scale restriction (to ensure a full temporal and global scale
coverage). Only studies focusing on measured effect/impact of
microplastics on the functional traits of aquatic benthic organisms
were selected (selection criteria). We searched for relevant scien-
tific papers in ISI Web of Knowledge (Web of Science Core Collec-
tion package, Clarivate Analytics, 2019) and Scopus databases, using
a complex search string involving specific keywords (search per-
formed and ended on March 29, 2019; Table S1 Appendix). Details
on the selected search string and the related search string creation
strategy are reported in Appendix S1 (Table S1, S2). The search
string was created to include four main elements of our primary
question (linked by the Boolean operator “AND”; Pullin and
Stewart, 2006, Moher et al., 2009; Mangano et al., 2015), respec-
tively: the exposure (e.g. microplastic), the target population (or
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subject of the search, e.g. benthos taxa), the measured outcomes
(e.g. functioning) and the observation type (e.g. experimental, this
latter was added to avoid the inclusion of plastic presence occur-
rence in the field studies with not associated effect reported). All
the synonymous of each element were linked by the Boolean
operator “OR”; the final selected search string was:

(("microplastic*" OR "micro plastic*" OR "micro-plastic*") AND
("function*" OR "response*" OR "measure*" OR "rate*") AND ("labo-
rator*" OR "mesocosm*" OR 'experiment*" OR "trait*" OR
"treatment*" OR "manipulat*") AND ("*benth*" OR "shellfish*" OR
"shrimp*" OR "clam*" OR "mussel*" OR "fan mussel*" OR "crab*" OR
"fiddler crab*" OR "hermit crab*" OR "spider crab*" OR "mud crab*"
OR "gost crab*" OR "starfish*" OR "sea cucumber*" OR "*urchin*" OR
"tunicate*" OR "sea squirt*" OR "anemon*" OR "*worm*" OR
"sponge*" OR "sea slug*" OR "sea ares" OR "oyster*" OR "nudibranch*"
OR "cockle*" OR "barnacle*" OR "shell*" OR "scallop*" OR "piddock*"
OR "arks" OR "crustacea*" OR "isopod*" OR "chiton*" OR "mollusc*"
OR "limpet*" OR "echinoderm*" OR "abalon*" OR "welk*" OR "conch*"
OR "auger*" OR "wenteltrap*" OR "sea snail*" OR "murex" OR "peri-
winkle*" OR "sand dollar*" OR "sea star*" OR "sea spider*" OR "brittle
star*" OR "basket star*" OR "lobster*" OR "isopod*" OR "amphipod*"
OR "beach flea*" OR "scud*" OR "squilla*" OR "polychaet*" OR
"gammarid") AND ("insect*")).

A total of 272 scientific papers was retrieved (Figure S1
Appendix S1). We removed all spurious results, e.g. those studies
specifically dealing with the distribution of microplastics in the
environment (i.e. simple monitoring not reporting any measured
effects on functional traits), descriptions of microplastics extraction
methodologies, records of plastic finding from biotic and abiotic
matrix (e.g. presence/absence, abundance, percentage of occur-
rence) and effects on terrestrial species (see list of excluded studies
in Figure S1, Table S3 Appendix S1). We were interested in testing
the effects of microplastics on benthic aquatic organisms and
included only those studies dealing with the functional traits
(measured responses) of both freshwater and marine benthic
species. We screened the remaining studies (see list of studies after
the first screening, Figure S1, Table S4 Appendix S1) and selected
only those with a clear description of experimental design, such as
comparisons of experimental treatment groups with one or more
control groups (i.e. a group of organisms exposed - “treated” - to
microplastics tested against “untreated” organisms, not exposed;
see list of studies selected for evidence extraction, Table S4
Appendix S1). Given that our main aim was to focus on the ef-
fects of microplastics on the functional traits of benthic aquatic
organisms measured at individual level, we included in the meta-
analysis all those experimental studies reporting on the mean
values of the measured functional trait variables, the number of
replicates and a measure of the variability around the mean. Since
we wanted to test whether the effects of microplastics translate on
a larger scale, we extracted data from individual functional traits
(i.e. behaviour, energy & metabolism, feeding) and performance
traits (i.e. growth, mortality and reproduction), which-have a direct
effect on individual performance and ultimately on individual
fitness leading to possible effects at higher level on the ecological
hierarchy (Violle et al., 2007). Studies using pollutants or other
compounds (e.g. antibiotics) added to microplastics, as well as
studies focusing on the effect of altered microplastic (e.g. aged
microplastic) and those focusing on the effect at sub-organismai
level, i.e. studying cellular and subcellular variables such ' as
oxidative stress, gene expression, immunological responses etc.
were excluded from our analysis. However, the selection criteria led
to the selection of 41 scientific papers (Figure S1 Appendix S1),
which were considered suitable for the analysis that we performed
in order to answer-our primary question and satisiy the logical
principles of the experimental design (Underwoaod, 1997). Details of
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the studies (i.e. the variables associated with the studies and the
number of case of studies) are reported in Table S5 (Appendix S1).
We use a meta-analysis, a more robust than standard approaches to
quantitative literature reviews (Gurevitch and Hedges, 2001;
Gurevitch et al., 2018), to quantitatively summarise the collated
experimental evidence, using an effect size estimator to quantify
the direction (positive or negative) and magnitude (small or large)
of a particular response variable.

Effects size calculation and analysis. Due to the different ap-
proaches used to measure and gather functional trait data, we used
the Hedges’ g as a measure of effect size to estimate the differences
in the effects of microplastics between an experimental treatment
(i.e. organisms directly exposed to microplastics through food,
water or sediment) against a control group.

Hedges’' g effect size and variance were calculated for each
observation within our global dataset (k = 831 observations in to-
tal) to estimate the differences in the response variable between
control and experimental treatment. Hedges’ g, which is the bias-
corrected standardized mean difference between the treatment
and control groups (Hedges, 1981; Gurevitch and Hedges, 2001:
Sara, 2007a), weighs cases by their sample size and the inverse of
their variance (Sara, 2007b). The value of Hedges’ g ranges from —co
to +oo and can be interpreted as follows (Borenstein et al., 2011): |
g| < 0.2 considered a small effect; 0.2 < |g| > 0.5 a medium effect;
0.5 < |g| > 0.8 a large effect; and |g| > 0.8 a very large effect. The
effect size Hedges’ g was calculated as follows (Sara, 2007b):

(Ye—vt)
standard deviation pooled

Hedges'g = xJ

where Yc and Yt are the mean of the control and experimental
treatment groups, respectively.
The correction for bias attributed to different sample sizes,

represented by J, was estimated through a differentially weighting
studies as follows:

3
121’4(1\16 TN -2)-1

While the following formula was used to calculate the pooled
standard deviation (standard deviation pooled; Borenstein et al.,
2011; Koricheva et al., 2013):

Table 1
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(Nc — 1)xs.d.2 + (Nt — 1)xs.d.?
Nc + Ny —2

standard deviation pooled = \/

where N represented the sample size and s.d. was the standard
deviation of the treated or control group. In order to account for
inequality in study variance, effect sizes have been weighted using
the inverse of the sampling variance, therefore calculating variance
for each effect size (V;) as follow (Koricheva et al., 2013):

v 7Nc + N g2
7 neny " 2(neny)

As the sign of Hedges’ g tells the direction of the effect, in order
to highlight possible negative effect of microplastics, we changed
the sign of the effect sizes. Consequently, a negative value of Hed-
ges’ g indicates that microplastics have a higher effect on impairing
that specific functional trait.

To answer our question, we divided the global dataset into three
datasets; one dealing with benthic “adults”, the second with
benthic “juvenile” organisms and the third with “larvae”. We
decided to analyse them separately and we obtained an overall
pooled effect size and 95% Confidence Interval (CI) for each sub-
dataset. This allowed us to reduce the potential biases deriving
from the analysis of three ontogenetic stages. In order to measure
the effect size on single functional traits, we grouped the identified
functional traits into six categories, as follows: behaviour, energy &
metabolism, feeding, somatic growth, mortality and reproduction
(Table 1 includes the definition of each functional trait used in the
present meta-analysis) and ran a model estimating an overall effect
size and 95% CI per functional trait.

Finally, we performed subgroup analysis including the following
categorical fixed factors as moderators of the mixed-effects model:
habitat (freshwater and marine), response level, differences among
individual functional traits (e.g. behaviour, feeding etc.) and per-
formance functional traits (e.g. somatic growth, reproduction etc.)
with possible repercussions at upper ecological level (community
or population); taxa; feeding mode and species (difference of the
effects at organismal level). Moreover, we ran a mixed-effect model
including microplastic size (1-100, 100—200, 200—500, >500 pm),
microplastic shape (fibers, fragments and spheres) and microplastic
type (different micro polymers used in the experiment) to inves-
tigate possible differences related to experimental condition.

List of the six response categories examined in our meta-analysis. The associated description/quantification and the measured variables used (keywords) in the selected studies
are reported. Specifically, the three functional traits - behaviour, energy & metabolism, feeding - the three performance traits — somatic growth, mortality, reproduction - as

from Arnold’s (1983) framework revisited by Violle et al. (2007).

Trait Description/Quantification

Measured variables (keywords)

Functional traits

Performance traits

Behaviour (activity)

Energy & Metabolism

Feeding

Somatic growth

Mortality

Reproduction

Organisms behavioural changes reported after the
ingestion or exposure to microplastics in comparison to
an unexposed control group

Metabolic energy expenditure or available as reserves
for the individual after the ingestion of microplastics in
comparison to an unexposed control group

Feeding activity of the organisms in presence of
microplastics and in comparison to an unexposed
control group

Variation in organismal size in the unit of time
measured after exposure to microplastics and in
comparison to a an unexposed control group

Mortality rate of organisms exposed to microplastics ad
in comparison to an unexposed control group
Variation in gametes or embryos production or
impairment in asexual reproduction after exposure to
microplastics and in comparison to an unexposed
control group

Locomotor activity, mobility, interaction with substrate,
spontaneous movement

Energy consumption, oxygen consumption,
assimilation efficiency, macronutrient

Predatory performance, feeding, clearance rate, weight
of food eaten, ingestion rate

Body weight, body length, body width, total length,
weight gain rate,body mass, changes in body mass, size
increment

Mortality rate, mortality percentage

Oocite production, sperm motility, brood size, embryos
production
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All statistical models were performed using the ‘rma.mv’ func-
tion of metafor package for R, which use a Wald-type test to de-
termines statistical significance (Viechtbauer, 2010). We run mixed
effects models that included study identification number (i.e. the ID
of the study as reported in our dataset) and the functional traits as
random effects to account for heterogeneity (Viechtbauer, 2007)
and non-independence of result from the same study (Auta et al.,
2017; Anton et al., 2019; Salerno et al., 2021). Effect sizes for the
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models including categorical fixed factor were considered to be
significant if their 95% confidence interval (CI) did not overlap with
zero and if their p < 0.05.

3. Results

Estimation of effects on functional traits. The dataset ana-
lysed in this study was composed by 831 case studies (k = 831),

a)
Functional trait k Estimate
Feeding f ! 12 0.18 + 2.68
Somatic growth 112 -0.04+£0.40
Mortality 12 -0.46 £ 1.65
Overall 136 -0.06 + 0.54
[ T T I I I I 1
4 3 2 414 0 1 2 3 4
Hedges'g
b)
Functional trait k Estimate
Energy & metabolism 10 -0.05+0.27
Feeding 47  -0.02+0.15
Somatic growth HH 15  -0.39 £ 0.34*
Mortality —3— 8 1.50 + 0.76***
Overall 80 0.15+0.60
[ [ I I [ ]
3 2 4 0 1 2 3
Hedges'g
C)
Functional trait k Estimate
Behaviour ‘ 16 -0.13 £ 0.61
Energy & Metabolism } 168  -0.26 £ 0.25*
Feeding } 135 0.1+ 047
Somaric growth - 209  -0.41+0.35*
Mortality }—I}—% 59  -0.85%1.06
Reproduction }-I-{} 28 -0.80 + 0.28***
Overall |—*4 615  -0.42 + 0:26™
I T T T T
3 -2 1 0 1 2 3
Hedges'g

Fig. 1. Effect of microplastics on the functional traits of benthic organism a) larvae, b) juvenile and c) adult. Boxes represent Hedges’ g value and the horizontal lines represent the
95% CI for each g value; red boxes indicate performance functional trait; the broken line indicates the overall effects size;asterisks indicate significance level (*p < 0.05, #*p < 0.01,
*#xp < 0.001). Analysis conducted with mixed-effects model, using the rma.mv function of the metaphor package in Ry including study Id and functional trait as random factor. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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which were extracted from 41 scientific articles meeting our se-
lection criteria and included adults (k = 615), juvenile (k = 80) and
larvae (k = 136) of benthic organisms, from both freshwater
(k = 351) and marine (k = 480) systems.

The overall effect size, for both the juvenile (g = 0.15 + 0.60,
p = 0.609, ns) and larval (g = —0.06 + 0.54, p = 0.832, ns) dataset
was not significant. Moreover, the effect size was not significant
looking at the three functional traits analysed within the larvae
dataset (i.e. feeding, growth, mortality (Fig. 1a). Juvenile dataset
included only four over the six selected functional traits (i.e. energy
& metabolism, feeding, somatic growth and mortality); results
showed a significant negative effect only for growth
(g = —-0.39 + 0.34, p = 0.025, *) and a positive effect on mortality
(g =150+ 0.76, p < 0.001, ***) (Fig. 1b). Subgroup analysis was not
performed for these two datasets due to the low heterogeneity (i.e.
selected subgroup not sufficiently represented).

The analysis of the overall effects for the adult dataset showed a
moderately negative effect of microplastics on adult functional
traits (g = - 0.33 + 0.17, p < 0.001, ***). The large and significant
heterogeneity of the dataset allowed us to perform subgroup
analysis. Accordingly, three out of the six functional traits (Fig. 2)
were significantly affected by microplastics and, specifically, energy
& metabolism (g =-0.26 + 0.25, p = 0.039, *), somatic growth (g = -
0.41 + 0.35, p = 0.020, *) and reproduction (g = - 0.80 + 0.28,
p < 0.001, ***) (k values were reported into Fig. 1c).

Habitat and response level. The results obtained from our
subgroup analysis performed on adults revealed that microplastics
appeared to have a more significant negative effect on the perfor-
mance functional traits (i.e. somatic growth and reproduction; g = -
0.47 + 0.24, p < 0.001, ***) then on individual functional traits (i.e.
energy, g = - 0.22 + 0.22, p = 0.053, *) (Fig. 2a).

Taking into account habitat as a moderator, both freshwater and
marine species showed to be significantly negative affected
showing medium effect size value (g = - 0.44 + 0.27, p = 0.001, **
and g = - 0.27 + 0.21, p = 0.018, ** respectively) (Fig. 2b).

Taxa and individual level. The taxon-specific analysis showed
that microplastics have a negative effect on the functional traits of
all the examined taxa (i.e. bivalves g = - 0.32 + 0.23, p = 0.005, **,
crustaceans g = - 0.33 + 0.19, p < 0.001 and nematodes g = -
175 + 0.66, p < 0.001) except for annelids (g = 0.31 + 0.27,
p = 0.023, *), while results for gasteropods (g = - 0.17 + 1.03,
p = 0.7114, ns) were not significant (Table 2). However, it should be
kept in mind that the taxa gasteropods and nematods are actually
represented by a single species (i.e. Potamopyrgus antipodarum and
Caenorhabditis elegans respectively) and consequently, the results
obtained for these two groups are comparable to the results at the
individual level.

Furthermore, the effect of microplastics was significant at
species-specific level and correlated with the feeding mode of the
benthic organisms (Fig. 3). Our dataset covered 26 species and 7
different feeding modes, as reported in Table 2. A significant
negative effect was detected for over 34% of the species, ranging
from a medium effect, as expressed by g = - 0.49 (+0.49), to a very
large effect, as expressed by g = - 1.75 (+0.51). The confidence in-
terval and p-value of the effect size for the remaining species did
not reveal significant effects (Table 2).

Among feeding modes, bacterivores (- 1.75 + 0.64, p < 0.001,
*xx) filter feeders (- 0.29 + 0.23, p = 0.013, **) and shredders (-
0.57 + 0.24, p < 0.001, ***) appeared to be significantly affected by
microplastics. No significant effect was detected among grazers,
predators and omnivores (Fig. 3). Again, as the feeding mode
groups “bacterivores” and “grazers” are represented by only one
species each, as for the taxa nematods and gasteropods, results
obtained are similar to those for the single species.

Subgroup analysis for experimental condition show a medium
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a)
Response level k Estimate
Functional HEH 322 -0.22+0.22*
Performance HEH 293  -0.47 +0.24***
[ ]
-1 0 1
Hedges'g
b)
Habitat k Estimate
Freshwater o 303 -0.44 +0.27**
Marine HEH 312 -0.27 £0.21*
[ 1
= 0 1
Hedges'g

Fig. 2. Result of subgroup analysis with mixed effect model for ecological level a) and
habitat b). Boxes represent Hedges’ g value and the horizontal lines represent the 95%
CI for each g value; asterisks indicate significance level (*p < 0.05, **p < 0.01,
*xkp < 0.001). Analysis conducted with mixed-effects model, using the rma.mv
function of the metaphor package in R, including study Id and functional trait as
random factor.

significant effect for size classes: 1-100 um (g = - 0.35 + 0.19,
p < 0.001, ***),100—200 um (g = - 0.38 + 0.31, p = 0.018, **) and
200—-500 pm (g = - 029 + 0.24, p = 0.016, **), while size
class > 500 um showed a not significant effect (g = - 0.04 + 0:65,
p = 0.898, ns) (Figure S1). Regarding microplastics shape, spheres
and fragment revealed to have a medium negative effect (g = -
0.50 + 0.25, p < 0.001. ***; g = - 030 + 0.23, p = 0.013, **
respectively). Fibers did not show significant effects (g = -
0.30 + 0.32, p = 0.079, ns) (Figure S2). Lastly, taking into account
microplastic type as a moderator did not show. differences between
the different polymers except for polystyrene (PS) which showa
significant negative effect (g = - 042+ 061, p < 0.001, ***)
(Figure S3).

4. Discussion

Our meta-analysis revealed that microplastics exert an overall
negative effect on the functional traits of aquatic benthic organ-
isms. Such general results confirm many certainties about the role
of microplastics<as potential detrimental driveirs of ecological
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Table 2
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Summary of the effects sizes for each species included in the meta-analysis. For each species we reported the belonging taxa (A = annelid; B = bivalve; C = crustacean;
N = nematode), the main feeding modes as from the literature (BA= Bacterivore; DP = deposit feeder; FF = filter feeder; GR = grazer; OM = omnivore; PR = predator;
SH = shredder), the k = number of case studies, Hedges’g values and the associated p-values (asterisks refer to the level of significance taken into account * = p < 0.05;
** = p < 0.01; *** = p < 0.001; species showing a significant effect are reported in bold).

Species Taxa Feeding mode k Hedges'g p-value
Abra nititda B DP 45 —0.24 + 0.56 0.412
Arenicola marina A DP 32 —0.11 £ 0.40 0.593
Asellus aquaticus C SH 21 —0.09 + 0.45 0.362
Atactodea striata B FF 18 —0.20 + 0.62 0.532
Caenorhabditis elegans N BA 42 —1.75 £ 0.51%%* <0.001
Carcinus maenas C OM 39 0.06 + 0.44 0.776
Cassostrea gigas B FF 9 —1.13 + 0.65*** <0.001
Corbicula fluminea B FF 8 —0.16 + 0.72 0.663
Echinogammarus marinus C PR 22 0.59 + 0.56* 0.039
Einnucula tenuis B DP 45 —0.26 + 0.56 0.370
Eriocheir sinensis C oM 15 —0.63 + 0.55* 0.025
Gammarus fossarum C SH 72 —0.26 + 0.31 0.091
Gammarus pulex C SH 141 —0.63 + 0.55%** <0.001
Hyalella Azteca C SH 16 0.09 + 0.58 0.766
Lumbriculus variegatus A DP 24 0.31 +0.43 0.163
Mytilus edulis B FF 19 —0.85 + 0.45%** <0.001
Mytilus galloprovincialis B FF 3 —1.67 + 0.95%** <0.001
Nephrops norvegicus C PR 12 —0.22 + 049 0.369
Ostrea edulis B FF 14 0.52 + 0.49* 0.039
Perinereis aibuhitensis A DP 14 —1.07 + 0.82%* 0.011
Perna viridis B FF 3 —2.68 +3.20 0.101
Pinctada margaritifera B FF 15 —0.49 + 0.49* 0.050
Platorchestia smithi C DP 6 0.09 + 0.51 0.739
Potamopyrgus antipodarum G GR 45 —-0.29 + 0.55 0.302
Sphaerium corneum B FF 10 0.26 + 0.58 0.389
Tubifex spp. A DP 24 0.64 + 0.43** 0.004

performances and contextually open to many questions about the
magnitude and extent of the effects that indirectly scale up the
ecological levels. Our study supports the scientific evidence that
impairment of species traits due to microplastics may have con-
sequences at ecosystem level given that they enter the lower level
of the ecological hierarchy and may activate a chain of events that
can undermine ecosystem equilibria and functioning (Enquist et al.,
2015; Sara et al., 2021). Our study brings novel information about
the role of microplastics in aquatic habitats. Most studies published
to date were limited to “monitoring” the presence of plastics and
their potential effects at sub-organismal levels.

Here instead, we specifically addressed the question focusing on
the effects on the ecological performance of organisms through
functional traits. We highlighted that functional traits are threat-
ened by microplastics that can impair ecosystem functioning. What
seems more impressive is that the effects on functional traits are
ubiquitous among organisms, taxa, feeding modes and habitats.
Indeed, our analysis shows that both fresh- and marine water
species were affected and this may represent that kind of indirect
confirmation that microplastics are widespread through the global
aquatic sphere (Auta et al., 2017; Windsor et al., 2019). Micro-
plastics appear to negatively affect all benthic organisms that
manipulate sedimentary materials to obtain food or create a refuge
(i.e. shredders) and sessile organisms who actively strain out par-
ticle from the environment (i.e. filter feeders). Such a finding cor-
roborates the idea that worldwide benthic organisms may be
directly or indirectly affected, but also shows that, through
ecological interactions such as for example prey-predator re-
lationships, microplastics may move along the food webs and
impair trophic interactions (Setadla et al., 2018; Wang et al., 2019).
Trophic interactions are the core functions of any ecological system
(Duffy et al., 2007), worldwide. Traits related to energy consump-
tion, energy allocation and food assimilation were significantly
affected by microplastics, in accordance with the general idea of
transversal ecological effects, i.e. that from individuals move to

upper levels of the ecological hierarchy (Sara et al., 2021). Instead,
some behavioural traits (that allow organisms to interact with co-
specifics and to drive inter-specific biotic interactions) or feeding-
related functional traits (e.g. clearance rate which is a typical
feeding mode adopted by most filter feeders clearing water from
particles) were unaffected by microplastics (Fig. 2c), which could
appear contradictory. Nevertheless, we know that behavioural and
feeding traits are the most flexible traits in that they are “evolu-
tionarily designed” to maximize the acquisition of energy under
variable condition of food availability and environmental variability
(Krebs and West, 2012). Thus, we suggest that this discrepancy can
be easily explained by theory, given that the feeding behaviour and
most correlated traits involve the most adaptive trait’s suite driven
by the necessity of organisms to gather energy under any possible
condition in order to sustain growth and reproduction and finally
individual performance and fitness.

A reduction of the availability of resources such as food can
increase the energy spent on food search or acquisition (Charnoy;
1967). Microplastics generated an effect on the functional traits
involved in the energy budget of the organism (i.e. energy-related
functional traits). The occurrence of microplastics in the diet of
organisms can in fact produces a chain of events, which is ulti-
mately measurable in terms of rebounds on energy allocation. As a
main consequence, growth and reproduction were significantly
affected; these two traits are the most important peiformance
traits. They allow organisms to realize the fitness and. to compete -
through body size - for time, space and trophic resources.and are
involved in the mating system. Thus, microplastics may generate a
sort of food dilution that can impact on total availabie energy. for
the organism with repercussions at different/levels of organismal
traits and performances. Food dilution due to artificial micropar-
ticles mixed in the sedimentary material can affect other behav-
ioural traits such as searching for food thus altering the imagnitude
of the half-saturation ' constant for food in the Holling functional
responses (Hollings 1959) and this could reflect-on other loops of
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Fig. 3. Result of subgroup analysis with mixed effect model for species subgroups. Boxes represent Hedges’ g value and the horizontal lines represent the 95% CI for each g value;
asterisks indicate significance level (*p < 0.05, **p < 0.01, ***p < 0.001). The boxes of different colours group species into their feeding mode (as in the legend). Result for the effects
of microplastics for feeding mode subgroups (Hedges'g +95% CI and p-value) are reported on the right side of the feeding mode symbols. Analysis conducted with mixed-effects
model, using the rma.mv function of the metaphor package in R, including study Id and functional trait as random factor. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

the energy budget (Kooijman, 2010). Indeed, in the presence of
debris in the environment such as microplastics, there is a sort of
interplay between food and debris density thus bringing the animal
to a sort of misperception of food abundance with repercussions on
the amount of energy ingested and energy used for food acquisi-
tion. Thus, although some traits specifically involved in the me-
chanics of feeding such as clearance rates were not significant, we

built on the idea that microplastics work akin the silt particles used
as an artefact in the eighties by scientists (Sayne, 1987) to mimic
the effect of living and feeding in turbid ‘waters (e.g. estuaries or
shallow waters in lagoons).In those seminal experiments carried
out with suspension feeders, the effect of siit resulted in an incre-
ment of energy requested to obtain food: under these conditions
filter feeders need to filter more water in order to obtain the same
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amount of organic particles required to sustain somatic mainte-
nance, growth and reproduction. Silt played the role as a sort of
dilution factor (McCauley and Bjorndal, 1999) and microplastics
may play the same role in that they indirectly and negatively affect
the energy budget of organisms with ultimate repercussions on
growth and reproduction. Similarly, but at the other side of the
phylogenetic tree, the effects of plastics on the energy budget in
marine turtles has been modelled (Marn et al., 2020) and it has
been hypothesized that plastic dilutes the food and then, as with
bivalves and silt, they need to spend more energy to obtain the
same amount of food. Most results of our meta-analysis go towards
the same direction, supporting that microplastics, affecting the
amount of energy necessary to drive the metabolic machinery, have
impacts on organismal performances. How the possible energetic
bottlenecks created at different levels of the energy budget of or-
ganisms by microplastic particles affect the ultimate allocation of
growth and reproduction deserves further investigation with both
mesocosm and field experiments. However, ultimately, micro-
plastics have the same effect as any other anthropogenic stressful
factor; they impact the amount of energy available to individuals, as
demonstrated by several studies (Tomlinson et al., 2014).

Overall, the current results reveal a heterogeneous response
when assessing the effect of microplastics at taxa and species
levels. Indeed, responses to microparticles appear to be species-
specific and may depend on the ability of any single species to
tolerate stressful habitat conditions: a certain level of an environ-
mental factor may negatively affect the response of a species while
not affecting another (Connell et al., 2018). The presence of a source
of disturbance may shift environmental variables to a sub-optimal
(negative or limiting) level for a species but maintain an optimal
level for others (Connell et al., 2017, 2018, 2018; Harley et al., 2017).
This is important for the stability of the ecosystem because it can
influence the compositional and functional dimensionality of
ecological communities (Micheli et al., 1999). Each species has its
own biological performance linked to the variation of any envi-
ronmental factor both of natural and anthropogenic origin, because
each functional trait is maximized under optimal conditions with
consequences on growth and fitness. Thus, when a community is
exposed to disturbance, some species within their optimal window
are able to achieve their optimal growth rates and may play a
dominant role inside the community while, other species that are
out their optimum, may become subordinate species (Enquist et al.,
2015). Thus, in this context, given that microplastics affect func-
tional traits and indirectly impair the ability of benthic species to
maintain optimal functional performances, they may induce a
functional displacement of dominant species and facilitate the
expression of subordinates thus moving the barycentre of com-
munity equilibrium (Sara et al., 2021).

Our study showed that microplastic manipulative experiments
were characterized by high heterogeneity of methods and experi-
mental designs. Present results show a larger significant effect of
plastic spheres than irregular shaped microplastic fragments. This
difference could be explained by the fact that regular shape of
microspheres could enhance the possible transport and trans-
location of the particles through the digestive apparatus, after
ingestion (Watts et al., 2016). However, such a results can have low
impact in terms of realism as regular shaped microspheres are
usually adopted in manipulative experiments (Burns et al., 2018)
while irregular shaped fragments are more common in natural
environments. Our meta-analysis revealed that microplastics size
could represent another important characteristic to be considered.
We found indeed that the negative effect of microplastic was lower
when the size of the polymers increased. Microplastics of smaller
dimensions could indeed be ingested by a larger number of
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organisms belong to many different species, enhancing the likeli-
hood that particles are canalised through the food webs
(Lehtiniemi et al., 2018). Finally, when we tested possible effects
exerted by types of polymers on functional traits, we discovered
that through the current literature there is no evidence apart from
that dealing with polystyrene which was the most used micro-
plastic through analysed studies. As the density of the microplastic
depends on the specific composition of the polymer, microplastic
type could play an important role in the distribution of plastics in
the environment enhancing the encounter likelihood by different
benthic organisms (Kane et al., 2019, 2020).

5. Conclusions

By revealing the potential negative effects of microplastics on
the functional traits of benthic organisms, our meta-analysis sup-
ports the importance to promote more “sensu strictu” experimental
studies rather than simple monitoring efforts (merely based on the
presence of plastics in abiotic and biotic matrices and potential
toxicological implications). From here, we suggest to promote more
investigations on the cause-effect ecological relationships affected
by microplastics (and not only, also dealing with other anthropo-
genic stressors), and powering studies on the potential effects on
biodiversity moving from functional trait responses and how the
effects propagate toward upper levels of the ecological hierarchy.
As pinpointed, the impairment of functional traits may have direct
and proximate consequences on organismal performances and in-
dividual fitness, with ultimate potential repercussions on the
density of local populations and on the expression of ecological
functions on which goods and services depend. Hence, a major
experimental research effort is required to measure the causal ef-
fects of microplastics, to assess the realistic magnitude and the
extent of the associated disturbance, especially now under the
globally increasing concern about plastics in nature. An increased
awareness among citizens supported by a robust evidence-based
knowledge becomes crucial to effectively address the perception
of this pervasive environmental global issue. This will allow rein-
forcing the long-term trust relationship between scientists and
society which is essential for joint planning of effective and suc-
cessful mitigation measures.

Declaration of competing interest
The authors have no competing financial interests to declare.
Acknowledgements

This research was partially funded by the PRIN - MAHRES
(Ministry of Italian University and Research; MUR)
2017MHHWBN_003 Linea C. We are grateful to M. Lucchese for her
advices into the design of Fig. 3 and to G. D. Lucido for the assistance
in R programming in the initial steps of this study. MB was sup-
ported by a PhD research fellowship funded by the National-insti-
tute of Oceanography and Applied Geophysics; MCIM research
activity was supported from the European Union’s Horizon 2020
Research and Innovation programme under the Marie Sktodowska-
Curie (Grant Agreement No 835589, MIRROR Project). We sincerely
thank both the subject editor the anonymous reviewers whose
critical reading resulted into inspiring comments that helped
improve the significant of the results and strength the main insight
of this global meta-analysis effort.

Appendix A. Supplementary data

Supplementary data to this article can-be found online at



M. Berlino, M.C. Mangano, C. De Vittor et al.

https://doi.org/10.1016/j.envpol.2021.117174.

Authors statement

All persons who me et authorship criteria are listed as author of
the MS EFFECTS OF MICROPLASTICS ON THE FUNCTIONAL TRAITS
OF AQUATIC BENTHIC ORGANISMS: A GLOBAL-SCALE META-
ANALYSIS ENVPOL-D-21-00071, and all authors certify that they
have participated sufficiently in the work to take public re-
sponsibility for the content, including participation in the concept,
design, analysis, writing, or revision of the manuscript.

References

Anton, A., Geraldi, N.R., Lovelock, C.E., Apostolaki, E.T., Bennett, S., Cebrian, J., San-
tana-Garcon, J., 2019. Global ecological impacts of marine exotic species. Nature
ecology & evolution 3 (5), 787—800.

Arnold, S.J., 1983. Morphology, performance and fitness. Am. Zool. 23 (2), 347—361.

Auta, HS., Emenike, C.U, Fauziah, S.H., 2017. Distribution and importance of
microplastics in the marine environment: a review of the sources, fate, effects,
and potential solutions. Environ. Int. 102, 165—176.

Bayne, B.L., Hawkins, A.S., Navarro, E., 1987. Feeding and digestion by the mussel
Mytilus edulis L.(Bivalvia: Mollusca) in mixtures of silt and algal cells at low
concentrations. J. Exp. Mar. Biol. Ecol. 111 (1), 1-22.

Barnes, D.K., Galgani, F., Thompson, R.C., Barlaz, M., 2009. Accumulation and frag-
mentation of plastic debris in global environments. Phil. Trans. Biol. Sci. 364
(1526), 1985—1998.

Borenstein, M., Hedges, L.V., Higgins, ].P., Rothstein, H.R., 2011. Introduction to Meta-
Analysis. John Wiley & Sons.

Burns, E.E., Boxall, A.B., 2018. Microplastics in the aquatic environment: evidence
for or against adverse impacts and major knowledge gaps. Environ. Toxicol.
Chem. 37 (11), 2776—2796.

Browne, M.A.,, Dissanayake, A., Galloway, T.S., Lowe, D.M., Thompson, R.C., 2008.
Ingested microscopic plastic translocates to the circulatory system of the
mussel, Mytilus edulis (L.). Environ. Sci. Technol. 42 (13), 5026—5031.

Charnov, E.L., 1976. Optimal Foraging, the Marginal Value Theorem.

Connell, S.D., Doubleday, Z.A., Hamlyn, S.B., Foster, N.R., Harley, C.D., Helmuth, B.,
et al.,, 2017. How ocean acidification can benefit calcifiers. Curr. Biol. 27 (3),
R95—R96.

Connell, S.D., Doubleday, Z.A., Foster, N.R., Hamlyn, S.B., Harley, C.D., Helmuth, B.,
et al.,, 2018. The duality of ocean acidification as a resource and a stressor.
Ecology 99 (5), 1005—1010.

Cozar, A., Echevarria, F,, Gonzélez-Gordillo, J.I, Irigoien, X., Ubeda, B., Hernandez-
Ledn, S., et al., 2014. Plastic debris in the open ocean. Proc. Natl. Acad. Sci. Unit.
States Am. 111 (28), 10239—10244.

Derraik, J.G., 2002. The pollution of the marine environment by plastic debris: a
review. Mar. Pollut. Bull. 44 (9), 842—852.

Duffy, J.E., Cardinale, BJ., France, K.E., McIntyre, P.B., Thébault, E., Loreau, M., 2007.
The functional role of biodiversity in ecosystems: incorporating trophic
complexity. Ecol. Lett. 10 (6), 522—538.

Duis, K., Coors, A., 2016. Microplastics in the aquatic and terrestrial environment:
sources (with a specific focus on personal care products), fate and effects. En-
viron. Sci. Eur. 28 (1), 2.

Engler, RE., 2012. The complex interaction between marine debris and toxic
chemicals in the ocean. Environ. Sci. Technol. 46 (22), 12302—12315.

Enquist, BJ., Norberg, J., Bonser, S.P,, Violle, C., Webb, C.T., Henderson, A, et al., 2015.
Scaling from traits to ecosystems: developing a general trait driver theory via
integrating trait-based and metabolic scaling theories. In: Advances in
Ecological Research, vol. 52. Academic Press, pp. 249—318.

Eriksen, M., Lebreton, L.C., Carson, H.S., Thiel, M., Moore, C.J., Borerro, ].C., Reisser, .,
2014. Plastic pollution in the world’s oceans: more than 5 trillion plastic pieces
weighing over 250,000 tons afloat at sea. PloS One 9 (12), e111913.

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

Gurevitch, J., Hedges, L.V., 2001. Meta-analysis: combining the results of indepen-
dent experiments. In: Scheiner, S.M., Gurevitch, J. (Eds.), Design and Analysis of
Ecological Experiments. Oxford University Press, New York, New York, USA,
pp. 347—369.

Gurevitch, J., Koricheva, J., Nakagawa, S., Stewart, G., 2018. Meta-analysis and the
science of research synthesis. Nature 555 (7695), 175—182.

Harley, C.D., Connell, S.D., Doubleday, ZA., Kelaher, B., Russell, B.D., Sara, G,
Helmuth, B., 2017. Conceptualizing ecosystem tipping points within a physio-
logical framework. Ecology and evolution 7 (15), 6035—6045.

Hedges, L.V., 1981. Distribution theory for Glass’s estimator of effect size and related
estimators. J. Educ. Stat. 6 (2), 107—128.

Holling, C.S., 1959. Some characteristics of simple types of predation and parasitism.
Can. Entomol. 91 (7), 385—398.

Jambeck, J.R., Geyer, R., Wilcox, C., Siegler, T.R., Perryman, M., Andrady, A., et al.,
2015. Plastic waste inputs from land into the ocean. Science 347 (6223),
768—771.

Environmental Pollution 285 (2021) 117174

Kane, LA, Clare, M.A., 2019. Dispersion, accumulation, and the ultimate fate of
microplastics in deep-marine environments: a review and future directions.
Front. Earth Sci. 7, 80.

Kane, L.A., Clare, M.A., Miramontes, E., Wogelius, R., Rothwell, ].J., Garreau, P., Pohl, F,,
2020. Seafloor microplastic hotspots controlled by deep-sea circulation. Science
368 (6495), 1140—1145.

Kooijman, S.A.L.M., 2010. Dynamic Energy Budget Theory for Metabolic Organisa-
tion. Cambridge university press.

Koricheva, J., Gurevitch, ], Mengersen, K., 2013. Handbook of Meta-Analysis in
Ecology and Evolution. Princeton Univ. Press.

Krebs, J.R., West, S.A., 2012. An Introduction to Behavioural Ecology. John Wiley &
Sons.

Lathlean, J.A., McQuaid, C.D., 2017. Biogeographic variability in the value of mussel
beds as ecosystem engineers on South African rocky shores. Ecosystems 20 (3),
568—582.

Lavorel, S., Garnier, E., 2002. Predicting changes in community composition and
ecosystem functioning from plant traits: revisiting the Holy Grail. Funct. Ecol. 16
(5), 545—556.

Lehtiniemi, M., Hartikainen, S., Nikki, P., Engstrom-Ost, ]., Koistinen, A., Setili, O.,
2018. Size matters more than shape: ingestion of primary and secondary
microplastics by small predators. Food Webs 17, e00097.

Mangano, M.C., O’Leary, B.C., Mirto, S., Mazzola, A., Sara, G., 2015. The comparative
biological effects of spatial management measures in protecting marine
biodiversity: a systematic review protocol. Environ. Evid. 4 (1), 1-8.

Maynard, A.D., 2006. A research strategy for addressing risk. Nanotechnology,
Woodrow Wilson International Center for Scholars 444, 267—269.

Marn, N., Jusup, M., Kooijman, S.A., Klanjscek, T., 2020. Quantifying impacts of
plastic debris on marine wildlife identifies ecological breakpoints. Ecol. Lett. 23
(10), 1479—1487.

McCauley, S.J., Bjorndal, K.A., 1999. Conservation implications of dietary dilution
from debris ingestion: sublethal effects in post-hatchling loggerhead sea tur-
tles. Conserv. Biol. 13 (4), 925—-929.

Micheli, F., Cottingham, K.L., Bascompte, ]., Bjornstad, O.N., Eckert, G.L., Fischer, ].M.,
Rusak, J.A., 1999. The dual nature of community variability. Oikos 161—169.
Moher, D., Liberati, A., Tetzlaff, J., Altman, D.G., Prisma Group., 2009. Preferred
reporting items for systematic reviews and meta-analyses: the PRISMA state-

ment. PLoS Med. 6 (7), e1000097.

Moore, CJ., Moore, S.L., Leecaster, M.K., Weisberg, S.B., 2001. A comparison of plastic
and plankton in the North Pacific central gyre. Mar. Pollut. Bull. 42 (12),
1297-1300.

Moore, CJ., 2008. Synthetic polymers in the marine environment: a rapidly
increasing, long-term threat. Environ. Res. 108 (2), 131-139.

PlasticEurope, 2019. Plastics — the Fact.

Pullin, A.S., Stewart, G.B., 2006. Guidelines for systematic review in conservation
and environmental management. Conserv. Biol. 20, 1647—1655.

Rech, S., 2015. Macaya-Caquilpa n V, Pantoja JF, Rivadeneira MM, Kroeger Campodd
nico C, Thiel M: sampling of riverine litter with citizen scientists—findings and
recommendations. Environ. Monit. Assess. 187, 335.

Rios, L.M., Moore, C., Jones, P.R., 2007. Persistent organic pollutants carried by
synthetic polymers in the ocean environment. Mar. Pollut. Bull. 54 (8),
1230-1237.

Salerno, M., Berlino, M., Mangano, M.C,, Sara, G., 2021. Microplastics and the
functional traits of fishes: a global meta-analysis. Global Change Biol. https://
doi.org/10.1111/gcb.15570.

Sara, G., 2007a. Aquaculture effects on some physical and chemical properties of the
water column: a meta-analysis. Chem. Ecol. 23 (3), 251-262.

Sara, G., 2007b. A meta-analysis on the ecological effects of aquaculture on the
water column: dissolved nutrients. Mar. Environ. Res. 63 (4), 390—408.

Sara, G., Giommi, C., Giacoletti, A., Conti, E., Mulder, C., Mangano, M.C., 2021. Mul-
tiple climate-driven cascading ecosystem effects after the loss of a foundation
species. Sci. Total Environ. 770, 144749.

Schessl, M., Johns, C., Ashpole, S.L, 2019. Microbeads in sediment, dreissenid
mussels, and Anurans in the littoral zone of the upper St. Lawrence river, New
York. Pollution 5 (1), 41-52.

Schmid, K., Winemiller, K.O., Chelazzi, D., Cincinelli, A., Dei, L., Giarrizzo,/I., 2018.
First evidence of microplastic ingestion by fishes from the Amazon River es-
tuary. Mar. Pollut. Bull. 133, 814—821.

Schoener, T.W., 1986. Mechanistic approaches to community €cology: a new
reductionism. Am. Zool. 26 (1), 81—106.

Setadld, O., Lehtiniemi, M., Coppock, R., Cole, M., 2018. Microplastics ' mdrine foed
webs. In: Microplastic Contamination in Aquatic [Environments. Elsevier]
pp. 339—-363.

Suding, K.N., Lavorel, S., Chapin lii, ES., Cornelissen, Jd., DIAz, € #Gatnicr, Espetal,
2008. Scaling environmental change throughfthe comm unity-levei. ‘a trait-
based response-and-effect framework for plants. Glebal Change Bigl. 14 (5);
1125-1140.

Teuten, E.L, Saquing, J.M., Knappe, D.R., Barlaz, M.A"" Jonsson,, ', Bjorn, A., £t al;
2009. Transport and release of chemicals from plasti¢s to the environment.zad
to wildlife. Phil. Trans. Biol. Sci. 364 (1526), 2027--2045.

Thompson, R.C., Swan, S.H., MoorefCJ.; Vom Saal, FS+.2009 Our Plastic Aze,

Tomlinson, S., Arnall, S.G., Munfl, A., Bradshaw, Sib., Maloney, S 'Dixon > KIW.,
Didham, R.K.,, 2014. Applications and implications of ecclagical ehergetics.
Trends Ecol. Evol. 29, 280—290.

Underwood, AJ., Underwiood, A.L, Underwood, A.J.; Wnderwood/A.j;; 1997. Exper-
iments in Ecologyé Their Logical Design and Interpistation Using Analysis of



M. Berlino, M.C. Mangano, C. De Vittor et al.

Variance. Cambridge university press.

Van Cauwenberghe, L., Janssen, C.R.,, 2014. Microplastics in bivalves cultured for
human consumption. Environ. Pollut. 193, 65—70.

Viechtbauer, W., 2007. Accounting for heterogeneity via random-effects models and
moderator analyses in meta-analysis. Zeitschrift fiir Psychologie/Journal of
Psychology 215 (2), 104—121.

Viechtbauer, W., 2010. Conducting meta-analyses in R with the metafor package.
J. Stat. Software 36 (3), 1-48.

Violle, C., Navas, M.L,, Vile, D., Kazakou, E., Fortunel, C., Hummel, I., Garnier, E., 2007.
Let the concept of trait be functional! Oikos 116 (5), 882—892.

Wang, W., Gao, H,, Jin, S, Li, R, Na, G, 2019. The ecotoxicological effects of

Environmental Pollution 285 (2021) 117174

microplastics on aquatic food web, from primary producer to human: a review.
Ecotoxicol. Environ. Saf. 173, 110—117.

Watts, AJ., Urbina, M.A., Goodhead, R., Moger, ]., Lewis, C.,, Galloway, T.S., 2016.
Effect of microplastic on the gills of the shore crab Carcinus maenas. Environ.
Sci. Technol. 50 (10), 5364—5369.

Windsor, M., Durance, I, Horton, A.A., Thompson, R.C,, Tyler, C.R., Ormerod, S]J.,
2019. A catchment-scale perspective of plastic pollution. Global Change Biol. 25
(4), 1207-1221.

Wu, N.C,, Seebacher, F., 2020. Effect of the Plastic Pollutant Bisphenol A on the
Biology of Aquatic Organisms: A Meta-analysis. Global Change Biology.

10




