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Abstract: Lakes are essentially interlinked to humans as they provide water for drinking, agriculture,
industrial and domestic purposes. The upsurge of plastic usage, its persistence, and potential
detrimental effects on organisms cause impacts on the trophic food web of freshwater ecosystems;
this issue, however, still needs to be explored. Zooplankton worldwide is commonly studied as an
indicator of environmental risk in aquatic ecosystems for several pollutants. The aim of the review
is to link the existing knowledge of microplastic pollution in zooplankton to assess the potential
risks linked to these organisms which are at the first level of the lacustrine trophic web. A database
search was conducted through the main databases to gather the relevant literature over the course
of time. The sensitivity of zooplankton organisms is evident from laboratory studies, whereas
several knowledge gaps exist in the understanding of mechanisms causing toxicity. This review also
highlights insufficient data on field studies hampering the understanding of the pollution extent
in lakes, as well as unclear trends on ecosystem-level cascading effects of microplastics (MPs) and
mechanisms of toxicity (especially in combination with other pollutants). Therefore, this review
provides insight into understanding the overlooked issues of microplastic in lake ecosystems to gain
an accurate ecological risk assessment.

Keywords: microplastic; lake; freshwater; zooplankton

1. Introduction

Lakes play a vital role in providing ecosystem services [1]. However, human activities
are impacting these fundamental ecosystems. Here, zooplankton is a group of invertebrate
organisms which represents one of the key communities for ecosystem functioning: it
plays a pivotal role as a mediator “organism” in food webs, promoting exchange between
primary producers (phytoplankton) and the upper levels (invertebrate predators), and
is reactive to changes in abiotic factors through space and time [2—4]. Freshwater zoo-
plankton is particularly sensitive to anthropogenic activities, such as land use change and

Copyright: © 2023 by the authors.

} ) urbanization [5-8], and is commonly studied worldwide [3,9-11]. Ecotoxicology research
Licensee MDPI, Basel, Switzerland.

focused mostly on pollution caused by chemicals to zooplankton functionality and ecology
in freshwater ecosystems [12-15], while plastics still represent an unexplored issue [16].
Plastic has emerged as a potential major disturbance of freshwater ecosystems at a
Attribution (CC BY) license (https:// global scale [17]: the yearly plastic production rate was around 370 million metric tons
creativecommons.org/licenses /by / in 2019 [18] and almost 4.6% goes into marine waters through rivers and lakes [19,20].
40/). In freshwater ecosystems, the common plastic constituents are polyethylene (PE) and
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polypropylene (PP), followed by polystyrene (PS), polyvinyl chloride (PVC), polyamide
(PA) and polyethylene terephthalate (PET) [21]. Large plastic parts break down in mi-
croplastics (<5 mm in size—MPs), which can more easily enter the food web [22]. Moreover,
plastics constitute a number of chemical compositions [23] and are capable of adsorption
of organic pollutants present in the surrounding media [24]. Since these compounds are
carried to organisms by ingestion, microplastics may serve as vectors for organic and
inorganic contaminants [25] and expose biodiversity to these harmful chemicals [26,27].

While the presence of MPs is common in both marine and freshwater ecosystems,
emphasis has been given firstly on marine water: the surging of microplastics in fresh water
is therefore a critical matter to examine [28].

Microplastics possess bioaccumulation capability [29], which can increase at diminish-
ing particle size [30,31], making them easily transferable in the trophic web [32,33] during
prey-predator collaboration, directly or indirectly [34]. The aquatic organisms from plank-
ton and fish to birds and even mammals in the ecosystem may accumulate microplastics
in the food web [22] (Figure 1). Few studies have been conducted on microplastics in
freshwater lakes as more work is done on the marine environment. Studies accountable
for fresh water and microplastics are estimated to be less than 4% [35-38]. Based on this
limitation, it was found that a conspicuous fraction of MPs are found in fresh water [39]
following a heterogenous distribution pattern [40]: this is due to abundant land-based
sources, combined with easy transport routes and other non—point sources of MPs (e.g.,
atmospheric deposition) [41,42]. Thus, the understanding of MPs pollution and the eval-
uation of the effects on zooplankton in lakes can be a key sentinel of ecosystem-level
impacts of MPs in freshwater bodies, as zooplankton is the first step of the trophic web in
lakes. Therefore, the aim of the present review is to analyze the state of the art concerning
lacustrine zooplankton and MPs.

Phytoplankton
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Figure 1. Scheme of MPs uptake route and potential transfer in the trophic web of the lake ecosystem.

2. Database Search for Articles on Microplastics and Freshwater Zooplankton

’

The search was conducted using the “Web of Science”, “Scopus”, and “Google Scholar’
databases, employing keywords such as microplastic, zooplankton, freshwater, lakes. Addi-
tionally, another search was performed with keywords including microplastic, zooplankton,
laboratory experiments, freshwater. The research outputs obtained in all the search engines
were merged and combined. Subsequently, the research was refined by merging the results
related to lakes and laboratory experiments conducted with lacustrine zooplankton. Based
on the aim of the review, exclusivity criteria were applied to retain the precision of the re-
view. Articles relating to marine environments, wastewater studies, modeling approaches,
reviews encompassing other than freshwater bodies, and those focusing on biota excluding
zooplankton were systematically excluded. Therefore, as a result, a total of 49 articles were
selected, covering the period from 2016 to the present (2023), indicating a slight increase in
the number of articles over time.
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3. Zooplankton and Microplastics in Lab Studies: Assessing Hazard and Exposure
of Microplastics

3.1. Effects to Individuals and Different Endpoints

The use of zooplankton species is common to assess the exposure to several pollutants,
including MPs (Table 1 specifies all the results discussed in the following paragraphs). Zoo-
plankton organisms, (e.g., Daphnia spp., copepods, rotifers) are found to be highly sensitive
towards microplastics, especially considering several secondary endpoints such as motility,
morphology, reproduction, pulsation, digestion processes and oxidative stress [43,44].

Interestingly, De Felice et al. [45] exposed zooplankton for 21 days (chronic test) to
polystyrene (PEST) nanoplastics, observing no effects on oxidative stress and swimming
activity, even if a noticeable alteration in energy preservation was developed. Behavioral
alterations upon the exposure of zooplankton to PS microplastics such as changes in
swimming and phototactic locomotion were also observed by De Felice et al. [46].

Whereas, Tang et al. [47] conducted the experiment of MPs and their impacts on
the DNA of zooplankton for three concentrations of MPs for 10 days and observed that
oxidative mechanism, energy formation and cellular transfer activities were increased
noticeably at 2 and 4 mg/L while at 8 mg/L the progress was declined. Aljaibachi et al. [48]
investigated the intake, detention, and the effects of 2 um PS MPs in D. magna with respect
to food ingestion with Chlorella vulgaris, in the presence of algae; microplastic consumption
was reduced, indicating that Daphnia did not conveniently eat algae. The mature Daphnia
showed mortality after 7 days with 21 days of exposure, but reproduction was not impacted.
Chen et al. [49] detected the effects of colored microplastics and algae on D. magna feeding
characteristics. It was revealed that Daphnids were unable to differentiate between colored
MPs and algae. However, an interesting observation was found that algae consumption
increased as MPs were 40% of algal cells, possibly due to daphnids maybe broadening their
filtering gapes with diminishing food quality. The process was stopped shortly as the result
of flocculation of MPs and algae settled down the Daphnia.

3.2. Role of Particle Characteristic in Toxicity

As with other particulate matters in water, the particle size and shape, the surface
properties and chemistry of MPs may play a role in their exposure route and, in turn, in
their toxicity to zooplankton. In the following subsections, we review the effects of particle
properties and chemicals observed in exposure studies on zooplankton.
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Table 1. Summary of the main results of laboratory-based ecotoxicological studies.

Zooplankton MPs Concentration in Affected Endpoint MPs Size MPs Type Morphology (Fiber, Exposure Assessment Results References
Type Zooplankton Pallets, Fragments, etc.)
*  Significant changes in energy Gene associated with oxidative
PS-NPs; 0.05 and reserves. . . s
D magna . N 50 nm PS spherical nanoplastics stress response occurred within [45]
0.5 ug/mL ° No alteration of swimming
.. contact of 21 days.
activity.
0.125,1.25 and e  Enhanced body size and . .
D. magna 125 ug/mL) swimming activity 1 um and 10 um PS beads e  No noticeable risk. [46]
e  Long-term contact of
microplastics impacted the
e  Oxidative production oxidative protection
D. magna 2,4 and 8 mg/L declined P 1.25 um PS microbeads mechanism at 8 mg/L. [47]
: e  Microplastics depuration
from cells escalated the
microplastics toxicity.
e  Single concentration of MP
. was consumed rapidly in
D. magna 1.46 x 102 mg/L * i?iigﬁjﬁfg;ahty not 2 um PS large quantities. [48]
p ’ e  Daphnia did not consume
MP in the presence of algae
e  Daphnids were unable to
differentiate between colored
. white, green, orange and red PS MPs and algae.
D. magna 6 MPs/mL ¢ Noimpact. 5 pm round-shaped microbeads e  The phenomenon was 491

stopped on the third day due
to accumulation of MPs.
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Table 1. Cont.

Zooplankton MPs Concentration in Affected Endpoint MPs Size MPs Type Morphology (Fiber, Exposure Assessment Results References
Type Zooplankton Pallets, Fragments, etc.)
Digestive tract damage. ° MPs 500 nm constrained
D. magna 05,1,2and 4 mg/L) 2and 4 mg/L: impeded 500 nm PS antioxidant processes and (5
survival. interfered with energy
metabolic pathways.
. 300 um, 120 um facial cleanser products, 1 plastic e  Small MPs particles were not
D. magna 100 mg/L No impacts. and 20 pm bag and 1 textile fleece hazardous. (511
° Easy ingestion of small
microplastics.
e 1 pm ingestion caused
D. magna 12.5-400 mg/L Increased immobilization. 1 and 100 pm PE spherical particles immobilization increasing [52]
with dose and time after 96 h.
No ingestion with 100 pm
particles.
° Microbeads intake occurred
. 0,0.1,1,10 and 10 ug/mL: oxidative damage . easily.
Rotifers 20 pg/mL) to cells and membrane. 0.05,0.5and 6 um PS microbeads e  Microbeads scattered in the (53]
digestive tract.
rotifer (5 pg/mL, 10 ug/mL, >10 pg/mL: reduced ) izu::i_vs;ziinM:cstf osed
Brachionus 20 pug/mL and lifespan, development, 50, 100, 500 nm PS pallets & . p ) [54]
s . o Large particles were not
plicatilis 50 ug/mL) reproduction. harmful
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Table 1. Cont.

Zooplankton
Type

MPs Concentration in
Zooplankton

Affected Endpoint

MPs Size

MPs Type Morphology (Fiber,
Pallets, Fragments, etc.)

Exposure Assessment Results

References

D. magna

2mg/L.

Increased toxicity via
translocation.

20 nm and 1000 nm

PS microbeads

Fast excretion with larger
beads up to 90% in 4 h as
compared to small-size
beads in 4 h up to 40%.
Ingestion of small-size
particles was equal
to/greater than
large-size beads.

[55]

Monogonont
Rotifer
(Brachionus
koreanus)

0.1,1,10 and 20 pg/mL.

Declined development,
fertility, reproduction and
lifetime.

0.05,0.5 and 6 um

PS microbeads

Small microbeads are more
toxic than large ones.
Adverse effects of
microplastics are
size-dependent.

Large microbeads depurated
easily.

[56]

D. magna

10, 50, 100 and
500 mg/L.

Reduced reproduction,

survival traits and offspring.

2.0-60 pm and
8.0-240 um

PVC, PUR and PLA microplastics
irregular particles

At 10 mg/L, survival was
impacted.

Microplastic declined the
propagation and reduced the
number of offspring from
101 to 34 at 100 mg/L and to
0 at 500 mg/L.

[57]

D. magna

5mg/L

Decreased number of
juveniles, body length and
survival traits.

small- and
large—sized MPs
fragments (17.23
and 34.43 um)
MPs beads (39.54
um).

PE MPs fragments (large
irregular) and beads (small
spherical regular).

Resilience to small- and
large—sized MPs fragments
was 20 and 60%, respectively,
on exposure as compared to
MPs beads (90%), i.e., less
upon contact with MPs.
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Table 1. Cont.
Zooplankton MPs Concentration in Affected Endpoint MPs Size MPs Type Morphology (Fiber, Exposure Assessment Results References
Type Zooplankton Pallets, Fragments, etc.)
Fibers caused a 50% decline
in propagation.
Ceriodaphnia 0.5 to 16 mg/L of PE N Reduced reproduction. 1—.4 um PE. PEST fibers and PE spherical Fibers affecfc zooplankton
dubia beads and 0.125 to ] microplastic 116 beads more negatively than beads.  [59]
4 mg/L of PEST fibers. ~ Increased fatality. pm beads 100% fatality at 4 mg/L for
PEST fibers and 8 mg/L for
PE beads.
Regular—shaped beads
PE microplastic, two types: caused immobility after 48 h
. . beads (10-106 um) . o
D. magna 0.0001-10 g/L e  Increased immobility. and fragments regular round—shaped beads at 5g/L,ie. 50% less than [60]
(10-75 yim) and irregular fragments.
K irregular-shaped fragments. Slower depuration of
irregular fragments.
e  Reproduction, survival and No impact on development,
D. magna 9.2 and 69 mg development were 144 and 543 nm Ethylene acrylic acid copolymer fecundity or resilience in [61]
unaffected. 21 days.
Ingestion of 300 um occurred
length range: beside huge fibers around
I d fatali 62-1400 um, width 1400 pm.
D. magna 12.5-100 mg/L ° ncreased fatafity. 31-528 pum, PET regular textile microfibers Fatality escalated with fibers  [62]
thickness after 48 h only with
1-21.5 um zooplankton not fed

with algae.
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Table 1. Cont.

Zooplankton MPs Concentration in Affected Endpoint MPs Size MPs Type Morphology (Fiber, Exposure Assessment Results References
Type Zooplankton Pallets, Fragments, etc.)
lsrlllf}; fircl’? and No. of particles stored: D.
competitor: pulex stored PS (46.09) more
D. pulex and Reduced 1 . PS 23.3 um glanalI;];Zt;Z.l) as compared to
D. magna, 0.2mg/L educed female population. and PS and PE -8 ) . [63]
Higher accumulation of PS
D. magna and PE 23.0 um . .
D. ealeata particles, i.e., (44.30)
-8 ! compared to PE (19.73),
D. pulex and irrespective of species
D. galeata P p )
Microplastic leach the
fluorescent dye.
Inflammation and Both 20 nm and 1000 nm
D. magna 2mg/L bioaccumulation. 20 and 1000 nm PS beads were visible in the gut. [64]
Translocation poses internal
damage and
bioaccumulation.
Decreased reproduction
10,000 and L . Irregular MPs cause more
D. magna 2000 particles/ mL development and survival <63 pm Irregular PS particle toxicity than Kaolin. [65]
mechanism.
Declied endurance almost
(81% to 21%), young ones’
. . size (1.8 mm to 1.0 mm),
Daphnia 0.03mg C/L Reduced reproduction, 1.2-40 pm PET, PS, tray and toy nbrick mature size (2.7 mm to [66]

growth and survival.

(acrylonitrile butadiene styrene)

1.1 mm), and propagation
(13 offspring per surviving

adult to 0).
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Table 1. Cont.

Zooplankton
Type

MPs Concentration in
Zooplankton

Affected Endpoint

MPs Size

MPs Type Morphology (Fiber,
Pallets, Fragments, etc.)

Exposure Assessment Results

References

D. magna

0.04,0.09,0.19 mg/L

Reduced population.

1-5 um diameter

Polymer microspheres.

0.19 mg/L reduced the
population dynamics up to
38% at 20 °C and 59% at
25°C.

MPs at higher temperature
decrease population more
than lower temperature.

[67]

D. magna

200 mg/L

Decreased immobilization.

15-20 pm

Irregular-shaped PA particles

No impact of PA particles
alone.

Combined effect of PA and
BPA led to decreased
immobilization.

[68]

D magna

0,1,10mg/L

Delayed fertility, reduced
neonates, and survival
mechanism.

1-4 um

PE spherical particle

MPs 10 mg/L declined the
young zooplankton.
Combination of
Deltamethrin and MPs
declined resilience, female
population by 51.1% and
46% offspring.

[69]

D. magna

0.1mg/L

Increased immobilization
and physical damage.

1 and 10 pm

PS particles

MPs and roxithromycin
(ROX) both alone and
individually trigger
biological responses.

48 h exposure to PS

(0.1 mg/L) or ROX
(0.01 mg/L) alone led
oxidative stresses.

[70]
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Table 1. Cont.
Zooplankton MPs Concentration in Affected Endpoint MPs Size MPs Type Morphology (Fiber, Exposure Assessment Results References
Type Zooplankton Pallets, Fragments, etc.)
PE escalated fatality as
compared to PET/PA, but at
. 168 h fatality values were
D. magna 2.5mg/L Increased fatality. Lng:/l\/ligftﬁcc)) fll ;n m Egerrr;)crobeads and (PET/PA close, i.e., 38.3% and 31.7%. [71]
K Fatality escalated PET/PA+
glyphosate acid (by 17.5%
after 168 h).
(0.08 Li + 0.19 MP mg/L)
declined the population
0.02 Li + 0.04 MP, 0.04 Li Increased fatality rate and dynamics up to 67% and
D. magna +0.09 MP mg/L, 0.08 Li reduced bo ulat}i]on rowth 1-5 um fluorescent plastic microspheres 58%, respectively. [72]
+0.19 MP mg/L pop & ' Declined the physical
growth by 20% and 40%,
respectively.
Small microplastics,
individually or in groups,
lower MPs create more immobilization
concentrations and physical deformation as
(0.01-10 mg/L) and Increased immobilization compared to large at low
D. magna higher MPs and physical disfigurement. 10 pm and 50 pm PS beads concentrations. (73]
concentrations Small microplastics have

(10-1000 mg/L)

enhanced adsorption
capacities on metals as
compared to large.
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Table 1. Cont.

Zooplankton MPs Concentration in Affected Endpoint MPs Size MPs Type Morphology (Fiber, Exposure Assessment Results References
Type Zooplankton Pallets, Fragments, etc.)
concentrations of plain
PS, PS-COOH,
PS—n-NH, and e  Pure microplastic was more
PS—p—NHz in exposure ‘ 100 nm, 50-100 nm toxic than functlonahzed
D. magna suspensions were setata e  Increased fatality. and 300 nm PS microplastic. [74]
range of 0-75 mg/L, e  Functionalized PS—p-NH,
0-70 mg/L, 0-40 mg/L caused no immobilization.
and 0-100 mg/L,
respectively
o  Toxic effects of PSSCOOH
. . PS: 201.5 and were higher than PS.
Increased immobility and carboxyl group (PS-COOH) and
D. magna 1,5, 10, 20 and 30 mg/L tOXlClty PS-COOH 191.3 PS Nickel (Nl) with PS~COOH was [75]
nm higher in toxicity as compared to
a mixture of (Ni) with PS.
e Integration of nanoplastics
) ) 50nm to 5.00 nm and phenanthrene prevented
D. magna (1-50) mg /L up to e W0 mg/‘L. ex‘trer'ne P hysmal nanoplastics and Beads the excretion of particles. [76]
100 mg/L and swimming impediment. (5 r:)nrll; ilc(zoprizsii e  MPs did not show any
H p ’ bodily disfigurement.
° Increased fatality, decreased . Mixtures caused more
D. magna 12mg/L reproduction, and 1-5 um Not mentioned toxicity than AuNP and MPs  [77]
immobilization. individually.
e Rigid PVC and glass beads
had no impact on body size.
e  Increased body size. e  Flexible PVC maximized
D. magna 2.67 ug/L 100-150 pm PVC [78]

Decreased reproduction.

body size and decreased
reproduction.

Fatality did not increase.
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Table 1. Cont.

Zooplankton
Type

MPs Concentration in
Zooplankton

Affected Endpoint

MPs Size

MPs Type Morphology (Fiber,
Pallets, Fragments, etc.)

Exposure Assessment Results

References

D. magna

2 and 6 mg/L

Reduced reproduction and
defense mechanism.

0.7 pm-3 um

PS spherical plastic

MPs 0.7 um damaged the
protection mechanism.
Small-size MPs are more
dangerous than large ones.

[79]

Daphnia galeata

5and 20 mg/L

Reduced fertility and spore
production.

<100 nm

PS spherical particles

Life duration shortened in
12 days.

High concentration caused
mortality in 5 days.

[80]

D. magna

20-2000 mg/L

Negligible bioaccumulation.

No impacts on tissue.

6 um

PS microsphere rounded shape

Microplastics were found in
the GI tract up to 5 days’
contact.

Microplastics were excreted
between 72 and 96 h, majorly
influenced by the food
existence.

Low bioconcentration
caused fast excretion.

[81]

Daphnia

2 mg/L for the water
column (PE with
fluorescent)

Lower Daphnia biomass

200 pm

PE, PP, PS, PVC, PA and PET

Biomass for other
zooplankton was not
reduced.

Evidence of MPs trophic
transfer was shown.

[82]

D. magna

0, 5,40 and 160 mg/L

Retardation in fertility and
reproduction.

<70 pm

PE particles

MPs may impact the
resilience and
behavioral-affiliated
changes.

MPs 40 mg/L hampered two
days reproduction and
particular female neonates.
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Table 1. Cont.

Zooplankton MPs Concentration in Affected Endpoint MPs Size MPs Type Morphology (Fiber, Exposure Assessment Results References
Type Zooplankton Pallets, Fragments, etc.)
Declined feed rate up to 21%.
D. magna (1) ?EI/I;’LO'S mg/L and e  Noimpact on reproduction. 2 pm and 100 nm PS spherical beads e  Slow evacuation caused [84]
e declined feeding rate.
e  Increased fatality ® 121/[1)15 toxicity and enil'l"lé_yh
. ecline were more at higher
D. magna 2mg/L Reduced reproduction and 1.25 um PS particles temperature, i.e., 30 °C [85]
population dynamics. compared to 20 °C.
e  Secondary microplastics
(SMPS) escalated fatality and
declined propagation at high
D. maena (0.4and 9 pgC/mL)and o Increased fatality and Beads (1-5 pm) of PMP: PE spherical beads and MPs levels. [86]
- 1Mag MPs reproduction. fluorescent PE. SMP; PE irregular beads e Doubled gut passage time
with SMP.
SMPS have more negative
impacts.
D. magna 200 ng/mL or *  Zooplankton did not show 1 um PS beads ’ g\%i};gir;ziar’g ; ;)I; ol [87]
- 1Mag 360,000 particles/mL harmful impacts. K Y

harmful for Daphnia
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3.2.1. Role of Particle Size

An important factor in defining the exposure of MPs to zooplankton is the particle size.
The particle size, for example, is key to define the potential exposure by particle ingestion
to zooplankton: for D. magna, the maximum estimated ingestible size is 114.87 um [87].
The size of particles also defines the probability of transmovement in tissues leading to
inflammation. Koelmans et al. [87] generally stated that the standard MPs size range for
this process is between 10 nm and 3 pm. Considering the size of MPs used in the studies
reviewed in this paper (Figure 2), it is evident that the main uptake route analyzed so far
included the ingestion of fragments by organisms, while a minor component of studies
assessed the effects also of MPs with coarser grain size. In addition, the studies assessing
the effects generally analyze concentrations of MPs which are generally up to several orders
of magnitude higher than the environmental ones [88].

7.84%

(A)

(B)

<1 1-10 10-100 >100
Size class (um)

Figure 2. (A) Pie chart showing the polymers used in different ecotoxicological tests to expose
zooplankton species. N/A indicate the studies where polymer type was not defined. (B) Average
size distribution of the MPs used in the ecotoxicological tests reviewed here.

Zhu et al. [50] analyzed PS-MPs gathered in the digestive tract of zooplankton. It
was found that 2 and 4 mg/L of PS-MPs caused inhibition in endurance capabilities. The
21- or 14-day exposure up to 4 mg/L of MPs constrained the body length and repro-
duction. Also, contact of 500 nm PS-MPs for 14 days constrained glucose, and fructose
constituents consequently perturbed the system of lipid transfer and exertion. Interestingly,
PS-MPs triggered DNA restoration but retarded the lipid ingestion. The smaller—size
particles caused severe toxicity, and similar trends were observed with long—term contact
to large-size 500 nm particles, including restriction in energy and antioxidant catabolism.
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Kokalj et al. [51] analyzed four different MPs from two facial cleansers, a plastic bag and
PE textile fleece. The mean size range of the particles was 20 to 250 pm, and it was found
that four of them were in the guts of D. magna. MPs below 100 um were taken up in the gut.
The increase in size of MPs led to a reduction in the gut. The exposure was not hazardous
to D. magna. The size of MPs clearly impacts the potential exposure of zooplankton: as an
example, Rehse et al. [52] investigated the short-term exposure of MPs using PE particles
at sizes between 1 pum and 100 um up to 96 h. Only the 1 um particle size was ingested and
caused movement restriction with prolonged exposure and dose, whereas 100 um was not
absorbed and did not have impacts.

Jeong et al. [53], for example, found increased uptake of MPs of smaller size (0.05 pm)
as compared to micro-sized beads (6 um), leading to oxidation stress due to lipid mem-
branes’ deterioration. Mao et al. [54] evaluated instead the individual effects and combined
effects of microplastic on zooplankton. The results revealed that small-size MPs have
harmful effects on the life period, hatching time of eggs, population growth and fertility
as compared to large—size MPs. Moreover, the synergistic effects of varied-size MPs with
other pollutants on the life period, reproduction and population growth were noticeable.
Likewise, Rosenkranz et al. [55] compared two different size microplastics (i.e., 20 nm
and 1000 nm average particle size) on zooplankton. Fast collection of both particles was
observed in the digestive tract within an hour of contact. The 20 nm particles were low
with respect to mass but were equivalent to 1000 nm particles if the total surface area is
considered. Defecation was fast compared to 1000 nm particle uptake, declining by more
than 90% over 4 h. Comparatively, defecation of 20 nm was slow, almost 40% over 4 h.

Similarly, De Felice et al. [46] investigated the effects of microplastic absorption and
desorption on the behavior of zooplankton for 21 days with two differently sized PS
microplastic 1 and 10 um on zooplankton and discovered that fecundity, phototactic habits
and swimming abilities were affected. Both particles remained in the digestive tract of
zooplankton beyond 96 h. As compared to most of the studies, this study revealed an
enhancement in body development, swimming ability, amplified brood despite the contact
with the highest microplastic size. Moreover, negative impacts were observed on population
tendencies. Jeong et al. [56] detected the negative impacts of ingestion and egestion MPs
exposure of size 0.05, 0.5 and 6 pm nonfunctionalized PS microbeads. The results revealed
that PS microbeads led to the declined development, reproduction, with consequences on
life period and delay in reproduction. Moreover, 6 um microbeads were removed more
easily than the other sizes of microbeads, clearly suggesting size-dependent effects.

3.2.2. Role of Morphology and Particle Chemical Features

Chemical properties of MPs can also play an important role in defining their toxicity,
as well as the set of additives often included in formulates [89,90]. Generally, the poly-
mer type is the main variable assessed to observe different responses to MPs exposure.
Zimmermann et al. [57] analyzed three different types of uneven microplastics, PVC,
polyurethane (PUR) and polylactic acid (PLA) MPs on zooplankton for 21 days. The three
plastics showed a negative impact on the life history of zooplankton. PVC adversely im-
pacts fecundity. PLA declined the endurance abilities. However, it is worth considering that
the most frequently used polymer in ecotoxicological tests (in almost 50% of the analyzed
studies) is PS.

Rosenkranz et al. [55] also evaluated the effect of plastic surface properties (such as
rugosity, surface area) and the effects of plastic ageing (i.e., the biotic or abiotic degradation
of the polymer structure) which alters the surface properties and the effects of MPs on
zooplankton. An et al. [58] investigated the effects of MPs beads and fragments on D. magna
for 21 days. The contact of MPs fragments showed a noticeable decline in endurance
compared to contact with MPs beads. The endurance capability of D. magna in contact
with small and large-size microplastic fragments was 20 and 60% lower, respectively, as
compared to beads.
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Ziajahromi et al. [59] investigated the chronic and acute effects of microplastics from
wastewater treatment plants and PE beads and fibers on freshwater zooplankton, finding
that both types of plastics had dose-dependent effects and impacts. The acute contact of
both types of plastic had dose-dependent impacts on the endurance. Long—term exposure
impacted development and fecundity. Frydkjeer et al. [60] examined the absorption, eges-
tion and severe effects of different morphologically shaped PE microplastics in D. magna,
obtaining different results in absorption and defecation.

Coady et al. [61] assessed the impacts of PE microplastic toxicity on zooplankton for
21 days and found no noticeable impacts on the endurance, fecundity and development.
Furthermore, Jemec et al. [62] analyzed the effects of PET textile microfibers on zooplankton
after 48 h: the results revealed that the particles raised fatality only in zooplankton not fed
with algae, but after feeding, no effects were found. In addition, species—specific trends
were observed in some studies, also when comparing organisms with similar ecological
behavior. For example, Zebrowski et al. [63] examined the effects of microplastics on
various types of zooplankton with respect to superior and inferior competitor: D. pulex, D.
magna and D. galeata. The results presented that microplastics” impacts on the species type
were changed. The presence of PS and PE lowered the density of the superior competitor in
each of the three pairs, at least partially due to a reduction in the number of gravid females,
but not their fecundity.

Schiir et al. [64] used passive sampling to investigate fluorescent dye leached from
the particles. The results suggested that fluorescence in lipid storage droplets in Daph-
nids caused by a leaching of the dye PEST beads 1000 nm at 2 mg/L would be much
stronger, confirming that fluorescence in daphnid tissue occurred due to partitioning of
fluorescent dye from the plastic particles to the lipid droplets, helpful in translocation and
bioaccumulation.

Finally, an important way forward to understand the role of MPs chemical and morpho-
logical features on the effects on zooplankton is the ageing processes of MPs happening in
the environment (e.g., degradation due to solar radiation and biofouling). These processes
are known to alter chemical and physical properties of MPs in the environment [91,92].
Consequently, they can also reshape the potential exposure pathways and toxicological
effects on zooplankton organisms [93]. In addition, ageing of MPs can favor the leaching of
(toxic) chemicals present in the fragments, enhancing negative effects on organisms [94,95].

3.3. Co—Exposure with Other Stressors

The toxicity of MPs is often analyzed in combination with other stressors in laboratory
single—species exposures. Typically, other physical stressors and other different chemicals
are added in mixture with MPs when exposing zooplankton.

3.3.1. Physical Stressors

Temperature is a factor in assessing the effects of climate change. For instance,
Lyu et al. [85] investigated microplastic impacts and temperature on zooplankton and
found adverse effects. The toxicity increased with rising temperature. The increase in
temperature caused anomaly in ultrastructure epithelial cells, gene damages which led
to oxidative disruptions, energy and reproduction constraints. Microplastic impacts on
zooplankton and biomass formation can be exacerbated in a global warming scenario. Addi-
tionally, Schiir et al. [65] demonstrated the effects of asymmetrical microplastics (<63 mm)
and kaolin as a natural substance on the endurance, fecundity and the maturation of zoo-
plankton. Additionally, this study revealed exacerbating fatalities, adverse impacts on
fecundity and development. Hoffschroer et al. [96] evaluated the effects of temperature
and food supply on the PS (1 um diameter, concentration of 200 ng/mL) ingestion on D.
magna and D. pulex. An increase in ingestion rates of microplastic beads was observed in
the state of low food and elevated temperature.

Conversely, Hiltunen et al. [66] conducted laboratory experiment on microplastic
impacts on zooplankton, and no effects on development and fecundity were impacted.
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Moreover, Guilhermino et al. [67] investigated chronic negative impacts of microplastics
on zooplankton with respect to climate change related to population development and
fecundity at high water temperature and light intensity, finding that microplastic reduced
the population development rate by 27%. Sadler et al. [97] investigated temperature— and
clone-dependent effects on zooplankton. It was revealed that high temperature triggers
sensitivity and resilience in zooplankton.

3.3.2. Organic Pollutants

The effects of MPs were also tested in combination with other organic chemicals. These
types of study were performed to test the hypothesis of the so—called “vector effect” of MPs:
MPs can sorb or contain other chemicals which can be transported to the organism after the
ingestion of the MPs particles [98-100]. These mixed effects were tested on zooplankton
using several types of organic chemicals and metals. Rehse et al. [68] investigated the
effects of microplastics combined with contaminant bisphenol A (BPA). The microplastic
alone did not show adverse impacts, whereas dose-dependent effects were observed in
the case of BPA. The integration of BPA and PA posed negative effects with restricted
mobilization on zooplankton. Felten et al. [69] examined the individual and combined
effects of microplastics with pesticide deltamethrin (DM) pesticide on zooplankton for
21 days. The results revealed that microplastics (10 mg/L) posed adverse effects with
the decrease in young zooplankton population, whereas integrated effects of DM and
pesticide—caused negative impacts on offspring was observed. Also, the presence of the
polyhydroxybutyrate in addition to PE MPs, in turn, increased the population density of D.
magna in the variants with each of the remaining species, whereas PS and PE lowered the
density of the superior competitor in each of the three pairs.

The presence of the polyhydroxybutyrate, in turn, increased the population density of
D. magna in the variants with each of the two remaining species [63]. Then, Zhang et al. [70]
investigated the single and integrated impacts of microplastics and roxithromycin on D.
magna. It was found that smaller—size microplastics are more dangerous to zooplankton
than larger—size ones; 1 um PS individually or in combination may pose alarming oxidative
disruptions compared to 10 um PS. Then, Wan et al. [101] demonstrated that 15 microcystin—
leucine-arginine (MC-LR) microplastics was lethal to zooplankton.

Moreover, Zocchi et al. [71] evaluated a comparative study of different types of
glyphosate chemical formulations (glyphosate acid, glyphosate-monoisopropylamine salt
and Roundup Gran) and two types of microplastics PE microbeads and PET/PA fibers on
D. magna. The results suggested noticeably higher mortality in the presence of MPs with all
three formulations as compared to the absence of microplastics (i.e., in combination with
the PE microbeads or the PET/PA). Even the mortality was slightly increased in combina-
tion with Round Gran. In the absence of microplastic, glyphosate—-monoisopropylamine
salt caused the highest mortality (23.3%), whereas glyphosate (12.5%), acid alone caused
the lowest.

3.3.3. Inorganic Chemicals and Nanoparticles

The effects of MPs on zooplankton were also observed in concomitance with the
presence of dissolved metals and metal nanoparticles. The combined effects of plastic
and copper (Cu) were studied, and it was found that high stress was observed on molting
frequency with a single exposure of Cu but not with the mixture of Cu and plastic. Moreover,
young ones were more susceptible to Cu with or without microplastic. The exposure after
21 days of microplastic and Cu did not have chronic impacts on zooplankton. Similarly,
Dahms et al. [102] stated that zooplankton were sensitive to environmental pollutants.
Likewise, Zimmermann et al. [57], Guilhermino et al. [67] and Trotter et al. [103] stated that
microplastic restrained zooplanktons’ physical growth and length. While, Martins et al. [72]
analyzed the chronic impacts of micropollutants with lithium mixture on zooplankton and
found that the contact with mixture up to (0.08 Li + 0.19 MPs mg/L) may decrease the
population by 67% and 58%, respectively. Whereas, Yuan et al. [73] examined the negative
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impacts of microplastics (10 um and 50 pm) and heavy metals on zooplankton. The results
revealed that dose and size of microplastics are important factors with respect to the effects
on zooplankton. Enhanced adsorption was observed in smaller microplastics for metal ions.
The smaller plastic particle size had more negative impacts due to enhanced bioavailability
and adsorption capabilities. In the same way, Lin et al. [74] analyzed acute toxicity and
the behavioral effects of plain and functionalized (PS) microplastics on zooplankton. The
results of the study suggested that plain microplastics had fatal impacts and negative
behavioral impacts on zooplankton, whereas functionalized PS NPs were slighter than
plain PS.

Kim et al. [75] analyzed the effects of microplastics on D. magna and found an increased
immobilization induced by PS-COOH. The toxic effects of PS-COOH were more intense
than pristine PS, and it also exacerbated Ni toxicity in co—exposure in comparison to pristine
PS. This indicates that the surface properties of MPs play a key role in defining the toxicity in
combination with other chemicals. Ma et al. [76] assessed the effects of nanoplastics (ranged
from 50 nm to 10 pm) and microplastics (5 pm, 10 um, 15 um) on toxicity, bioaccumulation
and the environmental fate of phenanthrene in fresh water. The 50 nm particle had no
noticeable toxicity or physical injuries, whereas in 14 days’ incubation, the combined effect
of NP and phenanthrene prevented the excretion. The toxicity of MPs to D. magna relied on
size particles showing no bodily disfigurement. Thus, this showed the ease of ingestion and
excretion of microplastic beads from the intestines. On the contrary, 50 nm NP at 10 mg/L
posed intense harm on thoracopods, necessary for swimming.

Pacheco et al. [77] evaluated the effects of microplastics” size (1-5 pm) and gold
nanoparticles (AuNP) on D. magna. The results revealed declined reproduction and immo-
bilized young Daphnia. The mixtures caused more toxicity than AuNP and MPs individually.
Schrank et al. [78] detected the long—term impacts of flexible and rigid PVC on the shape
and life survival traits in D. magna. With the contact period of 31 days, rigid PVC and glass
beads had no impact on body size. On the contrary, flexible PVC maximized body size and
decreased reproduction, while fatality did not increase. As seen from the above, most of the
results testing the effect of MPs and other chemicals on zooplankton lead to unclear trends.
Both synergistic, antagonistic, and non-significant effects were observed. We highlight here
that the interaction of MPs with other chemicals relies on several physiochemical processes,
and the adsorption—desorption equilibria should be well established before assessing the
further effects on zooplankton [104].

3.4. Toward Improved Environmental Relevance: Exposure of MPs to Simplified Communities

Beyond the investigation of the effects of MPs on zooplankton in combination with
other stressors, other studies aimed at improving environmental relevance of the ecotoxico-
logical impacts of MPs, exposing simplified communities (e.g., in micro— or mesocosm) to
MPs. For example, Setdld et al. [36] revealed for the first time the possibility of microplastic
transfer via one trophic level (mesozooplankton) to the advanced level (macrozooplankton)
in the food web. In this experiment, food-web transfer was observed by mysid shrimps.
The results revealed that microplastics were taken up by various zooplankton species,
and their transfer was possible when mysid shrimp (grazers of zooplankton) contained
microplastic after feeding on mesozooplankton. Also, the exposure of mysid shrimps
occurred both directly and indirectly, indicating multiple pathways of microplastic transfer
in the food web.

Small MPs (24 nm) were used as feed in the food chain from algae to zooplankton
(D. magna) to goldfish (Carassius), with visible effects on the feeding behavior and metabolic
effects such as weight loss. The fish in contact with MPs doubled the consumption time
for the same amount of zooplankton as compared to control fish [105]. Verification of
trophic transfer of microplastics emerges from the quantification of MPs in the organisms
collected in the field, their ecological predators, and discreet feeding experiments that led
to a prototype of microplastic transfer via the fabricated food chain [34,106,107].
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Wang et al. [79] studied instead the impacts of PS MPs on morphological structure,
fecundity of zooplankton under the predation risk of zooplanktivorous fish Rhodeus ocellatus.
It was observed that the defense mechanism was compromised. However, swimming
movement, pulse rate and thoracic appendages were not impacted. Smaller particles
weakened the defense mechanism more than larger ones.

Furthermore, Mavrianos et al. [80] analyzed microplastic impacts individually and
integrated with microparasites Metschnikowia on zooplankton health. It was revealed
that a shortened life period and reproduction were observed. Zooplankton’s exposure to
microplastics for almost 5 days was lethal. Moreover, for all the microplastic concentrations,
this led to a reduction in fecundity.

Further, Elizalde-Velazquez et al. [81] investigated the decontamination of two con-
centrations of 6 mm PS MPs on Daphnia and on the fish species Pimephales promelas. The
presence of microplastic remained for 5 days in the gastrointestinal (GI) tract of both species,
and after 96 h exposure, microplastics were excreted. This study revealed that the presence
of food impacted the gut cleaning of Daphnia, and no transfer of microplastic entered in
tissues and organs via the GI tract.

Yildiz et al. [82] examined the effects of MPs on a lake ecosystem using in situ ex-
periments: model food web with zooplankton as herbivores, odonate larvae as predators
and chironomid larvae as detritivores for seven weeks were exposed to MPs. The results
showed that MPs uptake for the zooplankton was low and constricted to bigger—size Daph-
nia, leading to biomass reduction. Whereas, biomass for other zooplankton was not reduced.
The existence of MPs in the fecal pallets of odonate larvae that consumed zooplankton was
evidence of MPs trophic transfer.

3.5. Future Trends and Research Gaps in the Exposure of Zooplankton to MPs

The trends summarized here show a focus on the hazard assessment of MPs to zoo-
plankton in freshwater environments. However, while some first attempts to understand
more complex, community—level responses were recently investigated, a main link with
environmentally relevant conditions is still missing. Environmental data can, in fact,
provide guidance on the environmental boundary conditions in order to tune, at best,
ecotoxicological tests (Figure 3).

However, a key role is observed to be played by the particle properties of MPs frag-
ments. The morphological characteristics frequently used in bioaccumulation study include
spherical particles and pristine pellets, which limitedly represent plastics present in aquatic
ecosystems. Besides, the plastic that is used is imported by manufacturers and is not
damaged or impacted by microbial contamination, which could lead to an increased risk of
MPs pollution.

These unclear trends indicate that single—species tests may lead to overestimation or
underestimation of the risk, depending on the species sensitivity and the exposure route. In
fact, plastic may affect zooplankton in several (and often indirect) ways. Moreover, beyond
ingestion, MPs may induce negative effects due to adsorption on the organisms [108].
Therefore, we recommend a more detailed investigation of the exposure route and of
the particle properties when investigating the potential risks of MPs to zooplankton in
lab studies.

We suggest therefore the investigation of environmentally relevant particles: we
suggest comparing the effects of pristine particles with plastic obtained from real-world
objects, containing additives and presenting irregular shapes. We would also support future
studies investigating the effects of the particle uptake route, egestion and other potential
indirect effects. In fact, plastic may affect zooplankton in several (and often indirect) ways:
for instance, MPs may induce negative effects due to adsorption on the organisms [108].
Therefore, we recommend a more detailed investigation of the exposure route and of
the particle properties when investigating the potential risks of MPs to zooplankton in
lab studies.
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Figure 3. Scheme of the current and potential future trends in the analysis of zooplankton exposure
to MPs, highlighting the role of environmental studies in tailoring the exposure conditions.

Finally, we recommend investigating more complex systems to assess the ecological
effects of MPs exposure in freshwater bodies. In fact, MPs revealed several negative im-
plications to fresh water when analyzing the effects at an ecosystem scale. For example,
Pan et al. [83] analyzed the impacts of PE microplastics on zooplankton’s functioning, feed-
ing and the trophic decline impacts on the food chain amid its sustenance and perseverance
in Dianchi Lake, China. The experiment revealed that microplastics lowered the grazing
rates with decline of heart rate and jumping capability. Chronic contact of microplastic had
negative impacts on its sustenance and perseverance in grazing capabilities, with fecundity
reduction and amplified predation risk.

4. Studies on Zooplankton and Microplastics in Freshwater Lakes

Field studies monitoring the environmental concentration of MPs in zooplankton are
scant, especially considering freshwater lakes. In this review, we focused on the studies
reporting MPs in environmental samples of zooplankton from lacustrine ecosystems (the
results reported in this paragraph are summarized in Table 2). We would clarify here that
while these studies reported MPs of various size and polymer connected to zooplankton
samples, the effective ingestion or other exposure route were unfortunately impossible
to discriminate.
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Table 2. Summary of the studies analyzing MPs related to zooplankton in freshwater lakes.

Water Body Location Zooplankton MI;S C oncentration MPs Size MPs Type MPs (Source) Result References
(Lake) Type (m°) in L Morphology
A prolonged period escalated
adsorption by 25.1% and
Lake Taihu China crustacean, D. Not mentioned 200 pm PE a.nd PP Not mentioned 6.5%. [101]
magna particles .
Later, desorption posed
extreme risks to zooplankton.
Fibers were present in all
Rio de la Plata rotifers, copepods, . . . samples.
estuary (South SOUth. cyclopoida and 164 and 114 MPs m3. >500 and fibers and urbamzec‘i sites, All zooplankton (mainly [109]
. America . <1000 um fragments sewage discharges .
America) nauplius larvae mesozooplankton) contained
MPs.
Rubber, PE, PS,
Fragments PVC, acrylic Fibers and fragments were
Lake Mjosa Norway Zooplankton 0.001-0.06 (294 um to v~ ACIYAC Not mentioned . & [110]
Fibers and present in all samples.
153 um)
fragments
. . . . MPs were not found in
Lake Balma Italy Not mentioned Not present Not mentioned Not mentioned Not mentioned [111]
zooplankton.
Highest ingested 0.75 um and
Gargas Lagoon Brazil Cladoceran and 30ind./L, 64 ind./L 0.75 pm, 1.0 pm Beads Not mentioned 1.0.um MPs pa.rtlcles. . [112]
copepods and 3.0 pum Evidence of microplastic
transfer.
0.01 £0.011 PEST was dominant in
. microplastics per PEST fibers and . zooplankton.
8 lakes in BC, Canada Copepod, Daphnia  copepod and 0.02 + Not mentioned PET films and Re(‘:re‘za‘tlonal Zooplankton consume [113]
Canada . : activities ) .
0.014 microplastics fragments shorter microplastic than
per Daphnia body size.
Rotifera, nauplii Fibers and. mlgroplastlc—to—zooplankton
and Cyclopoida fragments: PE, Road and solid ratio 0.05 to 0.74
Kolavai Lake India ! 6.1 £ 2.5 particles/L >0.3 mm high—density . MPs have detrimental [114]
Cladocera and waste pollution . e
Calanoida polyethylene impacts due to infiltration in

(HDPE) and PP

the food web.
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4.1. Current Knowledge of Environmental Conditions

Pazos et al. [109] investigated the impacts of microplastic on zooplankton with respect
to morphological structure and dimension in the freshwater body Rio de la Plata estuary,
South America. Lusher et al. [110] detected microplastic in zooplankton from Lake Mjosa
and found that microplastics were found in all samples, with 97% of the occurred particles
having size <1 mm. Rubber was commonly found in zooplankton. Alfonso et al. [115]
published a review paper and highlighted zooplankton as a tool for MPs assessment in
water associated with particle ingestion in zooplankton. The author claimed that ingestible
MPs size was below 50 um. They also observed irregular fragments composed of variable
polymer types in the environmental samples reported. Pastorino et al. [111] investigated
biotic (zooplankton, fish and tadpoles) and abiotic samples (water and sediment) and
did not detect MPs in zooplankton and water, whereas MPs were present in sediments.
Although, Wu et al. [116] collected several studies and published a review paper on the
microplastics impacts on zooplankton in freshwater bodies of China and revealed that
Poyang Lake China had the highest concentration of 34 items/L microplastics and has
adverse effects on the digestive tract of zooplankton, particularly on grazing, fecundity
and development. Franzellitti et al. [117] summarized a review paper of MPs distribution
and effects regarding potential changes at the molecular, cellular and systemic levels on
a wide range of aquatic organisms, which states that the effects of MPs, particularly on
crustacean D. magna uptake of PET textile fibers, escalated mortality irrespective of the
feeding pattern [62]. Additionally, another screening study on uptake and the effects of
MPs on D. magna suggested that zooplankton crustaceans can uptake various MPs without
causing highly acutely hazardous effects on them [51].

Bowszys et al. [118] published a review paper of 85 lakes of over 500,000 European
lakes (>0.01 km?) in the form of a review study by using the keywords microplastic(s),
plastic, lake(s), fresh water, Europe, zooplankton and fish. They quantified MPs size with a
size >5 mm to identify the most urgent areas of research that are required in the field of
microplastic pollution. The results of the review suggested limited data on microplastic
pollution <300 um. There is ambiguity due to a knowledge gap since some articles indicate
that the microplastic quantity may increase intensely if the focus is placed on smaller
particles. Similarly, limited data are found on the fate of microplastics in the water column
and the influence they have on lake zooplankton. This study states that there is a lack of
substantial evidence of microplastic ingestion by zooplankton in a natural environment but
highlights the clear possibility of trophic transfer of microplastic in lake food webs through
a diverse range of aquatic organisms.

Da Silva et al. [112] examined the effect of varied—-size microplastic particles on zoo-
plankton communities from a lake located in the Upper Parana River floodplain, Brazil. It
was demonstrated that MPs particles may have serious impacts on the trophic web. It was
revealed that most MPs ingestion effects come from the base levels of the food chain.

Klasios and Tseng et al. [113] quantified and characterized microplastics subsurface
water and zooplankton from eight lakes in BC, Canada, to understand the microplastic
entrance in the food web. The results suggested that fibers were predominant in all lakes.
Further, Raman spectroscopy determined PEST as the dominant polymer in zooplankton
and water. Moreover, zooplankton consume shorter microplastic than body size.

Rajeswari et al. [114] investigated microplastic pollution in Kolavai Lake, Tamil Nadu,
India, and highlighted the microplastic-to—zooplankton ratio and its severe impact on
the environment’s food chain. Further chemical and morphological characteristics were
studied using Fourier transform infrared spectroscopy (FTIR) and SEM analysis. The results
revealed the intense abundance of microplastic as a consequence of human activities. The
microplastic-to—zooplankton ratio was found to be in the range from 0.05 to 0.74. The
results support that microplastic may have detrimental impacts due to infiltration in the
food web.
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4.2. Future Steps for Environmental Monitoring of Zooplankton—MPs Interaction

As a matter of fact, this review highlighted a dire need to conduct more field study
considering that microplastics exposure to zooplankton in lab is higher than in the field
with entirely different conditions. Further, the review represents an increasing interest in
the field of microplastics and zooplankton as it included many publications (1457) related
to this field. Most of the studies highlight a gap between the real-world situation and
experimental conditions since the information on the level of contamination related to
zooplankton in environmental conditions is limited. As an example, the most frequently
analyzed polymer in ecotoxicological studies is observed to be PS, while other polymers
such as PP are rarely tested (Figure 2). This is in contrast with several environmental studies
in freshwater bodies, which reported a dominance of PP and PE as the most abundant
plastic debris and MPs [119,120]. While the number of reports assessing the content of MPs
in the water column and sediments of lake is continuously increasing [21,119], this review
discovered the insufficient information related to the effects of microplastics on populations
and ecosystems, indicating a need for more studies in this field (Figure 3). The trends
represent an increasing interest in the interactivity between microplastics and plankton,
but due to knowledge gaps regarding the comprehension of the effects on populations and
ecosystems, the deviation between laboratory and field conditions implies the need for
more field studies and systematic methodologies [121].

In this sense, environmental monitoring programs aimed at understanding the in-
teraction between MPs and zooplankton organisms may be the key to unfolding novel
and relevant ecotoxicological tests (Figure 3). Investigation of this kind will unravel the
relevant concentrations and the polymer type, size distribution and particle features of
common MPs in freshwater bodies, providing guidance for future exposure and effect
tests in laboratory. A main hindrance in this process is the need for data and methods
harmonization, which is unfortunately a known issue in MPs research [119,122].

5. Conclusions and Research Outlook

The current review highlights the impacts of microplastics in lakes with respect to
zooplankton as a practical assessment tool to be an indicator of pollution in aquatic ecosys-
tems. This study helps to direct the environmental scientists to strive to fill the indicated
knowledge gaps in the field of microplastic pollution and freshwater environments to
establish improved standards for microplastic pollution prevention worldwide. Based on
the findings of this review, it is a prerequisite to study zooplankton dynamics to assess
the risk assessment for the aquatic environment. Further research should be considered
to resolve the issue of trophic transfer of microplastics in field sampling organisms and
their predators and simulation of trophic transfer experiments in laboratory feeding. It is
important to develop multilevel trophic investigations based on the top predators. The
research in this regard is scarce: it is more focused on the secondary food chain and labora-
tory. Still, aspects such as the characteristic of links between MPs and other contaminants
and freshwater microplastic contamination, microplastic concentration extent, standard
protocols, microplastic fate, and interaction with other pollutants needs more research to
have an accurate risk assessment of and preventive measures for microplastic pollution.

Author Contributions: R.B.: Conceptualization, visualization, editing, formatting, English revision.
J.L.: Writing, editing, formatting, English improvement. G.B. (Gilberto Binda); Conceptualization,
Schematic figures, visualization, English revision. C.S.: schematic, editing. S.C.: editing, G.B. (Ginevra
Boldrocchi): conceptualization. A.P.: Editing, Conceptualization. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Toxics 2023, 11, 1017 24 of 28

References

1. Dodds, W.K.; Perkin, ].S.; Gerken, J.E. Human Impact on Freshwater Ecosystem Services: A Global Perspective. Environ. Sci.
Technol. 2013, 47, 9061-9068. [CrossRef] [PubMed]

2. Dodson, S.I,; Newman, A.L.; Will-Wolf, S.; Alexander, M.L.; Woodford, M.P,; Van Egeren, S. The Relationship between Zooplank-
ton Community Structure and Lake Characteristics in Temperate Lakes (Northern Wisconsin, USA). |. Plankton Res. 2009, 31,
93-100. [CrossRef]

3. Jeppesen, E.; Noges, P; Davidson, T.A.; Haberman, J.; Noges, T.; Blank, K.; Lauridsen, T.L.; Sondergaard, M.; Sayer, C.; Laugaste,
R.; et al. Zooplankton as Indicators in Lakes: A Scientific-Based Plea for Including Zooplankton in the Ecological Quality
Assessment of Lakes According to the European Water Framework Directive (WFD). Hydrobiologia 2011, 676, 279-297. [CrossRef]

4. Van Egeren, S.J.; Dodson, S.I; Torke, B.; Maxted, ].T. The Relative Significance of Environmental and Anthropogenic Factors
Affecting Zooplankton Community Structure in Southeast Wisconsin Till Plain Lakes. Hydrobiologia 2011, 668, 137-146. [CrossRef]

5. Bettinetti, R.; Quadroni, S.; Crosa, G.; Harper, D.; Dickie, J.; Kyalo, M.; Mavuti, K.; Galassi, S. A Preliminary Evaluation of the
DDT Contamination of Sediments in Lakes Natron and Bogoria (Eastern Rift Valley, Africa). AMBIO 2011, 40, 341-350. [CrossRef]
[PubMed]

6. Paquette, C.; Griffiths, K.; Gregory-Eaves, L; Beisner, B.E. Zooplankton Assemblage Structure and Diversity since Pre-Industrial
Times in Relation to Land Use. Glob. Ecol. Biogeogr. 2022, 31, 2337-2352. [CrossRef]

7. Shen,],; Qin, G.; Yu, R; Zhao, Y;; Yang, ].; An, S.; Liu, R.; Leng, X.; Wan, Y. Urbanization Has Changed the Distribution Pattern of
Zooplankton Species Diversity and the Structure of Functional Groups. Ecol. Indic. 2021, 120, 106944. [CrossRef]

8. Toruan, R.L.; Coggins, L.X.; Ghadouani, A. Response of Zooplankton Size Structure to Multiple Stressors in Urban Lakes. Water
2021, 13, 2305. [CrossRef]

9. Bettinetti, R.; Garibaldi, L.; Leoni, B.; Quadroni, S.; Galassi, S. Zooplankton as an Early Warning System of Persistent Organic
Pollutants Contamination in a Deep Lake (Lake Iseo, Northern Italy). J. Limnol. 2012, 71, 36. [CrossRef]

10. Boldrocchi, G.; Moussa Omar, Y.; Rowat, D.; Bettinetti, R. First Results on Zooplankton Community Composition and Con-
tamination by Some Persistent Organic Pollutants in the Gulf of Tadjoura (Djibouti). Sci. Total Environ. 2018, 627, 812-821.
[CrossRef]

11. Hessen, D.O.; Andersen, T.; Faafeng, B.A. Replacement of Herbivore Zooplankton Species along Gradients of Ecosystem
Productivity and Fish Predation Pressure. Can. J. Fish. Aquat. Sci. 1995, 52, 733-742. [CrossRef]

12. Hanazato, T.; Kasai, F. Effects of the Organophosphorus Insecticide Fenthion on Phyto- and Zooplankton Communities in
Experimental Ponds. Environ. Pollut. 1995, 88, 293-298. [CrossRef] [PubMed]

13.  Kreutzweiser, D.P; Back, R.C.; Sutton, T.M.; Thompson, D.G.; Scarr, T.A. Community-Level Disruptions among Zooplankton of
Pond Mesocosms Treated with a Neem (Azadirachtin) Insecticide. Aquat. Toxicol. 2002, 56, 257-273. [CrossRef] [PubMed]

14. Lahr, J.; Diallo, A.O.; Gadji, B.; Diouf, P.S.; Bedaux, ].].M.; Badji, A.; Ndour, K.B.; Andreasen, J.E.; van Straalen, N.M. Ecological
Effects of Experimental Insecticide Applications on Invertebrates in Sahelian Temporary Ponds. Environ. Toxicol. Chem. 2000, 19,
1278-1289. [CrossRef]

15. Sierszen, M.E.; Lozano, S.J. Zooplankton Population and Community Responses to the Pesticide Azinphos-Methyl in Freshwater
Littoral Enclosures. Environ. Toxicol. Chem. 1998, 17, 907-914.

16. Moore, M.T.; Greenway, S.L.; Farris, ].L.; Guerra, B. Assessing Caffeine as an Emerging Environmental Concern Using Conven-
tional Approaches. Arch. Environ. Contam. Toxicol. 2008, 54, 31-35. [CrossRef]

17.  Vince, J.; Stoett, P. From Problem to Crisis to Interdisciplinary Solutions: Plastic Marine Debris. Mar. Policy 2018, 96, 200-203.
[CrossRef]

18.  Plastics—The Facts 2020 e Plastics Europe. Available online: https:/ /plasticseurope.org/knowledge-hub/plastics-the-facts-2020/
(accessed on 7 December 2023).

19. Diris, R.; Gasperi, J.; Tassin, B. Sources and Fate of Microplastics in Urban Areas: A Focus on Paris Megacity. In Freshwater
Microplastics: Emerging Environmental Contaminants? Wagner, M., Lambert, S., Eds.; The Handbook of Environmental Chemistry;
Springer International Publishing: Cham, Switzerland, 2018; pp. 69-83.

20. Given, O.; Gokdag, K.; Jovanovi¢, B.; Kideys, A.E. Microplastic Litter Composition of the Turkish Territorial Waters of the
Mediterranean Sea, and Its Occurrence in the Gastrointestinal Tract of Fish. Environ. Pollut. 2017, 223, 286-294. [CrossRef]

21. Nava, V,; Chandra, S.; Aherne, J.; Alfonso, M.B.; Antao-Geraldes, A.M.; Attermeyer, K.; Bao, R.; Bartrons, M.; Berger, S.A.;
Biernaczyk, M.; et al. Plastic Debris in Lakes and Reservoirs. Nature 2023, 619, 317-322. [CrossRef]

22.  Wright, S.L.; Thompson, R.C.; Galloway, T.S. The Physical Impacts of Microplastics on Marine Organisms: A Review. Environ.
Pollut. 2013, 178, 483—-492. [CrossRef]

23. Dekiff, ].H.; Remy, D.; Klasmeier, J.; Fries, E. Occurrence and Spatial Distribution of Microplastics in Sediments from Norderney.
Environ. Pollut. 2014, 186, 248-256. [CrossRef] [PubMed]

24. Bakir, A.; Rowland, S.J.; Thompson, R.C. Competitive Sorption of Persistent Organic Pollutants onto Microplastics in the Marine
Environment. Mar. Pollut. Bull. 2012, 64, 2782-2789. [CrossRef] [PubMed]

25. Zarfl, C.; Matthies, M. Are Marine Plastic Particles Transport Vectors for Organic Pollutants to the Arctic? Mar. Pollut. Bull. 2010,

60, 1810-1814. [CrossRef] [PubMed]


https://doi.org/10.1021/es4021052
https://www.ncbi.nlm.nih.gov/pubmed/23885808
https://doi.org/10.1093/plankt/fbn095
https://doi.org/10.1007/s10750-011-0831-0
https://doi.org/10.1007/s10750-011-0636-1
https://doi.org/10.1007/s13280-011-0142-8
https://www.ncbi.nlm.nih.gov/pubmed/21809777
https://doi.org/10.1111/geb.13575
https://doi.org/10.1016/j.ecolind.2020.106944
https://doi.org/10.3390/w13162305
https://doi.org/10.4081/jlimnol.2012.e36
https://doi.org/10.1016/j.scitotenv.2018.01.286
https://doi.org/10.1139/f95-073
https://doi.org/10.1016/0269-7491(95)93442-3
https://www.ncbi.nlm.nih.gov/pubmed/15091541
https://doi.org/10.1016/S0166-445X(01)00216-8
https://www.ncbi.nlm.nih.gov/pubmed/11856575
https://doi.org/10.1002/etc.5620190509
https://doi.org/10.1007/s00244-007-9059-4
https://doi.org/10.1016/j.marpol.2018.05.006
https://plasticseurope.org/knowledge-hub/plastics-the-facts-2020/
https://doi.org/10.1016/j.envpol.2017.01.025
https://doi.org/10.1038/s41586-023-06168-4
https://doi.org/10.1016/j.envpol.2013.02.031
https://doi.org/10.1016/j.envpol.2013.11.019
https://www.ncbi.nlm.nih.gov/pubmed/24448461
https://doi.org/10.1016/j.marpolbul.2012.09.010
https://www.ncbi.nlm.nih.gov/pubmed/23044032
https://doi.org/10.1016/j.marpolbul.2010.05.026
https://www.ncbi.nlm.nih.gov/pubmed/20579675

Toxics 2023, 11, 1017 25 of 28

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

Oehlmann, J.; Schulte-Oehlmann, U.; Kloas, W.; Jagnytsch, O.; Lutz, I.; Kusk, K.O.; Wollenberger, L.; Santos, E.M.; Paull, G.C.; Van
Look, K.J.W,; et al. A Critical Analysis of the Biological Impacts of Plasticizers on Wildlife. Philos. Trans. R. Soc. B-Biol. Sci. 2009,
364, 2047-2062. [CrossRef] [PubMed]

Teuten, E.L.; Saquing, ] M.; Knappe, D.R.U.; Barlaz, M.A; Jonsson, S.; Bjorn, A.; Rowland, S.J.; Thompson, R.C.; Galloway, T.S.;
Yamashita, R.; et al. Transport and Release of Chemicals from Plastics to the Environment and to Wildlife. Philos. Trans. R. Soc.
B-Biol. Sci. 2009, 364, 2027-2045. [CrossRef] [PubMed]

Wagner, M.; Scherer, C.; Alvarez-Muiioz, D.; Brennholt, N.; Bourrain, X.; Buchinger, S.; Fries, E.; Grosbois, C.; Klasmeier, J.; Marti,
T.; et al. Microplastics in Freshwater Ecosystems: What We Know and What We Need to Know. Environ. Sci. Eur. 2014, 26, 12.
[CrossRef] [PubMed]

Moore, C.J.; Moore, S.L.; Leecaster, M.K.; Weisberg, S.B. A Comparison of Plastic and Plankton in the North Pacific Central Gyre.
Mar. Pollut. Bull. 2001, 42, 1297-1300. [CrossRef]

Alava, ].J. Modeling the Bioaccumulation and Biomagnification Potential of Microplastics in a Cetacean Foodweb of the North-
eastern Pacific: A Prospective Tool to Assess the Risk Exposure to Plastic Particles. Front. Mar. Sci. 2020, 7, 566101. [CrossRef]
Chamas, A.; Moon, H.; Zheng, ].; Qiu, Y.; Tabassum, T.; Jang, ] H.; Abu-Omar, M.; Scott, S.L.; Suh, S. Degradation Rates of Plastics
in the Environment. ACS Sustain. Chem. Eng. 2020, 8, 3494-3511. [CrossRef]

Cole, M,; Lindeque, P; Fileman, E.; Halsband, C.; Goodhead, R.; Moger, ].; Galloway, T.S. Microplastic Ingestion by Zooplankton.
Environ. Sci. Technol. 2013, 47, 6646—6655. [CrossRef]

Wagner, M.; Lambert, S. (Eds.) Freshwater Microplastics: Emerging Environmental Contaminants? The Handbook of Environmental
Chemistry; Springer International Publishing: Cham, Switzerland, 2018; Volume 58.

Setdld, O.; Fleming-Lehtinen, V.; Lehtiniemi, M. Ingestion and Transfer of Microplastics in the Planktonic Food Web. Environ.
Pollut. 2014, 185, 77-83. [CrossRef] [PubMed]

D’Avignon, G.; Gregory-Eaves, I; Ricciardi, A. Microplastics in Lakes and Rivers: An Issue of Emerging Significance to Limnology.
Environ. Rev. 2022, 30, 228-244. [CrossRef]

Lambert, S.; Wagner, M. Microplastics Are Contaminants of Emerging Concern in Freshwater Environments: An Overview. In
Freshwater Microplastics: Emerging Environmental Contaminants? Wagner, M., Lambert, S., Eds.; The Handbook of Environmental
Chemistry; Springer International Publishing: Cham, Switzerland, 2018; pp. 1-23.

Dusaucy, J.; Gateuille, D.; Perrette, Y.; Naffrechoux, E. Microplastic Pollution of Worldwide Lakes. Environ. Pollut. 2021, 284,
117075. [CrossRef] [PubMed]

Alfonso, M.B.; Arias, A.-H.; Ronda, A.C.; Piccolo, M.C. Continental Microplastics: Presence, Features, and Environmental
Transport Pathways. Sci. Total Environ. 2021, 799, 149447. [CrossRef] [PubMed]

Peng, J.; Wang, J.; Cai, L. Current Understanding of Microplastics in the Environment: Occurrence, Fate, Risks, and What We
Should Do. Integr. Environ. Assess. Manag. 2017, 13, 476-482. [CrossRef] [PubMed]

Klein, S.; Dimzon, LK.; Eubeler, J.; Knepper, T.P. Analysis, Occurrence, and Degradation of Microplastics in the Aqueous
Environment. In Freshwater Microplastics: Emerging Environmental Contaminants? Wagner, M., Lambert, S., Eds.; The Handbook of
Environmental Chemistry; Springer International Publishing: Cham, Switzerland, 2018; pp. 51-67.

Norling, M.; Hurley, R.; Schell, T.; Futter, M.N.; Rico, A.; Vighi, M.; Blanco, A.; Ledesma, J.L.J.; Nizzetto, L. Retention Efficiency
for Microplastic in a Landscape Estimated from Empirically Validated Dynamic Model Predictions. J. Hazard. Mater. 2023, 464,
132993. [CrossRef] [PubMed]

Rochman, C.M.; Hoellein, T. The Global Odyssey of Plastic Pollution. Science 2020, 368, 1184-1185. [CrossRef]

Thi, D.D.; Miranda, A.; Trestrail, C.; De Souza, H.; Dinh, K.V.; Nugegoda, D. Antagonistic Effects of Copper and Microplastics in
Single and Binary Mixtures on Development and Reproduction in the Freshwater Cladoceran Daphnia carinata. Environ. Technol.
Innov. 2021, 24, 102045. [CrossRef]

Xin, X.; Chen, B.; Yang, M.; Gao, S.; Wang, H.; Gu, W.; Li, X.; Zhang, B. A Critical Review on the Interaction of Polymer Particles
and Co-Existing Contaminants: Adsorption Mechanism, Exposure Factors, Effects on Plankton Species. J. Hazard. Mater. 2023,
445, 130463. [CrossRef]

De Felice, B.; Sugni, M.; Casati, L.; Parolini, M. Molecular, Biochemical and Behavioral Responses of Daphnia magna under
Long-Term Exposure to Polystyrene Nanoplastics. Environ. Int. 2022, 164, 107264. [CrossRef]

De Felice, B.; Sabatini, V.; Antenucdi, S.; Gattoni, G.; Santo, N.; Bacchetta, R.; Ortenzi, M. A ; Parolini, M. Polystyrene Microplastics
Ingestion Induced Behavioral Effects to the Cladoceran Daphnia magna. Chemosphere 2019, 231, 423-431. [CrossRef] [PubMed]
Tang, J.; Wang, X.; Yin, J.; Han, Y.; Yang, J.; Lu, X.; Xie, T.; Akbar, S.; Lyu, K.; Yang, Z. Molecular Characterization of Thioredoxin
Reductase in Waterflea Daphnia magna and Its Expression Regulation by Polystyrene Microplastics. Aquat. Toxicol. 2019, 208,
90-97. [CrossRef] [PubMed]

Aljaibachi, R.; Callaghan, A. Impact of Polystyrene Microplastics on Daphnia magna Mortality and Reproduction in Relation to
Food Availability. Peer] 2018, 6, e4601. [CrossRef] [PubMed]

Chen, Q.; Li, Y.; Li, B. Is Color a Matter of Concern during Microplastic Exposure to Scenedesmus obliquus and Daphnia magna? J.
Hazard. Mater. 2020, 383, 121224. [CrossRef] [PubMed]

Zhu, C,; Zhang, T,; Liu, X,; Gu, X,; Li, D.; Yin, J.; Jiang, Q.; Zhang, W. Changes in Life-History Traits, Antioxidant Defense, Energy
Metabolism and Molecular Outcomes in the Cladoceran Daphnia pulex after Exposure to Polystyrene Microplastics. Chemosphere
2022, 308, 136066.


https://doi.org/10.1098/rstb.2008.0242
https://www.ncbi.nlm.nih.gov/pubmed/19528055
https://doi.org/10.1098/rstb.2008.0284
https://www.ncbi.nlm.nih.gov/pubmed/19528054
https://doi.org/10.1186/s12302-014-0012-7
https://www.ncbi.nlm.nih.gov/pubmed/28936382
https://doi.org/10.1016/S0025-326X(01)00114-X
https://doi.org/10.3389/fmars.2020.566101
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1021/es400663f
https://doi.org/10.1016/j.envpol.2013.10.013
https://www.ncbi.nlm.nih.gov/pubmed/24220023
https://doi.org/10.1139/er-2021-0048
https://doi.org/10.1016/j.envpol.2021.117075
https://www.ncbi.nlm.nih.gov/pubmed/33894537
https://doi.org/10.1016/j.scitotenv.2021.149447
https://www.ncbi.nlm.nih.gov/pubmed/34371405
https://doi.org/10.1002/ieam.1912
https://www.ncbi.nlm.nih.gov/pubmed/28440924
https://doi.org/10.1016/j.jhazmat.2023.132993
https://www.ncbi.nlm.nih.gov/pubmed/37984140
https://doi.org/10.1126/science.abc4428
https://doi.org/10.1016/j.eti.2021.102045
https://doi.org/10.1016/j.jhazmat.2022.130463
https://doi.org/10.1016/j.envint.2022.107264
https://doi.org/10.1016/j.chemosphere.2019.05.115
https://www.ncbi.nlm.nih.gov/pubmed/31146134
https://doi.org/10.1016/j.aquatox.2019.01.001
https://www.ncbi.nlm.nih.gov/pubmed/30639982
https://doi.org/10.7717/peerj.4601
https://www.ncbi.nlm.nih.gov/pubmed/29686944
https://doi.org/10.1016/j.jhazmat.2019.121224
https://www.ncbi.nlm.nih.gov/pubmed/31546214

Toxics 2023, 11, 1017 26 of 28

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Kokalj, A.J.; Kunej, U.; Skalar, T. Screening Study of Four Environmentally Relevant Microplastic Pollutants: Uptake and Effects
on Daphnia magna and Artemia franciscana. Chemosphere 2018, 208, 522-529. [CrossRef]

Rehse, S.; Kloas, W.; Zarfl, C. Short-Term Exposure with High Concentrations of Pristine Microplastic Particles Leads to
Immobilisation of Daphnia magna. Chemosphere 2016, 153, 91-99. [CrossRef]

Jeong, C.-B.; Kang, H.-M; Lee, YH.; Kim, M.-S,; Lee, ].-S.; Seo, ].S.; Wang, M.; Lee, ].-S. Nanoplastic Ingestion Enhances Toxicity
of Persistent Organic Pollutants (POPs) in the Monogonont Rotifer Brachionus koreanus via Multixenobiotic Resistance (MXR)
Disruption. Environ. Sci. Technol. 2018, 52, 11411-11418. [CrossRef]

Mao, T,; Lu, Y,; Ma, H.; Pan, Z.; Zhang, R.; Zhu, T.; Yang, Y.; Han, C.; Yang, ]J. Variations in the Life-Cycle Parameters and
Population Growth of Rotifer Brachionus plicatilis under the Stress of Microplastics and 173-Estradiol. Sci. Total Environ. 2022, 835,
155390. [CrossRef]

Rosenkranz, P.; Chaudhry, Q.; Stone, V.; Fernandes, T.F. A Comparison of Nanoparticle and Fine Particle Uptake by Daphnia
magna. Environ. Toxicol. Chem. 2009, 28, 2142-2149. [CrossRef]

Jeong, C.-B.; Won, E.-].; Kang, H.-M.; Lee, M.-C.; Hwang, D.-S.; Hwang, U.-K.; Zhou, B.; Souissi, S.; Lee, S.-].; Lee, ].-S. Microplastic
Size-Dependent Toxicity, Oxidative Stress Induction, and p-JNK and p-P38 Activation in the Monogonont Rotifer (Brachionus
koreanus). Environ. Sci. Technol. 2016, 50, 8849-8857. [CrossRef] [PubMed]

Zimmermann, L.; Géttlich, S.; Oehlmann, J.; Wagner, M.; Volker, C. What Are the Drivers of Microplastic Toxicity? Comparing
the Toxicity of Plastic Chemicals and Particles to Daphnia magna. Environ. Pollut. 2020, 267, 115392. [CrossRef] [PubMed]

An, D, Na,J,; Song, J.; Jung, J. Size-Dependent Chronic Toxicity of Fragmented Polyethylene Microplastics to Daphnia magna.
Chemosphere 2021, 271, 129591. [CrossRef] [PubMed]

Ziajahromi, S.; Kumar, A.; Neale, P.A.; Leusch, ED.L. Impact of Microplastic Beads and Fibers on Waterflea (Ceriodaphnia dubia)
Survival, Growth, and Reproduction: Implications of Single and Mixture Exposures. Environ. Sci. Technol. 2017, 51, 13397-13406.
[CrossRef] [PubMed]

Frydkjeer, C.K,; Iversen, N.; Roslev, P. Ingestion and Egestion of Microplastics by the Cladoceran Daphnia magna: Effects of Regular
and Irregular Shaped Plastic and Sorbed Phenanthrene. Bull. Environ. Contam. Toxicol. 2017, 99, 655-661. [CrossRef] [PubMed]
Coady, K.K.; Burgoon, L.; Doskey, C.; Davis, ].W. Assessment of Transcriptomic and Apical Responses of Daphnia magna Exposed
to a Polyethylene Microplastic in a 21-d Chronic Study. Environ. Toxicol. Chem. 2020, 39, 1578-1589. [CrossRef] [PubMed]
Jemec, A.; Horvat, P; Kunej, U.; Bele, M.; Krzan, A. Uptake and Effects of Microplastic Textile Fibers on Freshwater Crustacean
Daphnia magna. Environ. Pollut. 2016, 219, 201-209. [CrossRef] [PubMed]

Zebrowski, M.L.; Babkiewicz, E.; Blazejewska, A.; Pukos, S.; Wawrzeticzak, J.; Wilczynski, W.; Zebrowski, J.; Slusarczyk, M.;
Maszczyk, P. The Effect of Microplastics on the Interspecific Competition of Daphnia. Environ. Pollut. 2022, 313, 120121. [CrossRef]
Schiir, C; Rist, S.; Baun, A.; Mayer, P; Hartmann, N.B.; Wagner, M. When Fluorescence Is Not a Particle: The Tissue Translocation
of Microplastics in Daphnia magna Seems an Artifact. Environ. Toxicol. Chem. 2019, 38, 1495-1503. [CrossRef]

Schiir, C.; Zipp, S.; Thalau, T.; Wagner, M. Microplastics but Not Natural Particles Induce Multigenerational Effects in Daphnia
magna. Environ. Pollut. 2020, 260, 113904. [CrossRef]

Hiltunen, M.; Vehnidinen, E.-R.; Kukkonen, ].V.K. Interacting Effects of Simulated Eutrophication, Temperature Increase, and
Microplastic Exposure on Daphnia. Environ. Res. 2021, 192, 110304. [CrossRef] [PubMed]

Guilhermino, L.; Martins, A.; Cunha, S.; Fernandes, ].O. Long-Term Adverse Effects of Microplastics on Daphnia magna Repro-
duction and Population Growth Rate at Increased Water Temperature and Light Intensity: Combined Effects of Stressors and
Interactions. Sci. Total Environ. 2021, 784, 147082. [CrossRef] [PubMed]

Rehse, S.; Kloas, W.; Zarfl, C. Microplastics Reduce Short-Term Effects of Environmental Contaminants. Part I: Effects of Bisphenol
A on Freshwater Zooplankton Are Lower in Presence of Polyamide Particles. Int. J. Environ. Res. Public Health 2018, 15, 280.
[CrossRef] [PubMed]

Felten, V.; Toumi, H.; Masfaraud, ] .-F; Billoir, E.; Camara, B.I.; Férard, ]J.-F. Microplastics Enhance Daphnia magna Sensitivity to the
Pyrethroid Insecticide Deltamethrin: Effects on Life History Traits. Sci. Total Environ. 2020, 714, 136567. [CrossRef] [PubMed]
Zhang, P; Yan, Z.; Lu, G.; Ji, Y. Single and Combined Effects of Microplastics and Roxithromycin on Daphnia magna. Environ. Sci.
Pollut. Res. 2019, 26, 17010-17020. [CrossRef] [PubMed]

Zocchi, M.; Sommaruga, R. Microplastics Modify the Toxicity of Glyphosate on Daphnia magna. Sci. Total Environ. 2019, 697,
134194. [CrossRef] [PubMed]

Martins, A.; da Silva, D.D.; Silva, R.; Carvalho, F; Guilhermino, L. Long-Term Effects of Lithium and Lithium-Microplastic
Mixtures on the Model Species Daphnia magna: Toxicological Interactions and Implications to ‘One Health'. Sci. Total Environ.
2022, 838, 155934. [CrossRef] [PubMed]

Yuan, W.; Zhou, Y.; Chen, Y.; Liu, X.; Wang, J. Toxicological Effects of Microplastics and Heavy Metals on the Daphnia magna. Sci.
Total Environ. 2020, 746, 141254. [CrossRef]

Lin, W,; Jiang, R.; Hu, S.; Xiao, X.; Wu, J.; Wei, S.; Xiong, Y.; Ouyang, G. Investigating the Toxicities of Different Functionalized
Polystyrene Nanoplastics on Daphnia magna. Ecotoxicol. Environ. Saf. 2019, 180, 509-516. [CrossRef]

Kim, D.; Chae, Y.; An, Y.-]. Mixture Toxicity of Nickel and Microplastics with Different Functional Groups on Daphnia magna.
Environ. Sci. Technol. 2017, 51, 12852-12858. [CrossRef]

Ma, Y;; Huang, A.; Cao, S.; Sun, F.; Wang, L.; Guo, H.; Ji, R. Effects of Nanoplastics and Microplastics on Toxicity, Bioaccumulation,
and Environmental Fate of Phenanthrene in Fresh Water. Environ. Pollut. 2016, 219, 166-173. [CrossRef] [PubMed]


https://doi.org/10.1016/j.chemosphere.2018.05.172
https://doi.org/10.1016/j.chemosphere.2016.02.133
https://doi.org/10.1021/acs.est.8b03211
https://doi.org/10.1016/j.scitotenv.2022.155390
https://doi.org/10.1897/08-559.1
https://doi.org/10.1021/acs.est.6b01441
https://www.ncbi.nlm.nih.gov/pubmed/27438693
https://doi.org/10.1016/j.envpol.2020.115392
https://www.ncbi.nlm.nih.gov/pubmed/32871484
https://doi.org/10.1016/j.chemosphere.2021.129591
https://www.ncbi.nlm.nih.gov/pubmed/33453485
https://doi.org/10.1021/acs.est.7b03574
https://www.ncbi.nlm.nih.gov/pubmed/29059522
https://doi.org/10.1007/s00128-017-2186-3
https://www.ncbi.nlm.nih.gov/pubmed/29027571
https://doi.org/10.1002/etc.4745
https://www.ncbi.nlm.nih.gov/pubmed/32388890
https://doi.org/10.1016/j.envpol.2016.10.037
https://www.ncbi.nlm.nih.gov/pubmed/27814536
https://doi.org/10.1016/j.envpol.2022.120121
https://doi.org/10.1002/etc.4436
https://doi.org/10.1016/j.envpol.2019.113904
https://doi.org/10.1016/j.envres.2020.110304
https://www.ncbi.nlm.nih.gov/pubmed/33038362
https://doi.org/10.1016/j.scitotenv.2021.147082
https://www.ncbi.nlm.nih.gov/pubmed/33894603
https://doi.org/10.3390/ijerph15020280
https://www.ncbi.nlm.nih.gov/pubmed/29415519
https://doi.org/10.1016/j.scitotenv.2020.136567
https://www.ncbi.nlm.nih.gov/pubmed/31981867
https://doi.org/10.1007/s11356-019-05031-2
https://www.ncbi.nlm.nih.gov/pubmed/30972681
https://doi.org/10.1016/j.scitotenv.2019.134194
https://www.ncbi.nlm.nih.gov/pubmed/31491639
https://doi.org/10.1016/j.scitotenv.2022.155934
https://www.ncbi.nlm.nih.gov/pubmed/35577095
https://doi.org/10.1016/j.scitotenv.2020.141254
https://doi.org/10.1016/j.ecoenv.2019.05.036
https://doi.org/10.1021/acs.est.7b03732
https://doi.org/10.1016/j.envpol.2016.10.061
https://www.ncbi.nlm.nih.gov/pubmed/27814532

Toxics 2023, 11, 1017 27 of 28

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Pacheco, A.; Martins, A.; Guilhermino, L. Toxicological Interactions Induced by Chronic Exposure to Gold Nanoparticles and

Microplastics Mixtures in Daphnia magna. Sci. Total Environ. 2018, 628—629, 474-483. [CrossRef] [PubMed]

Schrank, I.; Trotter, B.; Dummert, J.; Scholz-Béttcher, B.M.; Loder, M.G.].; Laforsch, C. Effects of Microplastic Particles and

Leaching Additive on the Life History and Morphology of Daphnia magna. Environ. Pollut. 2019, 255, 113233. [CrossRef] [PubMed]

Wang, Z.; Wang, Y.; Qin, S.; Yang, Z.; Sun, Y. Polystyrene Microplastics Weaken the Predator-Induced Defenses of Daphnia magna:
Evidences from the Changes in Morphology and Behavior. Environ. Pollut. 2023, 316, 120657. [CrossRef] [PubMed]

Mavrianos, S.; Manzi, E; Agha, R.; Azoubib, N.; Schampera, C.; Wolinska, ]. Nanoplastics Modulate the Outcome of a Zooplankton—
Microparasite Interaction. Freshw. Biol. 2023, 68, 847-859. [CrossRef]

Elizalde-Velazquez, A.; Carcano, A.M.; Crago, J.; Green, M.].; Shah, S.A.; Canas-Carrell, ].E. Translocation, Trophic Transfer,
Accumulation and Depuration of Polystyrene Microplastics in Daphnia magna and Pimephales promelas. Environ. Pollut. 2020, 259,
113937. [CrossRef] [PubMed]

Yildiz, D.; Yal¢in, G.; Jovanovi¢, B.; Boukal, D.S.; Vebrova, L.; Riha, D.; Stankovi¢, J.; Savi¢-Zdrakovi¢, D.; Metin, M.; Akytirek,
Y.N.; et al. Effects of a Microplastic Mixture Differ across Trophic Levels and Taxa in a Freshwater Food Web: In Situ Mesocosm

Experiment. Sci. Total Environ. 2022, 836, 155407. [CrossRef]

Pan, Y;; Long, Y,; Hui, ].; Xiao, W.; Yin, J.; Li, Y.; Liu, D.; Tian, Q.; Chen, L. Microplastics Can Affect the Trophic Cascade Strength

and Stability of Plankton Ecosystems via Behavior-Mediated Indirect Interactions. J. Hazard. Mater. 2022, 430, 128415. [CrossRef]

Rist, S.; Baun, A.; Hartmann, N.B. Ingestion of Micro- and Nanoplastics in Daphnia magna—Quantification of Body Burdens and

Assessment of Feeding Rates and Reproduction. Environ. Pollut. 2017, 228, 398-407. [CrossRef]

Lyu, K.; Cao, C.; Li, D.; Akbar, S.; Yang, Z. The Thermal Regime Modifies the Response of Aquatic Keystone Species Daphnia to

Microplastics: Evidence from Population Fitness, Accumulation, Histopathological Analysis and Candidate Gene Expression. Sci.
Total Environ. 2021, 783, 147154. [CrossRef]

Ogonowski, M.; Schiir, C.; Jarsén, A.; Gorokhova, E. The Effects of Natural and Anthropogenic Microparticles on Individual

Fitness in Daphnia magna. PLoS ONE 2016, 11, e0155063. [CrossRef] [PubMed]

Hoffschroer, N.; Grassl, N.; Steinmetz, A.; Sziegoleit, L.; Koch, M.; Zeis, B. Microplastic Burden in Daphnia Is Aggravated by
Elevated Temperatures. Zoology 2021, 144, 125881. [CrossRef] [PubMed]

Koelmans, A.A.; Redondo-Hasselerharm, PE.; Mohamed Nor, N.H.; Kooi, M. Solving the Nonalignment of Methods and

Approaches Used in Microplastic Research to Consistently Characterize Risk. Environ. Sci. Technol. 2020, 54, 12307-12315.
[CrossRef] [PubMed]

Triebskorn, R.; Braunbeck, T.; Grummt, T.; Hanslik, L.; Huppertsberg, S.; Jekel, M.; Knepper, T.P,; Krais, S.; Miiller, Y.K.; Pittroff,
M.; et al. Relevance of Nano- and Microplastics for Freshwater Ecosystems: A Critical Review. TrAC Trends Anal. Chem. 2019, 110,
375-392. [CrossRef]

Beiras, R.; Verdejo, E.; Campoy-Lopez, P; Vidal-Lifidn, L. Aquatic Toxicity of Chemically Defined Microplastics Can Be Explained

by Functional Additives. J. Hazard. Mater. 2021, 406, 124338. [CrossRef]

Chen, W.; Gong, Y.; McKie, M.; Almuhtaram, H.; Sun, J.; Barrett, H.; Yang, D.; Wu, M.; Andrews, R.C.; Peng, H. Defining the

Chemical Additives Driving In Vitro Toxicities of Plastics. Environ. Sci. Technol. 2022, 56, 14627-14639. [CrossRef]

Rozman, U.; Filker, S.; Kal¢ikova, G. Monitoring of Biofilm Development and Physico-Chemical Changes of Floating Microplastics

at the Air-Water Interface. Environ. Pollut. 2023, 322, 121157. [CrossRef]

Binda, G.; Costa, M.; Supraha, L.; Spanu, D.; Vogelsang, C.; Leu, E.; Nizzetto, L. Untangling the Role of Biotic and Abiotic Ageing

of Various Environmental Plastics toward the Sorption of Metals. Sci. Total Environ. 2023, 893, 164807. [CrossRef]

Polhill, L.; de Bruijn, R.; Amaral-Zettler, L.; Praetorius, A.; van Wezel, A. Daphnia magna’s Favorite Snack: Biofouled Plastics.
Environ. Toxicol. Chem. 2022, 41, 1977-1981. [CrossRef]

Carnati, S.; Pozzi, A.; Spanu, D.; Monticelli, D.; Bettinetti, R.; Boldrocchi, G.; Nizzetto, L.; Binda, G. Assessing Sources and

Fractions of Metals Associated with Environmental Plastics: A Case Study in Lake Como (Italy). Environ. Sci. Adv. 2023, 2,
1746-1756. [CrossRef]

Serensen, L.; Gomes, T.; Igartua, A.; Lyngstad, I.L.; Almeida, A.C.; Wagner, M.; Booth, A.M. Organic Chemicals Associated

with Rubber Are More Toxic to Marine Algae and Bacteria than Those of Thermoplastics. J. Hazard. Mater. 2023, 458, 131810.
[CrossRef] [PubMed]

Sadler, D.E.; Brunner, ES.; Plaistow, S.J. Temperature and Clone-Dependent Effects of Microplastics on Immunity and Life History
in Daphnia magna. Environ. Pollut. 2019, 255, 113178. [CrossRef] [PubMed]

Bradney, L.; Wijesekara, H.; Palansooriya, K.N.; Obadamudalige, N.; Bolan, N.S.; Ok, Y.S.; Rinklebe, ].; Kim, K.-H.; Kirkham, M.B.
Particulate Plastics as a Vector for Toxic Trace-Element Uptake by Aquatic and Terrestrial Organisms and Human Health Risk.
Environ. Int. 2019, 131, 104937. [CrossRef] [PubMed]

Hildebrandt, L.; Nack, F.L.; Zimmermann, T.; Profrock, D. Microplastics as a Trojan Horse for Trace Metals. |. Hazard. Mater. Lett.
2021, 2, 100035. [CrossRef]

Koelmans, A.A.; Mohamed Nor, N.H.; Hermsen, E.; Kooi, M.; Mintenig, S.M.; De France, J. Microplastics in Freshwaters and

Drinking Water: Critical Review and Assessment of Data Quality. Water Res. 2019, 155, 410-422. [CrossRef] [PubMed]

Wan, X.; Zhao, Y.; Xu, X.; Li, Z.; Xie, L.; Wang, G.; Yang, F. Microcystin Bound on Microplastics in Eutrophic Waters: A Potential

Threat to Zooplankton Revealed by Adsorption-Desorption Processes. Environ. Pollut. 2023, 321, 121146. [CrossRef] [PubMed]


https://doi.org/10.1016/j.scitotenv.2018.02.081
https://www.ncbi.nlm.nih.gov/pubmed/29453176
https://doi.org/10.1016/j.envpol.2019.113233
https://www.ncbi.nlm.nih.gov/pubmed/31610509
https://doi.org/10.1016/j.envpol.2022.120657
https://www.ncbi.nlm.nih.gov/pubmed/36379287
https://doi.org/10.1111/fwb.14068
https://doi.org/10.1016/j.envpol.2020.113937
https://www.ncbi.nlm.nih.gov/pubmed/31952101
https://doi.org/10.1016/j.scitotenv.2022.155407
https://doi.org/10.1016/j.jhazmat.2022.128415
https://doi.org/10.1016/j.envpol.2017.05.048
https://doi.org/10.1016/j.scitotenv.2021.147154
https://doi.org/10.1371/journal.pone.0155063
https://www.ncbi.nlm.nih.gov/pubmed/27176452
https://doi.org/10.1016/j.zool.2020.125881
https://www.ncbi.nlm.nih.gov/pubmed/33260080
https://doi.org/10.1021/acs.est.0c02982
https://www.ncbi.nlm.nih.gov/pubmed/32885967
https://doi.org/10.1016/j.trac.2018.11.023
https://doi.org/10.1016/j.jhazmat.2020.124338
https://doi.org/10.1021/acs.est.2c03608
https://doi.org/10.1016/j.envpol.2023.121157
https://doi.org/10.1016/j.scitotenv.2023.164807
https://doi.org/10.1002/etc.5393
https://doi.org/10.1039/D3VA00254C
https://doi.org/10.1016/j.jhazmat.2023.131810
https://www.ncbi.nlm.nih.gov/pubmed/37336109
https://doi.org/10.1016/j.envpol.2019.113178
https://www.ncbi.nlm.nih.gov/pubmed/31520904
https://doi.org/10.1016/j.envint.2019.104937
https://www.ncbi.nlm.nih.gov/pubmed/31284110
https://doi.org/10.1016/j.hazl.2021.100035
https://doi.org/10.1016/j.watres.2019.02.054
https://www.ncbi.nlm.nih.gov/pubmed/30861380
https://doi.org/10.1016/j.envpol.2023.121146
https://www.ncbi.nlm.nih.gov/pubmed/36706860

Toxics 2023, 11, 1017 28 of 28

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Dahms, H.-U.; Hagiwara, A.; Lee, ].-S. Ecotoxicology, Ecophysiology, and Mechanistic Studies with Rotifers. Aquat. Toxicol. 2011,
101, 1-12. [CrossRef]

Trotter, B.; Wilde, M.; Brehm, J.; Dafni, E.; Aliu, A.; Arnold, G.J.; Froehlich, T.; Laforsch, C. Long-Term Exposure of Daphnia magna
to Polystyrene Microplastic (PS-MP) Leads to Alterations of the Proteome, Morphology and Life-History. Sci. Total Environ. 2021,
795, 148822. [CrossRef]

Binda, G.; Spanu, D.; Monticelli, D.; Pozzi, A.; Bellasi, A.; Bettinetti, R.; Carnati, S.; Nizzetto, L. Unfolding the Interaction between
Microplastics and (Trace) Elements in Water: A Critical Review. Water Res. 2021, 204, 117637. [CrossRef]

Cedervall, T.; Hansson, L.-A.; Lard, M.; Frohm, B.; Linse, S. Food Chain Transport of Nanoparticles Affects Behaviour and Fat
Metabolism in Fish. PLoS ONE 2012, 7, €32254. [CrossRef]

Farrell, P.; Nelson, K. Trophic Level Transfer of Microplastic: Mytilus edulis (L.) to Carcinus maenas (L.). Environ. Pollut. 2013,177,
1-3. [CrossRef] [PubMed]

Santana, M.EM.; Moreira, ET.; Turra, A. Trophic Transference of Microplastics under a Low Exposure Scenario: Insights on the
Likelihood of Particle Cascading along Marine Food-Webs. Mar. Pollut. Bull. 2017, 121, 154-159. [CrossRef] [PubMed]
Kal¢ikova, G. Beyond Ingestion: Adhesion of Microplastics to Aquatic Organisms. Aquat. Toxicol. 2023, 258, 106480. [CrossRef]
[PubMed]

Pazos, R.S.; Bauer, D.E.; Gémez, N. Microplastics Integrating the Coastal Planktonic Community in the Inner Zone of the Rio de
La Plata Estuary (South America). Environ. Pollut. 2018, 243, 134-142. [CrossRef] [PubMed]

Lusher, A.; Buenaventura, N.T.; Eidsvoll, D.; Thrane, J.-E.; @kelsrud, A.; Jartun, M. Freshwater Microplastics in Norway: A First Look
at Sediment, Biota and Historical Plankton Samples from Lake Mjosa and Lake Femunden; Norwegian Institute for Water Research: Oslo,
Norway, 2018.

Pastorino, P.; Anselmi, S.; Esposito, G.; Bertoli, M.; Pizzul, E.; Barcel6, D.; Elia, A.C.; Dondo, A.; Prearo, M.; Renzi, M. Microplastics
in Biotic and Abiotic Compartments of High-Mountain Lakes from Alps. Ecol. Indic. 2023, 150, 110215. [CrossRef]

Da Silva, ].V.E; Lansac-T6ha, EM.; Segovia, B.T.; Amadeo, FE.; Braghin, L.d.5.M.; Velho, L.EM.; Sarmento, H.; Bonecker, C.C.
Experimental Evaluation of Microplastic Consumption by Using a Size-Fractionation Approach in the Planktonic Communities.
Sci. Total Environ. 2022, 821, 153045. [CrossRef] [PubMed]

Klasios, N.; Tseng, M. Microplastics in Subsurface Water and Zooplankton from Eight Lakes in British Columbia. Can. J. Fish.
Aquat. Sci. 2023, 80, 1248-1267. [CrossRef]

Rajeswari, I.T; Iyyanar, A.; Govindarajulu, B. Microplastic Pollution in Kolavai Lake, Tamil Nadu, India: Quantification of
Plankton-Sized Microplastics in the Surface Water of Lake. Environ. Sci. Pollut. Res. 2023, 30, 94033-94048. [CrossRef]

Alfonso, M.B.; Lindsay, D.J.; Arias, A.H.; Nakano, H.; Jandang, S.; Isobe, A. Zooplankton as a Suitable Tool for Microplastic
Research. Sci. Total Environ. 2023, 905, 167329. [CrossRef]

Wu, M.; Yang, C.; Du, C.; Liu, H. Microplastics in Waters and Soils: Occurrence, Analytical Methods and Ecotoxicological Effects.
Ecotoxicol. Environ. Saf. 2020, 202, 110910. [CrossRef]

Franzellitti, S.; Canesi, L.; Auguste, M.; Wathsala, R H.G.R.; Fabbri, E. Microplastic Exposure and Effects in Aquatic Organisms: A
Physiological Perspective. Environ. Toxicol. Pharmacol. 2019, 68, 37-51. [CrossRef] [PubMed]

Bowszys, M. Microplastics in the Waters of European Lakes and Their Potential Effect on Food Webs: A Review. Pol. ]. Nat. Sci.
2022, 37, 345-364.

Bellasi, A.; Binda, G.; Pozzi, A.; Galafassi, S.; Volta, P; Bettinetti, R. Microplastic Contamination in Freshwater Environments: A
Review, Focusing on Interactions with Sediments and Benthic Organisms. Environments 2020, 7, 30. [CrossRef]

Hossain, M.A.R,; Olden, ].D. Global Meta-Analysis Reveals Diverse Effects of Microplastics on Freshwater and Marine Fishes.
Fish Fish. 2022, 23, 1439-1454. [CrossRef]

Rodrigues, S.M.; Elliott, M.; Almeida, C.M.R.; Ramos, S. Microplastics and Plankton: Knowledge from Laboratory and Field
Studies to Distinguish Contamination from Pollution. |. Hazard. Mater. 2021, 417, 126057. [CrossRef]

Lusher, A.L.; Primpke, S. Finding the Balance between Research and Monitoring: When Are Methods Good Enough to Understand
Plastic Pollution? Environ. Sci. Technol. 2023, 57, 6033-6039. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.aquatox.2010.09.006
https://doi.org/10.1016/j.scitotenv.2021.148822
https://doi.org/10.1016/j.watres.2021.117637
https://doi.org/10.1371/journal.pone.0032254
https://doi.org/10.1016/j.envpol.2013.01.046
https://www.ncbi.nlm.nih.gov/pubmed/23434827
https://doi.org/10.1016/j.marpolbul.2017.05.061
https://www.ncbi.nlm.nih.gov/pubmed/28595982
https://doi.org/10.1016/j.aquatox.2023.106480
https://www.ncbi.nlm.nih.gov/pubmed/36948066
https://doi.org/10.1016/j.envpol.2018.08.064
https://www.ncbi.nlm.nih.gov/pubmed/30172119
https://doi.org/10.1016/j.ecolind.2023.110215
https://doi.org/10.1016/j.scitotenv.2022.153045
https://www.ncbi.nlm.nih.gov/pubmed/35033570
https://doi.org/10.1139/cjfas-2022-0293
https://doi.org/10.1007/s11356-023-29078-4
https://doi.org/10.1016/j.scitotenv.2023.167329
https://doi.org/10.1016/j.ecoenv.2020.110910
https://doi.org/10.1016/j.etap.2019.03.009
https://www.ncbi.nlm.nih.gov/pubmed/30870694
https://doi.org/10.3390/environments7040030
https://doi.org/10.1111/faf.12701
https://doi.org/10.1016/j.jhazmat.2021.126057
https://doi.org/10.1021/acs.est.2c06018

	Introduction 
	Database Search for Articles on Microplastics and Freshwater Zooplankton 
	Zooplankton and Microplastics in Lab Studies: Assessing Hazard and Exposure of Microplastics 
	Effects to Individuals and Different Endpoints 
	Role of Particle Characteristic in Toxicity 
	Role of Particle Size 
	Role of Morphology and Particle Chemical Features 

	Co–Exposure with Other Stressors 
	Physical Stressors 
	Organic Pollutants 
	Inorganic Chemicals and Nanoparticles 

	Toward Improved Environmental Relevance: Exposure of MPs to Simplified Communities 
	Future Trends and Research Gaps in the Exposure of Zooplankton to MPs 

	Studies on Zooplankton and Microplastics in Freshwater Lakes 
	Current Knowledge of Environmental Conditions 
	Future Steps for Environmental Monitoring of Zooplankton–MPs Interaction 

	Conclusions and Research Outlook 
	References

