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erogeneity and dominant polymer
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ecosystems: implications for methodological
standardization and future research†
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This study examines the prevalence and distribution of microplastic polymer types in lentic ecosystems,

revealing significant heterogeneity across different geographical regions and ecosystems. The most

dominant type of microplastic observed was polyethylene (PE), followed by polypropylene (PP) and

polystyrene (PS), which aligns with global production rates. North America, Asia, and Europe were

identified as the regions with the highest microplastic contamination, with the United States, China, Italy,

and Spain being the most affected countries. The physical characteristics of each ecosystem, such as

wind speed, depth, and eutrophication, alongside seasonal variations, and anthropogenic activities,

contributed to the observed heterogeneity in microplastics concentrations. The study highlights the

need for further research on microplastics in lentic ecosystems, considering their unique physical

characteristics and anthropogenic influences. A significant lack of methodological standardization in

microplastics research was identified, leading to underestimation of microplastics prevalence and high

heterogeneity in meta-analyses.
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Introduction

A lentic ecosystem (also called the lacustrine ecosystem) is
dened as a system that includes living organisms (plants,
animals, microorganisms) together with their physical envi-
ronment, respectively, a water body.1 These ecosystems entail
a body of standing water, ranging from ditches, seeps, ponds,
seasonal pools, basin marshes, lakes, and lagoons.2

From an environmental point of view, lentic ecosystems are
one of the earth's most dynamic and vulnerable environments.
They are also areas of signicant importance due to their
diversity of ecological functions.3 A lentic ecosystem itself
provides multiple environmental services such as provisioning
(i.e., freshwater), regulation (i.e., soil fertility), support (i.e.,
Nelson Guillermo Rangel-
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© 2023 The Author(s). Published by the Royal Society of Chemistry
primary production), habitat (i.e., refuge), and recreation (i.e.,
cognitive development).

Societal development leads to the creation of products aimed
at lifestyle improvement, as is the case with the production of
synthetic polymers, also known as plastics. Plastics, character-
ized by the unique set of properties that make them extremely
popular,4,5 are probably the most abundant solid wastes in
water bodies.6 In this regard, the Plastics Europe report7

establishes that in 2018, 9.4 tons of plastic litter were collected
inside and outside the European Union.

The amounts of such material will inevitably increase due to
the degradation of large individual plastic items which frag-
ment into millions of smaller pieces called microplastics (<5
mm).8 These microplastics also reach water bodies as “micro-
plastics by design”, which are typically resin pellets and
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microbeads associated with industrial spills,9 or from the use of
cosmetics and personal care products.10,11 Another important
source comes from synthetic clothing, as a single synthetic
garment can release up to 1900 bers per wash cycle.12

Once the microplastics are present in the water bodies, they
are differentially distributed depending on their density,
buoyancy, suspension in the water column, or deposition to
become part of the bottom sediment, so that these areas
become important sinks.13 One of the main mechanisms
involved in the modication of density and the consequent
sinking of plastic is biofouling, which accelerates deposition
and eventual sedimentary burial of previously oating plastic.4,8

Despite the fact that continental water bodies are major
sources of retention and transport of microplastics, most
studies on plastic-waste pollution still focus on oceans,14,15 with
limited information available on continental water ecosys-
tems.16,17 The entry of microplastics into the aquatic system is
a product of the direct action of waste dumping by people living
near water bodies, or indirectly by the discharge of wastewater
from sewage systems, or direct connections to this source.14,18

The problem is aggravated when no treatment is applied to this
wastewater prior to deposition in continental water bodies.19

The main objective of this study is to identify prevalence
patterns of the most common types of microplastics and their
distribution in lentic ecosystems (lakes and lagoons) at a global
level, offering a clear and mathematical comparison of the
typologies of microplastics (polymer type) in each study area,
analyzing which places contribute greater quantities of micro-
plastics. The result of this type of research allows generating
new perspectives for future restoration projects that can miti-
gate the levels of environmental contamination.

Methods

An extensive literature review was carried out to retrieve pub-
lished articles on microplastics in lentic ecosystems using the
electronic databases Scopus, Science direct, Springer, and the
following keywords: “microplastic” AND “sediment” OR “water”
OR “lakes” OR “lagoons” AND “FTIR” OR “Raman”. Aer the
selection of articles in the keyword search, a second selection
was made by discarding duplicate articles. The next selection
step for the meta-analysis and systematic review articles was to
scan the titles of each article, verifying that the focus of the
studies was microplastics in lentic systems. Subsequently, a full
text review of the articles obtained was carried out. For the
creation of the databases for this study, articles containing the
characterization and quantication of microplastic polymer
types in lentic systems (lakes and lagoons) were chosen. The
study area was not delimited; this analysis was carried out with
studies conducted worldwide in which microplastics of less
than 5 mm were identied.

A database was created in which the information from the
selected articles was extracted. In addition, for the elaboration
of the database used for the analysis and development of this
meta-analysis, a selection of the articles was made establishing
criteria such as the chemical characterization of the micro-
plastics found in each lentic system, and the size of the samples
27192 | RSC Adv., 2023, 13, 27190–27202
used (n) for the chemical identication of the microplastics.
Results were further specied according to sample type (littoral
sediment, deep sediment, and surface water). For articles with
missing data, the authors were contacted by electronic mail to
complete the information; in case of lack of response, the article
was not included because of the insufficiency of the
information.

The spreadsheets designed for the creation of the databases
contain boxes for the extraction of the following information:
sample type (water, sediment), water type (freshwater), sample
depth (in meters), sampling region (littoral, depth, surface),
extraction method, density (in case they used a solution in the
extraction), maximum size considered for the microplastic,
polymer type, quantity (of each type), percentage (of each type),
total number of samples, reference, sampling year, lentic
system name, country, density in m3 kg−1 and polymer
concentration. To ensure the quality of the information pre-
sented, the databases were individually reviewed by each of the
persons responsible for this meta-analysis. In addition, the
process used to obtain the results was considered, highlighting
that most of the authors assured that the procedures were
performed with Quality Assurance/Quality Control (QA/QC). If
quality control was not recorded in the article, the description of
the procedure was veried.

The analysis was carried out using the double arcsine
transformed ratio as the outcome measure. A random effects
model was tted to the data. The amount of heterogeneity was
estimated using the Paule-Mandel estimator,20 along with the s2

estimate, Q-test for heterogeneity21 and I2 index.22 In case some
amount of heterogeneity is detected (i.e., s2 > 0, regardless of the
Q-test results) a credibility/prediction interval for the actual
results is also provided.23 Four categorical covariates were
evaluated as potential sources of heterogeneity using mixed-
effects meta-regression models for each of the polymer types
to nd signicant estimates for prevalence. The following
covariates were used: geographic region (these are the country
groupings that make up the continents of studies that reported
the prevalence of microplastic types), microplastic extraction
substance (chemical substance to separate microplastic by
density difference methodology), sampling area (reported
location of microplastic sample collection in lentic ecosystems)
and sampling season (period of microplastic sample collection:
rainy and dry). To nd the simplest possible model, explanatory
variables were discarded stepwise and likelihood ratio tests
were used to assess whether the simplied models were
signicantly different from their previous versions. All analyses
and plots were performed using R version 4.0.2 (ref. 24) with the
packages meta,25 metafor,26 magick,27 ggmap,28 scales29 and
ggplot2.30

Results and discussion
Studies selection and synthesis of results

Fig. 1A shows totals of the records examined, the articles eval-
uated, full texts and articles included in the meta-analysis.
Similarly, Fig. 1B contains information equivalent to the qual-
itative review used in the systematic review.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Prism model for the inclusion and exclusion of articles. (A) Diagram for meta-analysis (quantitative). (B) Diagram for the systematic review
of the information used for background and discussion (qualitative).
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The keyword search yielded a total list of 229 articles for the
meta-analysis, and 195 for the systematic review. The result of
the review of duplicate titles was 176 articles for the meta-
Fig. 2 Forest plot showing the observed results and the estimation of th
ethylene), PP (polypropylene), and PS (polystyrene).

© 2023 The Author(s). Published by the Royal Society of Chemistry
analysis and 168 for the review. In the exploration of the titles
of each article, verifying that the focus of the studies was
microplastics in lentic systems, a total of 128 articles were
e random effects model of the microplastic polymer types. PE (poly-

RSC Adv., 2023, 13, 27190–27202 | 27193
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Fig. 3 Funnel plot for publication bias of microplastics polymers type. PE (polyethylene), PP (polypropylene) and PS (polystyrene). The white dots
are the predictions of the trim and fill method.
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obtained for the meta-analysis, and 168 for the systematic
review. Following this, a summary review was performed to
obtain the articles for the full-text review, from which a rst
database was obtained, containing a list of 100 articles for the
meta-analysis and 130 for the systematic review. Aer the full-
text reading in the meta-analysis, 21 studies were selected
(Table 1S†) and a total of 92 articles included in the systematic
review.

For the analysis of prevalence of microplastic polymer types
(Fig. 2), 34 independent effect sizes were calculated from 21
studies, divided into three regions of distribution in lentic
systems: 16 effect sizes for surface water, 14 effect sizes for
sediment in littoral region, and 4 effect sizes for deep
sediments.

Thirteen studies contained data from samples collected in
rainy seasons, and 9 studies for dry seasons. In total, 33
different types of polymers were identied for lakes, but due to
the low prevalence of most of these, a meta-regression analysis
was performed to study the most abundant polymers: PP
(polypropylene), PE (polyethylene) and PS (polystyrene). Pooled
prevalence conrmed that PE is the most common type of
microplastic that contaminates lentic ecosystems with a pre-
dicted relative abundance of 28% (95% CI = 20–36%), followed
by PP with 18% (95% CI = 13–23%) and PS with 7% (95% CI =
3–12%). Heterogeneity between studies was high (I2 = 80–89%)
for the type of microplastic polymer. The p-value of Egger's test
is not signicant (PP Z = −1.51, p = 0.13; PE Z = −1.53, p =

0.13; PS Z = −0, 35, p = 0.72), which means that there is no
asymmetry is the funnel plot (Fig. 3) and therefore no signi-
cant publication bias.
Fig. 4 Prevalence of the types of microplastic polymers distributed in
the different zones of lentic ecosystems.
Prevalence of microplastics in the different distribution zones
of lentic ecosystems and evaluation of sources of
heterogeneity

The summary of the mean prevalence of the microplastic
polymer type in the different distribution zones of lentic
ecosystems is shown in Fig. 4. The mean prevalence data
conrm that PE is the dominant type of microplastic that
contaminates lentic ecosystems. This study found a mean
prevalence for the surface water region of 28% for PE, 24% for
PP and 9% for PS with narrow condence intervals indicating
27194 | RSC Adv., 2023, 13, 27190–27202
less variation in effect size for this subgroup (Fig. S1–S3†). In the
littoral sediment region, the mean prevalence remains similar
to the surface water region with 27% for PE, and with lower
proportions for PP (12%) and PS (5%). In the deep sediment
region, the polymers that dominated were PE (24%) and PS
(13%), this region presented a higher distribution of PS
compared to the other regions, in this region the polymer with
the less dominance was PP with a value of 11%. Although PE
dominated in all regions of distribution in lentic ecosystems, its
condence interval for the deep sediment region was wide (95%
CI = 0–70%), indicating a larger effect size for this region. This
same effect was present for PS (95% CI = 0–70%) (Fig. S1 and
S2†). For all regions, heterogeneity between studies was high for
PE (I2= 84–92%) and PS (I2= 80–92%). PP polymer was the only
polymer that showed variability in heterogeneity between
studies, for surface water region was high (I2 = 83%), for littoral
sediment region was medium (I2 = 66%) and for deep sediment
region was low (I2 = 0%) (Fig. S3†).

Possible sources of heterogeneity were evaluated with mixed-
effects meta-regressions with four categorical moderators:
geographic region where the study was conducted, microplastic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of model simplification for meta-regression of
microplastic polymer types in lentic ecosystems

Models Polymers LRT p-Value Test R2 (%)

1 PP 4 0.046 0.02 62.3
PE 0.83 0.36 0.22 12.9
PS 1.5 0.21 0.004 65.2

2 PP 2.9 0.22 0.01 54.7
PE 0.21 0.89 0.19 13.4
PS 6.3 0.04 0.003 64.2

3 PP 18 0.0012 0.01 52.1
PE 4.6 0.33 0.11 19.1
PS 12.6 0.01 0.005 56.1

4 PP 3.3 0.34 0.57 1.6
PE 8.1 0.04 0.04 17.2
PS 13.8 0.03 0.005 35.4
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extraction substance, sample collection season (dry or rainy),
and sampling region (surface water, littoral sediment, and deep
sediment). Meta-regression analysis for multivariate models
(Table 1) found that some pooled and reduced models [model 1
(geographic region + extraction substance + sampling region +
sampling season), model 2 (geographic region + extraction
substance + sampling region), model 3 (geographic region +
extraction substance) and model 4 (geographic region)] can
explain part of the high heterogeneity presented in the mean
prevalence of microplastic polymer types.

For PP and PS, model 3 largely explains part of the high
heterogeneity in the mean prevalence of these meta-analyses
with a high value of R2 (52.1% and 56.1%, respectively). This
model demonstrates that the mean effect size is affected by the
covariate extraction substance, indicating the high variability of
methodologies used between studies. The simplest model to
explain part of the heterogeneity in the mean prevalence was
model 4 for PE and PS (R2 = 17.2% and 35.4%, respectively)
which includes a single signicant moderator geographic
region, indicating that this moderator could explain part of the
heterogeneity presented in the mean prevalence of these poly-
mers. Finally, the total heterogeneity could not be explained
with the covariates addressed for this meta-analysis.

Model reduction by testing its signicance for PP (poly-
propylene), PE (polyethylene) and PS (polystyrene) with likeli-
hood ratio tests (LRT with its p-value), model validation with
Permutation tests (test) and percentage of variation of the effect
size contributed by eachmodel R2. Model 1 (geographic region +
extraction substance + sampling region + sampling season),
model 2 (geographic region + extraction substance + sampling
region), model 3 (geographic region + extraction substance) and
model 4 (geographic region). Values in bold indicate the
signicance of the model in explaining part of the heterogeneity
of the effect size.

Prevalence of polymers in the different areas of distribution of
lentic ecosystems

The results obtained in the prevalence study of the different
types of polymers found agree with the expected results, given
that PE and PP represent 62% of the production of plastics
worldwide.31 Geyer et al.32 reported that the largest microplastic
© 2023 The Author(s). Published by the Royal Society of Chemistry
ber production groups were PE (36%) and PP (21%). Erni-
Cassola et al.33 meta-analysis of marine and continental
aquatic systems reported that the polymer types with the
highest prevalence are PE, PP, PS and PP&A.

In addition to the high production demand for these poly-
mers in general, PE, PP and PET (polyethylene terephthalate)
are the most used polymers in the textile industry.34 This fact is
important when assessing the prevalence of MP, as Sanchez-
Vidal et al.35 found that each textile garment releases between
1900 and 700 000 microbers in a single wash, which estab-
lishes domestic wastewater as a major source of contamination.
Further evidence is given by Mason et al.,36 who reported that
municipal effluent wastewater at 17 sampling points in the San
Francisco Bay Area shed an average of 4 million microplastic
particles per day into the environment. Suaria et al.37 found
similar results in Mediterranean surface waters. Abidli et al.38

indicated that this pattern is due to the low density of PE and
PP, which gives them buoyancy and in turn ease of transport.
However, as shown in Fig. 3, the prevalence of PE, PP and PS
remains almost constant in surface water, littoral sediment, and
deep sediment regions. This has been analyzed by different
authors, nding that there are several mechanisms by which
low-density microplastics can move within the water column
and even reach the sediment. These transport mechanisms can
be physical, chemical, or biological.39–42

Physical phenomena, specically, clays can adhere to
microplastic particles, because the negative charges of the sili-
cate layers that make up the clays, adding greater density to the
particles causing sinking. Although some types of polymers are
characterized by their low density, in some cases additives to
these materials through chemical processes (for specialized
products) modify their physical properties, causing changes
such as improved structural strength, added color, increased
brightness, among others, that can generate increases in
density, so these materials can be found in different sampling
areas.43

Minerals also may be adsorbed on the surface of polymers
while in the water column or on the lake bottom.43 Biological
processes can affect the transport of particles through the water
column by the ingestion and subsequent excretion of micro-
plastics. This association with feces gives the particles a higher
density that favors sedimentation along with their individual
distribution to different areas.35,40,44
Heterogeneity assessment

The meta-analysis in general showed high heterogeneity for the
prevalence of microplastics with I2 > 80%, all polymers evalu-
ated presented signicant Q value, rejecting the null hypothesis
of homogeneity, both in the overall mean by typology and the
mean by distribution groups. The moderating variables evalu-
ated cannot fully explain these high degrees of heterogeneity.
This implies that it would not be possible to generalize by
averaging all the effect sizes of the individual studies as an
overall effect size, due to their remarkable quantitative and
conceptual heterogeneity, lacking representativeness when
combining effect sizes of different natures.
RSC Adv., 2023, 13, 27190–27202 | 27195
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This heterogeneity may be due to the unevenness of
ecosystems among themselves,45–47 to the current lack of
a standardized sampling methodology,33,48,49 and the number of
published studies for these ecosystems may be a potential
source for this unexplained heterogeneity.50,51

Global distribution of microplastics in lentic ecosystems

Analysis of the mean prevalence of microplastic polymer type
addressed in the meta-regressions indicated that geographic
region is signicant in explaining part of the heterogeneity in
most typologies (Fig. S4–S6†). Although the percentage of
heterogeneity reported by this covariate is not high enough
(Table 1), the evidence shows that the geographic region can
completely inuence this high heterogeneity, as factors such as
industrial and cultural activity vary greatly from one country to
another. Fig. 5 shows the global distribution of the polymers
evaluated in this review for lentic ecosystems. Few studies (n =

21) were found divided over 12 countries, which may substan-
tially bias the actual result. Some studies reported inputs from
industrial effluents and wastewater,43,52–54 others reported
potential sources of pollution, such as activities developed in
nearby areas, like agriculture, river traffic, industrial and
shing,42,55,56 and still others report tourism as the main
source.55,57,58

All reported ecosystems are surrounded by urban and rural
areas except for Lake Kallavesi in Finland which is in a sparsely
populated area57 and Lake Superior in the United States.59

The geographic region with the highest prevalence of
microplastics was for North America, with two representatives:
United States and Canada. However, the highest proportion is
the one registered by the United States; the country with the
largest studies of microplastics in its freshwater sources,51 but
as this work shows its main efforts to evaluate this pollutant are
Fig. 5 Global distribution of microplastic polymer types in lentic ecosys

27196 | RSC Adv., 2023, 13, 27190–27202
based on the Laurentian Great Lakes, including Lake Ontario,
which presented the largest number of investigations,60 its
importance lies in the fact that these lakes are among the
largest lakes worldwide and these are surrounded by industrial
areas that are a major focus of pollution and evaluation of the
impact exerted to these water bodies,61,62 being the majority of
waste bers, fragments and pellets. Generally, these micro-
plastics are made up of PE (0.91–0.96 g cm−3) and PP
(0.91 g cm−3), which are low density polymers and are mainly
distributed on the water surface, as indicated by the meta-
analysis performed in this study (Fig. 2), which may largely
explain the concentration of these polymers for this region.63,64

PE and PP are mainly used as sandblasting and abrasive
cleaning media in consumer products, and these lakes are
bounded by large population concentrations.60–62,65 The result-
ing volumes of wastewater entering these lakes, even though
treated in wastewater treatment plants (WWTP), are charged
with bers and microbeads that can pass the lters of these
plants due to their small sizes (<1 mm). Many of these WWTP
lters are composed of plastic materials such as polyethylene
(PE), polyether sulfone (PES), polyvinyl chloride (PVC) and
polyvinylidene uoride (PVDF)62,66 which over time wear and
liberate microplastic particles.

At the same time, the organic membranes of some WWTPs
can represent a risk due to their wear, and the polarity of their
walls that increases their size under exposure to certain clean-
ing agents (NaClO and NaOH) that can cause the leaching of
microplastics as a contaminant into the aquatic environ-
ment.67,68 Polyethylene is so persistent in the environment that
in relatively pristine lakes such as Lake Superior it still presents
microplastic contaminants, mainly bers. Although the abun-
dance of these contaminants was low, essentially for micro-
particles (particles < 4 mm) of different origin (plastics and non-
tems.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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plastics), this contamination is attributed to the activities
carried out in certain areas of this lake such as tourism, the
residence time of the water mass within the lake, and the long
life of these polymers.69

Aer North America, the geographic regions that accounted
for high microplastic contamination in this analysis were Asia
and Europe. The countries with the highest contribution were
China,42,49,56,58,70 Italy71–73 and Spain.52 European plastics
production for 2019 was 57.9 million tons with a reduction for
2018 of 6.3% in its annual production. The countries that pre-
sented the highest demand for this polymer were Germany,
Italy, France, and Spain.7 The major pollutants were PE, PP, PS
and PET. Although Europe manages its restriction policies for
certain microplastics such as microbeads in cosmetics and
other personal care products with a reduction of up to 80% in
their use, microplastic contamination persists in the lentic
environments of this geographical region.74 In Oceania, no
studies were found that met the parameters used in this study.

China is the largest developing country in the world, by 2019
its annual plastic production was 368 million tons, equivalent
to 31% of production worldwide. Thus China has the highest
production of microplastics in the entire planet.7 Most of the
studies there have been conducted in Dongting Lake and Taihu
Lake, because these lakes are the largest in the country and are
important sources of water input to the Yangtze River which is
considered one of the most polluted rivers in the world.75

Despite this, the contamination found in Dongting Lake is
moderate in the sediments, and somewhat high in the surface
water,58 with sediment values similar to those of Taihu Lake.56

Most PE and PP compounds are present in the fragments
and some bers, but polystyrene (PS) was mainly found in the
pellets. These lakes are surrounded by large industrial, rural
and tourist areas. The greatest contamination of these lakes is
represented by bers, which may be because these lakes are
potential shing sources so that waste from nets can be
deposited in these ecosystems, as well as the entry of wastewater
from all sources.49,53,70,76 Taihu Lake presented the highest
pollution of all the lakes evaluated.

The geographic region that contributed the lowest preva-
lence in the three types of polymers considered in this study was
Africa, which coincides with the average abundance reports
presented by Abidli et al.38 Egessa et al.55 and Migwi et al.76 The
UN reports that African countries such as Kenya, Nigeria,
Morocco, among others, have conducted a comprehensive
campaign (#BeatPlasticPollution) which seeks to clean both
terrestrial and aquatic ecosystems through processes of collec-
tion, recycling, and disposal of waste and plastic products.

In some cases, a ban on the manufacture and use of plastic
bags has been implemented (UN, 2018).77 The few studies used
for this meta-analysis,54,55,76 show that (i) microplastic contam-
inants are found in a similar prevalence among them, (ii) the
interest in the investigation of these contaminants in lentic
ecosystems is very little and very recent, and (iii) the African
continent has only 9% of freshwater. Africa does have one of the
largest lakes in the world (Lake Victoria) in which the major
pollutant is PE, representing 60% of the plastic particles
analyzed. This plastic waste is mostly secondary microplastics,
© 2023 The Author(s). Published by the Royal Society of Chemistry
occurring where the most populated areas had the highest
concentration of this pollutant.55 Ox Bow Lake in Nigeria is
located in the area with the worst plastic waste management in
the world,78 and accordingly, this lake had the highest preva-
lence of microplastics as evidenced in this study.54
Physical characteristics in lentic ecosystems

Lentic ecosystems are considered potential sinks for micro-
plastics,46 therefore the physical characteristics of each of the 34
lakes evaluated may contribute to the source of unexplained
heterogeneity found in this study. These characteristics may
modify the prevalence of microplastics, depending on the
activities occurring around these areas.46,79

Wind speed can inuence the prevalence of polymers in
different distribution zones. In lakes reporting high wind
speeds, the prevalence is mainly modied in oating micro-
plastics PP and PE because they have lower densities than
freshwater (r < 1.0 g cm−3). Generally, these microplastics will
be at the surface, and under these conditions can be trans-
ported by currents and waves to other distribution zones within
the lake, such as shoreline sediments, or releasing the particles
to another environment.80

In turn, shallow lakes generally have accumulations of
organic matter on the surface, which can combine with micro-
plastics of lower density, leading them to sink.56,80 Highly
eutrophicated shallow lakes present higher rates of sediment re-
suspension, with two important zones where such processes
occur: the littoral and deep zones due to high winds and wave
motion. These water bodies are dynamic systems in which there
may be cycling and/or transport of microplastics, so these
particles could be concentrated in a small area or diluted within
larger areas or water volumes.79 Fischer et al.80 presented a good
example in Lake Chiusi (Italy) which has severe eutrophication
and rapid sedimentation.

The heterogeneity in the results could also be due to the
different sampling seasons in which microplastics were
collected by the different authors. Different studies have shown
that seasons (rainy and dry) potentially inuence mean micro-
plastic concentrations that generate signicant variations in
sampling sites in these ecosystems.54,81 Corcoran et al.43 re-
ported high amounts of microplastics during rainy seasons,
which could suggest that with higher amounts of precipitation
there will be a greater inow that will transport larger amounts
of debris into the water body. In the present study, an iteration
analysis was performed, which compares the prevalence of
microplastics between dry and rainy seasons, however, the
results are not signicant; this can be explained by the low
number of comparable studies for the seasons (rainy and dry),
as only one study evaluated this variable with the same meth-
odology at the same sampling site.54

Even though the assessment data of domestic and/or
industrial wastewater cited allow inferring a relationship
between anthropization and the level of pollution. Free et al.79

suggest that because microplastics are persistent particles, due
to their long degradation process,82 the time of accumulation of
microplastics in each water body is determinant in the
RSC Adv., 2023, 13, 27190–27202 | 27197
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concentration of the specic type of pollution. Therefore,
comparing lakes that have been waste recipients for 70 years
with more recently contaminated lakes is not suitable for
drawing conclusions. Additionally, Edo et al.52 emphasized that
endorheic lagoons, fed by wastewater, that have no outow to
another aquatic system will have higher microplastics
contamination values than water bodies fed by other sources.

Each of the above approaches leads to the conclusion that it
is not relevant to conclude a direct relationship between a single
possible source and the amount of pollution in lakes at the
global level. Evaluation of the particularities in each area to
provide a correct perspective on the origin of these pollutants is
important. However, the review of the prevalence of each type of
microplastics, and the evaluation of their origin and possible
causes of predominance, provide a broader and more complete
perspective to address the important problems that this type of
pollution brings.

Heterogeneity between sampling methodologies

Heterogeneity among sampling methodologies is one of the
most discussed issues in the majority of primary studies and
systematic reviews. The lack of standardization among meth-
odologies for microplastic extraction in both marine ecosys-
tems33,34,83 and freshwater ecosystems46,47,84 is since such studies
are still in the pioneer stage of gaining knowledge about
microplastics in the environment.

For the most part, no unied methods for the collection,
sample treatment and identication of microplastics, have
developed or been adopted. Some studies used in this meta-
analysis followed the methodology of the National Oceanic
and Atmospheric Administration NOAA,85 but all the studies
had their respective modications of this standard, depending
on the objectives of the works and the inputs they
presented.49,57,59,70

Sampling methodology

In our review, sampling methods were found to be highly vari-
able for both water and sediment. Although water samples are
mostly large in volume, these vary in extraction methodology:
three studies extracted microplastics by means of a 0.45 mm
pore size sapling net,61,71,73 and eight studies reported the use of
trawl net with pore size between 300 to 355 mm.56–59,63,72,86,87

Another study used reduced samples (20–50 L) for microplastic
extraction: bucket water collection with pore size of 75 mm;53

and ow sampler with pore size of 45 mm.76

In the case of sediments, the collection variability is greater,
for this reason sampling methodologies cannot be addressed in
common for the present study. The result is an underestimation
in the mean concentration and typological prevalence of
microplastics for these ecosystems, as can be observed in the
meta-analyses of the littoral region with I2 > 63% (Fig. S1–S3†).
These studies can only be grouped by the initial sieving size for
the collection of microplastic samples; with pore size 500 mm;72

other studies with pore size 350 mm,58 and microplastic extrac-
tion in sediment with smaller pore sizes 45 mm to 0.45
mm.42,52,54,55,61
27198 | RSC Adv., 2023, 13, 27190–27202
Sampling methodologies in freshwater bodies are very
important and inuential in the prevalence of microplastic
composition typologies, because more than 70% of polymers
found in this study have a density greater than 1 g cm−3 and in
most of these works only sampled microplastics at the water
surface. A systematic review of microplastic methodologies in
freshwater sediments report that mesh variability is a potential
source of heterogeneity in the abundance and possibly preva-
lence of microplastics in lentic ecosystems because increasing
pore size substantially reduces the concentration of micro-
plastics found.88
Extraction methodology

For the processing of microplastics collected in the eld, they
must be separated from the type of sample of origin (water and
sediment), either by ltration only, as is generally done in water
samples, or separation by densities for sediment samples. The
latter method consists of taking a subsample of sediment and
mixing it with a substance of a dened density. The choice of
the substance is subject to various factors such as economy,
performance, and efficiency, among others. The purpose of this
methodology is to extract microplastics from sediments with
a substance of higher density than that normally found in the
water bodies of origin.

In this study, the covariate type of densities was found to be
signicant in the evaluation of the meta-regressions (Table 1),
explaining part of the heterogeneity in the prevalence of these
polymers. Five different density types were found for the
extraction of microplastics in sediments, the densities used
were as follows: lithium tungstate (Li2WO4)44 with r =

3.2 g cm−3, sodium chloride (NaCl)43,52,55,56,59,71,80,89–91 with r =

1.2 g cm−3, sodium iodide (NaI)54 with r = 1.6 g cm−3, sodium
polytungstate (SPT)61 with r = 1.5 g cm−3, and zinc chloride
(ZnCl2)58,70,72,79 with r = 1.5 g cm−3.

Sodium chloride (NaCl) is the most widely used substance
for the extraction of microplastics from sediment samples in
lentic and marine ecosystems, due to its low cost, easy acqui-
sition and environmental friendliness, but NaCl can present
difficulties as it is not efficient in recovering high-density
polymeric particles (r > 1.2 g cm−3), which leads to reporting
biased prevalence of microplastics.59 In addition, this method
requires a higher number of washes per sample (minimum 3) to
increase extraction efficiency. Despite these disadvantages,
sodium chloride was identied as the most used compound; in
turn it presented the highest efficacy in the diversity of polymers
recovered (n = 17).52 Sodium polytungstate (SPT), like NaCl, is
environmentally friendly and has high recovery rates. Although
SPT was evaluated in only one study, it presented a high
diversity in the recovery of different types of polymers (n = 13).
SPT's main disadvantage is the high cost, generating a decrease
in the use of this compound in most research.87

Another substance for the extraction of microplastics in
sediment is sodium iodide (NaI), which separates polymers of
high density (1.6 g cm−3). This substance is highly recom-
mended for its high recovery rate with 99%, and polymers of
higher density are recovered as compared to NaCl. This salt
© 2023 The Author(s). Published by the Royal Society of Chemistry
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requires a single washing of the sediment. NaI is mainly rec-
ommended for use in elutriation columns, and can be reused in
up to ten cycles, through evaporation and elevation stages,
making its price comparable to that of NaCl. The main disad-
vantages of this substance are: (1) it is environmentally
unfriendly, so special care must be taken during use and
disposal, and (2) it reacts with cellulose, generating dark and
sometimes confusing identications when using lters with
this composition. The use of ZnCl2 as a separation uid pres-
ents a recovery rate of 100% for large macro- and microplastics
(>1 mm), and a rate of 95.5 ± 1.8% for microplastics (<1 mm).
This substance is environmentally harmful, therefore it must be
handled with care, as with NaI and Li2WO4.72
Heterogeneity of studies

Research on microplastics in freshwater bodies has been
increasing since about 2015.51 In our analysis, 229 studies were
initially found, but only 21 met the selection criteria to address
the study of the prevalence of microplastic typologies. Most
studies were discarded due to the absence of concise data on the
number of particles found and their respective typological
classications. This result is comparable to an analysis by
Blettler et al.92 in which they found only 13% of the freshwater
microplastic reports met their search criteria. At the same time,
they showed that the average number of studies on freshwater
bodies varied from marine microplastic studies with a publica-
tion rate of 7 out of 41 studies focused on marine water sources.
Freshwater bodies are potential sources of microplastics
research because of very different characteristics of these
ecosystems from each other. The absence or paucity of infor-
mation in many countries on the status of their water sources
generates a knowledge bias in trying to establish the global
behaviour of microplastic typologies in lentic ecosystems.
Therefore, this absence of information is considered as an
unexplained, but potential, source of the heterogeneity pre-
sented in our study.

Note that lentic ecosystems commonly present a high vari-
ability in the sample variance because some sampling zones are
surrounded by industrial areas and/or high population density,
and are receptors of WWTP, as well as other inputs. The high
heterogeneity also may be related to the fact that many studies
have large sample sizes, which are considered outliers for the
mean value of prevalence.
Conclusions

In conclusion, the present study sheds light on the prevalence
of various microplastic polymer types in different distribution
zones of lentic ecosystems, emphasizing the dominance of PE,
PP, and PS. These ndings align with global polymer produc-
tion rates, which contribute to the ubiquity of these plastics in
aquatic environments. The study also highlights the signicant
role of geographic regions in microplastic prevalence, with
North America, Asia, and Europe experiencing the highest
contamination levels due to industrial activities and other
anthropogenic factors.
© 2023 The Author(s). Published by the Royal Society of Chemistry
This study emphasizes the importance of understanding the
unique physical characteristics of lentic ecosystems, such as
wind speed, depth, and eutrophication, as well as the impact of
seasonal variations and human activities on microplastic
distribution. Additionally, the need for methodological stan-
dardization in microplastics research and the development of
standardized sampling and extraction techniques is crucial to
accurately assess microplastic prevalence and address the high
heterogeneity found in the data.

Moreover, the scarcity of studies that meet the selection
criteria underscores the need for more comprehensive research
on microplastics in freshwater ecosystems, particularly in
regions with high population densities or industrial activities.
This knowledge gap highlights the importance of expanding
research efforts to gain amore accurate understanding of global
microplastic behaviour in lentic ecosystems, which will in turn
facilitate the development of effective mitigation strategies.

To sum up, further research on microplastics in lentic
ecosystems is essential, considering the unique physical char-
acteristics and anthropogenic inuences present in each
ecosystem. By standardizing sampling and extraction method-
ologies, researchers can generate more accurate and compa-
rable data on microplastic prevalence in these ecosystems.
Ultimately, a more comprehensive understanding of micro-
plastics in lentic ecosystems will help inform policy interven-
tions, global collaboration, and the development of effective
strategies to mitigate this emerging environmental threat.
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30 V. Gómez-Rubio, ggplot2 - Elegant Graphics for Data
Analysis (2nd edition), J. Stat. Sow., 2017, 77(Book Review
2), 1–3, DOI: 10.18637/jss.v077.b02.

31 A. L. Andrady, Plastics and Environmental Sustainability, J.
Wiley & Sons, ed., Wiley, 2015.

32 R. Geyer, J. R. Jambeck and K. L. Law, Sci. Adv., 2017, 3,
e1700782, DOI: 10.1126/sciadv.1700782.

33 G. Erni-Cassola, V. Zadjelovic, M. I. Gibson and J. A. Christie-
Oleza, J. Hazard. Mater., 2019, 369, 691, DOI: 10.1016/
j.jhazmat.2019.02.067.

34 L. Fok, T. W. L. Lam, H. X. Li and X. R. Xu, Sci. Total Environ.,
2020, 718, 135371, DOI: 10.1016/j.scitotenv.2019.135371.

35 A. Sanchez-Vidal, R. C. Thompson, M. Canals and W. P. De
Haan, PLoS One, 2018, 13, e0207033, DOI: 10.1371/
journal.pone.0207033.

36 S. A. Mason, L. Kammin, M. Eriksen, G. Aleid, S. Wilson,
C. Box, N. Williamson and A. Riley, J. Great Lakes Res.,
2016, 42, 753, DOI: 10.1016/j.jglr.2016.05.009.

37 G. Suaria, C. G. Avio, A. Mineo, G. L. Lattin, M. G. Magaldi,
G. Belmonte, C. J. Moore, F. Regoli and S. Aliani, Sci. Rep.,
2016, 6, 37551, DOI: 10.1038/srep37551.

38 S. Abidli, Y. Lahbib and N. Trigui El Menif,Mar. Pollut. Bull.,
2019, 142, 243, DOI: 10.1016/j.marpolbul.2019.03.048.

39 A. Bour, A. Haarr, S. Keiter and K. Hylland, Environ. Pollut.,
2018, 236, 652, DOI: 10.1016/j.envpol.2018.02.006.

40 N. Ory, C. Chagnon, F. Felix, C. Fernández, J. L. Ferreira,
C. Gallardo, O. Garcés Ordóñez, A. Henostroza, E. Laaz,
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