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Behaviour is increasingly recognized as a sensitive screening tool to detect the effects of environmental
disturbances on biota, resulting from molecular, biochemical, and physiological processes. In this sense,
several (eco)toxicological studies have been assessing and reporting the behavioural effects of xenobi-
otics, even at very low doses. Different behavioural endpoints may help to estimate more accurately the
impact of nanoplastics (NPLs) in fitness-related behaviours and, therefore, should be included in envi-
ronmentally relevant exposure scenarios. This paper presents a critical review of current scientific
knowledge regarding tested behavioural endpoints on freshwater organisms exposed to NPLs, findings’
environmental relevance and research needs. Overall, the limited number of studies addressed only 3
types of polymers, with spherical polystyrene (PS) being the most studied, but all identified behaviour as
a sensitive endpoint to NPLs exposure, with potential effects on populations. However, applied meth-
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odologies differ making comparison of effects between different sizes or polymers difficult.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Linking nanoplastics (NPLs) research and behavioural
ecotoxicology

Plastic contamination is currently one of the most prominent
subjects in ecotoxicology and a side effect of the considerable
plastic demand and consumption, that results from millions of
tonnes of plastic waste generated annually [1]. Despite the efforts
to recycle and convert plastic waste into energy, a considerable
portion of is still improperly disposed of in the environment. Over
time, plastic waste is subjected to fragmentation processes, through
biotic and abiotic action, resulting in smaller particles that can
reach the nanometer size. The definition of “nanoplastics” (NPLs) is
still subject to controversy [2], with some authors setting the upper
size at 1000 nm (e.g. Ref. [3], and others at 100 nm (e.g., Ref. [4]. For
this discussion, NPLs refer to plastic particles smaller than 100 nm,
following the European Commission's definition of nanomaterials
[5].

NPLs can enter the environment not only through waste
disposal but also as a result of their inclusion in products such as
coatings, drug delivery systems and medical diagnostics [6,7]. This
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global-scale plastic challenge has raised concerns in the scientific
community regarding the effects on biota and prompted research
to understand the potential impacts of NPLs on the environment.
Due to their smaller size, high specific surface area and free energy
[2], NPLs are anticipated to be more reactive and more likely to be
incorporated by smaller organisms and even cells, affecting cellular
components and mechanisms, which may translate into unpre-
dictable outcomes.

In the last years, the number of studies addressing the presence,
accumulation, and effects of small plastic particles on aquatic or-
ganisms has grown considerably, but the knowledge regarding the
effects of NPLs can be considered limited [6]. Particular focus must
be given to environmentally relevant conditions that include most
commonly polymers in the environment, concentrations, shape, and
surface characteristics associated with ageing as well as co-exposure
with other environmental contaminants. Additionally, potential
exposure routes such as waterborne, foodborne or their combination
should be considered (especially when dealing with organisms from
upper trophic levels, like fish, given the emerging evidence of NPLs
accumulation in organism tissues and trophic transfer). The chal-
lenges associated with sampling, sample treatment for isolation and
polymer identification, as well as particle characterization in terms
of size, shape/format, surface properties, and chemical added/sorbed
substances may explain the limited available information regarding
the risks of NPLs (e.g., Refs. [1,8—10].
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Studies addressing the effects of environmentally relevant con-
centrations of NPLs are mainly based on estimates, that comprise a
high degree of uncertainty. Those studies reported limited lethality
of NPLs (e.g. Refs. [11—14], a result also obtained when unrealistic
concentrations were tested to attain some type of effect to allow
comparison between types of polymers and sizes [15]. As a com-
plement to standard guidelines and protocols, some studies have
considered sublethal endpoints, such as behavioural changes, that
may provide information on effects that may be translated at higher
levels (e.g., population). Behavioural ecotoxicology (a broad term
that includes a wide range of different behaviours displayed by or-
ganisms [16,17]) is not yet included in regulatory frameworks for
plastics (in general), unlike for pesticides or metals. Nonetheless,
some of these endpoints may be a very useful tool to detect subtle
changes that may reflect effects on organisms’ fitness (individual
behaviours), providing information on potential increased suscep-
tibility to predators or environmental conditions as well as potential
effects at a population level (social behaviour) (Fig. 1).

Considering that NPLs are expected to persist in the aquatic
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environment for several years without causing immediate lethality
or significant sublethal effects at low concentrations, behavioural
ecotoxicology becomes particularly relevant. Behaviour is the result
of many biological processes that arise from interactions between
organisms and the surrounding environment [ 18] and thus changes
in behaviour can provide environmentally relevant information on
the potential consequences of sublethal exposure. Thus, behav-
ioural ecotoxicology may be interpreted as an upstream approach
compared to standard guidelines focused on mortality and/or
morphological abnormalities, providing relevant information for
regulatory purposes that can also promote the reduction of plastic
consumption and/or disposal.

2. Behaviour: bridging individual and population-level
effects of NPLs

Environmental risk assessment frameworks that integrate

behavioural parameters may be considered an improved approach
given that behavioural changes can be considered as the ultimate
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Fig. 1. Linkage of different behavioural endpoints exhibited at the individual level and their potential translation to lower (sub-individual) and higher (population) levels of

biological organization.
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result of multilevel biological effects, and a sensitive early warning
tool of contamination [19]. In this sense, the study of behavioural
changes in organisms, at a laboratory scale, allows the prediction of
potential alterations in animals’ fitness upon exposure to envi-
ronmental stressors (Fig. 1), with potential repercussions at higher
levels of biological organization, allowing to prediction potential
consequences at the populational level. For instance, impairment of
normal behavioural responses may change demographic parame-
ters as already reported for a salmonid species when exposed to an
anxiolytic drug [20].

Fish erratic swimming patterns, for example, may be the result
of contaminant-induced disturbances in neurotransmission and
fleeing/avoidance behaviours indication of recognized unfav-
ourable conditions [21—23]. Thus, based on the environmental
relevance of behaviour alterations and the increasing reports of its
sensitivity and early warning nature compared to other classical
endpoints (e.g. Refs. [22,24,25], it is highly relevant to understand
what is known for NPLs.

To date, most reviews addressing the topic of NPLs have pri-
marily focused on issues such as its presence and distribution, fate
and behaviour in aquatic environments, and analytical techniques
used for its detection, with emphasis on research needs and
harmonization of methodologies [1,10,26,27]. In terms of biological
effects, most studies have failed to provide lethal and sublethal
benchmarks following NPL exposure (compiled and discussed
elsewhere [1,28—30], and to the best of our knowledge, no review
article has specifically addressed the behavioural ecotoxicology of
NPLs and how it may improve NPLs risk assessment. Attending to
this notable gap in the current literature, this article aimed to re-
view the available studies addressing the behavioural effects of
NPLs on freshwater organisms, highlighting relevant effects and
sensitive endpoints. To achieve this goal, different behavioural
parameters were discussed, highlighting the relevance of each
specific behaviour to organisms’ fitness, NPLs (polymer type, shape,
size), methodological approaches used, main results, and the rele-
vance of an integrative and holistic approach in NPLs risk
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assessment.

3. Methodological approach

A literature review in Scopus and Google Scholar databases was
performed between December 21st 2022 and January 24th 2023 to
extract all the available studies addressing the effects of NPLs
(<100 nm) on freshwater organisms, that have included behav-
ioural parameters assessment (Fig. 2). The search assembled with
the combination of the keywords “nanoplastic*“, “behavi*” and
“freshwater” revealed a total of 45 studies. The search was then
refined by adding the following keywords: “Avoidance” or “Pref-
erence” or “Swimming” or “Feeding” or “Foraging” or “Mating” or
“Capture” or “Escape” or “Hide” or “Burrowing” or “Anxiety-like” or
“Learning” or “Memory” or “Predation” or “Social” or “Shoaling”.
The articles were then analysed by carefully reading the abstract to
confirm if they were within the scope of the study. From those,
thirteen studies provided information on the behaviour of NPLs
which was not in the scope of the present work, and the other five
were reviews comprising information and analysis on particle
behaviour in different test media as well; ten papers appeared in
duplicate; all these papers were excluded. Conference papers,
notes, and book chapters were also excluded. The papers included
in this review and their main characteristics are presented in
Table 1.

4. Effects on behaviour
4.1. Feeding

Feeding is among the most studied behavioural endpoints,
probably associated with its vital role in an organism's fitness, as
the ability to acquire food to obtain nutrients required for anabolic
processes, energy production, and metabolism is essential for sur-
vival and reproduction. Therefore, it may be assumed that organ-
isms exposed to environmental stressors with compromised
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Fig. 2. Schematic representation of literature search methodology, inclusion and exclusion criteria, and obtained results.
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Table 1

Studies with freshwater organisms focusing on different behavioural endpoints, assessed during and/or after exposure to nanosized (<100 nm) plastic particles (NPLs). Abbreviations stand for (in alphabetical order): DLS —
dynamic light scattering; FTIR - Fourier-transform infrared spectroscopy; hpf — hours post-fertilization; NTA — nanoparticle tracking analysis; orgs — organisms; PMMA — polymethylmethacrylate; PS — polystyrene; SEM —
scanning electron microscopy; TEM — transmission electron microscopy. Symbology meaning as follows: 1 increase; | decrease; = similar.

Reference Species Polymer Origin Functional Characterization Replicates ~ Age/Animal Exposure Concentrations Assessed Endpoints Major Findings
X (Type, group/ (Technic, matrices) Orgs/ Developmental duration/
Filo . K R .
size, and labelling replicate stage Medium
Order shape) Renewal
FEEDING BEHAVIOUR
[31] Carassius carassius PS Commercial No DLS in water 4 No indication 30 days (five 100 mg/L to Feeding time (time to At day 30: control fish took on
Chordata 24 nm  source 4 orgs/ monitoring contaminate  consume 95% of the average 6.0 + 0.7 min to fed, and
Cypriniformes Spherical replicate periods) algae, to fed contaminated daphnias) those exposed to NPLs through
No daphnias, to food took on average
indication of fed fish 16.6 + 2.7 min
medium
change
routine
[32] C. carassius PS Commercial No DLS, NTA 12 Size class 61 days 1x 10" Feeding rate (number of Similar activity between non-NPLs-
Chordata 24 and source Fish water 4 orgs/ 8.2-9.6 cm and No particles ingested daphnia), Feeding fed (NNF) and NPLs-fed group (NF)
Cypriniformes 27 nm replicate weight class indication of (130 mg time (time to consume 92- Day 61: NF took longer to fed, fed
Spherical 75-137¢g medium particles per  95% of daphnias), less
change feeding) Swimming exploration
routine
Rist et al., Daphnia magna PS Commercial No DLS 3 One-week old 24h 1 mg/L Feeding behaviour Feeding rates | in 21% in
2019 Arthropoda 100 nm source Fluorescent  Suspensions made 5 orgs/ No (consider also the term 100 nm PS exposure
Branchiopoda Spherical (Excitation:  in test media replicate ingestion); on Raphidocelis
440 nm, subcapitata
Emission:
486 nm)
[15] Hydra viridissima PMMA  Team No DLS 6 Non-budding  96h 1, 5, 10, 20, 40, Mortality, Mortality assay: 1 prey
Cnidaria 40 nm  synthesized Milli Q water and 1 org/ adults No 80, Morphological consumption at 20 mg/L, and | at
Anthoathecata Spherical hydra culture replicate 160, 320, abnormalities, 5 mg/L
medium 640 mg/L Post-exposure feeding Regeneration assay: higher prey
consumption at 5 mg/L
[33] Gammarus roeseli PS Commercial No No 6 Size class 2 weeks 431 ng (low  Feeding behaviour on No effect on feeding rates
Arthropoda 100, and source 3 orgs/ 8.3+ 1.8 mm Onceaweek dose) cellulose-phyll tabs loaded No changes on lipid, glycogen, or
Amphipoda 30 nm replicate 431 ng (high  with NPLs glucose levels
Spherical dose) NPLs body burden dose-dependent
[34] Echinogammarus  PS Commercial No SEM, DLS, FT-IR 3 Size class of 1.5 days 0.25,2.5,25 pg/ Leaf litter feeding rates Feeding rate | by 50% at 25 pg/L of
meridionalis 100, nm source Characterization of 1 org/ 74 +36mm No L 100 nm PS, though not significantly
Arthropoda Spherical the stock solution  replicate
Amphipoda (100 mg/L)
performed in
stream water
[14] Xenopus laevis PMMA Team No DLS 4 Nieuwkoop and 48h 1, 100, and Feeding rates (ingested No alterations on feeding rates
Chordata 40 nm  synthesized Milli Q water and 4 orgs/ Faber stage 45, No 1000 pg/L algae cells/day) At 1000 pg/L: severe
Anura Spherical FETAX medium replicate independent Weight, Length malformations, retarded growth
feeding At 1 pg/L: heavier tadpoles than in
control group
SWIMMING BEHAVIOUR
[11] Danio rerio PS Commercial No DLS 80 orgs/ Embryos at 120h 0.1, 1 and Mortality, Hatching rate, Dose-dependent | heart rate for all
Chordata 51 nm source Fluorescent  Test media replicate 6hpf No medium 10 mg/L Heart rate, Developmental  concentrations Gastrointestinal tract
Cypriniformes Spherical (Excitation: 3 renewal abnormalities, Tissue and pancreas accumulation at 1 and
480 nm, independent accumulation, Swimming 10 mg/L, even after depuration
Emission: assays behaviour | Larval locomotor activity at 1 mg/
520 nm) L upon dark conditions.
[35] PS Commercial No Fluorescent 5 Larvae with 6 114h 10, 100, 1000, Mortality, Hatching rates, Dose-dependent accumulation of
50 and source Fluorescent; microscopy 18 orgs/ hpf 10% test 10000 ppb Developmental NPLs
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[36]

[37]

[38]

[39]

[40]

[4]

D. rerio
Chordata
Cypriniformes

D. rerio
Chordata
Cypriniformes

Ctenopharyngodon
idella

Chordata
Cypriniformes

C. idella
Chordata
Cypriniformes

Branchinecta gaini
Arthropoda
Anostraca

D. magna
Arthropoda
Branchiopoda

D. rerio
Chordata
Cypriniformes

nm
Spherical

PS Commercial
70 nm  source
Spherical

PS Commercial
range source
from 20

to 26 nm

Spherical

PS Commercial
20- source

26 nm

Spherical

PS Commercial
50 and source

60 nm

Spherical

PS Commercial
50 nm  source
Spherical

PS Team

(22 nm) synthesized
PMMA

(32 nm)

Spherical

Excitation:
660 nm,
Emission:
690 nm

No TEM
Fluorescent
(Excitation:

485 nm,

Emission:

590 nm)

No TEM, SEM
Fluorescent

(Excitation:

470 nm,

Emission:

505 nm)

No TEM, SEM
Fluorescent

(Excitation:

470 nm,

Emission:

505 nm)

Carboxylated DLS at 0, 24 and 48h
(-COOH) and  Freshwater
amino

(-NHp)-

modified;

Fluorescent

(Excitation:

480 nm,

Emission:

520 nm)

No TEM

Green

fluorescent

No DLS, SEM

replicate

3
independent
assays

20 orgs/
treatment

32 orgs/
treatment

36 orgs/
treatment

3
12 orgs/
replicate

6
3 orgs/
replicate

20 orgs/
replicate

Adult (six-to
seven-months-
old)

Adult (six-to
seven-months-
old)

Juveniles

Adults

Newborns

Embryos/
Larvae

media (0.01,0.1, 1,

renewal 10 mg/L)

7, 30 days

and 7 weeks

Test media

renewed

every two

days

72h 760 pg/L

No medium

renewal

20 days 0.04, 34 and

Complete 34000 ng/L

renewal

every two

days

48h 1 and 5 pg/mL

No medium

renewal

48h; 7,14  Acute: 0.05,

and 21 days 0.1,0.5, 1, 2,5,

Acute: no 7,10 and

renewal 15 pg/mL

Chronic: Chronic: 0.05

daily and 0.5 pg/mL

renewal

96h 0.001, 0.01, 0.1,
1,10

and 100 mg/L

abnormalities, Swimming
behaviour,
Tissue accumulation

0.5, 1.5, 5 mg/L Tissue accumulation,

Stress and genotoxicity
biomarkers,
Neurotransmitters,
Swimming activity

Locomotor behaviour,
Anxiety-like behaviour,
Neurotoxicity,
Genotoxicity, Oxidative
stress

Biometric parameters,

Locomotor behaviour,
Anxiety-like behaviour,
Antipredator defensive-

response, Neurotoxicity and
oxidative stress biomarkers

Mortality,
Swimming activity,
Moulting,

Histology,

Gene expression

Immobilization at 24 and
48 h after exposure,
Oxidative stress and
energetic biomarkers,
Swimming activity
Tissue accumulation

Mortality,
Hatching, Morphological

features, Neurotransmission,
Antioxidant status, Oxidative
damage, Energy metabolism,

Swimming behaviour

No effects on the total swimming
distance;

Accumulation at 1 and 10 mg/L of
50 nm PS.

Nervous system-associated gene
expression 1 at 0.1 of 50 nm PS

1 Average speed

| Freezing time movement ratio at
1.5 mg/L

Alterations in exploratory
behaviour at 5 mg/L (after 7 days-
exposure)

Accumulation in nervous,
digestive, and reproductive tissues
| AChE at 1.5 mg/L

| Dopamine, melatonin, y-
aminobutyric acid, serotonin,
vasopressin, kisspeptin, oxytocin

1 ROS tissue, DNA damage, cortisol
level (liver),

| ATP at 5 mg/L

~ Swimming

speed and distance and anxiety
index

1 Oxidative stress, AChE activity and
genotoxicity

Non-concentration-dependent
effects on

biometric parameters (body
biomass, standard and total length,
peduncle and head height)

No effects on locomotor activity
nor anxiety-like behaviour
Alterations in anti-predatory
defensive response

1 Moulting, although not significant
irrespective of PS NPLs
functionalization and surface charge
| Swimming

capacity upon exposure to PS-NH2;
1 Gene expression

Histological alterations in the gut
epithelial tissues

No effects on swimming activity;
No effects on oxidative stress
condition

1 Energy biomarkers at 0.05 and 0.5
pg/mL of 50 nm PS, after 21 days
exposure

Delayed hatching at 72h, for 100 mg/
L of PS-NPLs and at 48h for all
PMMA-NPLs tested concentrations;
1 Total distance at 0.001, 1 and
100 mg/L of PS-NPLs, upon light
conditions

(continued on next page)
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Table 1 (continued )

Reference Species Polymer Origin Functional Characterization Replicates Age/Animal Exposure Concentrations Assessed Endpoints Major Findings
N (Type, group/ (Technic, matrices) Orgs/ Developmental duration/
Filo . . . .
size, and labelling replicate stage Medium
Order shape) Renewal
1 Total distance moved at 0.001,
0.01, 0.1 and 10 mg/L of PMMA-
NPLs, upon light and dark conditions

[41] D. rerio PS Commercial No DLS at 0 and 96h 4 Embryos/ 120h 0.015, 0.15, 1.5, Mortality, Heartbeat, t swimming distance at 0.015
Chordata 44 nm  source Fish water 4 orgs/ Larvae No medium 15 and 150 mg/ Hatching rate, mg/L and in catalase activity
Cypriniformes Spherical replicate renewal L Developmental

abnormalities, Locomotor
behaviour, Oxidative stress,
Neurotransmission,

Energy budget

SHOALING BEHAVIOUR

[32] C. carassius PS Commercial No DLS, NTA 12 Size class 61 days 1x 10" Shoaling, Day 61: less individual action with
Chordata 24 and source Fish water 4 orgs/ 8.2-9.6 cm and No particles Feeding fish beavering more as a group.
Cypriniformes 27 nm replicate weight class information (130 mg

Spherical 75-137¢g on medium particles per
change feeding)
routine

[36] D. rerio PS Commercial No TEM 20 orgs/ Adult (six-to 7,30days 0.5, 1.5 and Shoaling 1 Shoaling at 0.5 and
Chordata 70 nm  source Fluorescent treatment seven-months- and 7 weeks 5 mg/L 1.5 mg/L (after 7 days-exposure)
Cypriniformes Spherical (Excitation: old) Renewal ~ Conspecific social behaviour

485 nm, every two
Emission: days
590 nm)

PREDATION-RELATED BEHAVIOURS (foraging for food or escaping larger predators)

[32] C. carassius PS Commercial No DLS, NTA 12 Size class 61 days 1x 10" Foraging for food/hunting Day 61: fish less prone for exploring
Chordata 24 and source Fish water 4 orgs/ 8.2-9.6 cm and No particles the tanks, hunting less
Cypriniformes 27 nm replicate weight class indications (130 mg

Spherical 75-137¢g on medium particles per
change feeding)
routine

[36] D. rerio PS Commercial No TEM 20 org/ Adult (six-to 7,30days 0.5, 1.5 and Predator avoidance | Predator avoidance behaviour at
Chordata 70 nm  source Fluorescent treatment seven-months- and 7 weeks 5 mg/L 1.5 mg|L (after 7-days exposure)
Cypriniformes Spherical (Excitation: old) Test

485 nm, solution

Emission: refreshed

590 nm) every two
days

[38] C. idella PS Commercial Fluorescent TEM, SEM 36 org./ Juveniles 20 days 0.04,34and  Antipredator behaviour Lack of cohesive shoaling facing a
Chordata 20- source Excitation: treatment Medium 34000 ng/L predator cue
Cypriniformes 26 nm 470 nm, fully

Spherical Emission: renewed
505 nm every two
days

AGGRESSIVENESS

[36] D. rerio PS Commercial No TEM 20 orgs/ Adult (six-to 7,30days 0.5, 1.5 and Aggressiveness | Aggressiveness at 5 mg/L (after 7
Chordata 70 nm  source Fluorescent treatment seven-months- and 7 weeks 5 mg/L days-exposure)

Cypriniformes Spherical (Excitation: old) Every two
485 nm, days
Emission:
590 nm)
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feeding activity are less likely to survive and reproduce than un-
affected organisms [17]. However, feeding behaviour is often
associated with other fitness-behavioural endpoints. For instance,
in fish, it is closely related to swimming behaviour, as these or-
ganisms usually manoeuvre their fins in the water while pursuing
food, which also modulates their escaping/avoidance behaviour
when facing predators (a well-nourished fish may be in better
physical condition to flee), and can shape populational-level be-
haviours (for instance, triggering higher aggressiveness in social
interactions between conspecifics) [17,42]. Nonetheless, the liter-
ature search revealed limited research on the interactions between
different behavioural endpoints. Feeding behaviour also plays an
important role in the incorporation of environmental contami-
nants, particularly those that are transferred through the food web
(e.g., plastics). For instance, Ref. [42] reported that 6-day old Danio
rerio larvae displayed decreased exploratory behaviour and higher
anxiety-like states upon foodborne exposure to quinpirole.

Recent research on the effects of NPLs has led to a heightened
understanding of their potential vertical transfer, which refers to
the movement of NPLs between different trophic levels in the food
chain. Thus, NPLs waterborne exposure and foodborne exposure
should be considered ecologically relevant scenarios [31,32]. The
literature search with the criteria mentioned above, retrieved 7
publications that included feeding, for which three scenarios of
delivery of NPLs could be accounted and explored according to the
following: first, it is necessary to consider NPLs-waterborne expo-
sure that may subsequently induce changes in feeding patterns of
organisms (e.g., post-exposure feeding [15]; second, the assess-
ment of feeding patterns during NPLs exposure [14,43]; and lastly,
foodborne exposure (or food preconditioning), i.e. the assessment
of the potential effects of NPLs through food products [31—34]. The
diversity of methodologies used in feeding assays is most probably
related to the methodologies considered most appropriate given
the diversity of functional groups used: shredders [33,34], grazers
(water column — Rist et al., 2017, or bottom — Venancio et al., 2022),
or secondary consumers (invertebrate — Venancio et al., 2021, or
vertebrate — Cedervall et al., 2012; [32]. Like most research on
microplastics, it is difficult to use data from different studies to
establish a comparison of sensitivity. Although not straightforward,
attempts can be made with Echinogammarus meridionalis [34] and
Gammarus roeseli [33]. [34] opted for conditioning alder leaves (a
less artificial food source) with PS-NPLs (100 and 1000 nm) at
concentrations ranging from 0 to 25 pg/L, whereas [33] opted to use
agar and cellulose-pill tabs loaded with PS-NPLs (sizes of 1000, 500,
100, and 30 nm) at two doses (high load — 431 ng, and low —
4.31 ng). Despite the differences in exposure duration, assay design
in terms of replicates, and number of organisms per replicate (1.5
days, 3 replicates, 1 individual/replicate vs. 2 weeks, six replicates, 3
organisms/replicate for [33,34]; respectively), the outcome was
similar, with no significant effects on feeding rates reported [33].
found that the lack of effects on feeding was associated with no
changes in organisms’ energy assimilation (lipid, glycogen, and
glucose levels). However, the results of the two available studies
with crucian carp (Carassius carassius) fed with 24 and 27 nm PS-
NPLs-contaminated daphnias, showed that NPLs foodborne-
exposed fish presented lower predatory behaviour (thus,
decreased feeding) by the end of 30 and 61-days assays [31,32]. In
addition to altered feeding rates, both studies reported lower
exploratory behaviour, highlighting the transversality of the effects
between different behaviours [31,32]. Using another vertebrate
species (Xenopus laevis) and focusing on the effects of waterborne
exposure to 40 nm PMMA-NPLs on the feeding rates [15], found no
altered feeding behaviour, although organisms exposed to 1000 pg/
L grew less and a high percentage of organisms presented exteri-
orization of the gut [15].

Trends in Analytical Chemistry 165 (2023) 117129

All seven publications addressing feeding, tested spherical
pristine particles. This brings significant challenges when
attempting to translate to realistic environmental scenarios as
plastic degradation in the environment is expected to lead to dis-
similar/irregular NPLs shapes, with surface characteristics altered
by ageing processes, that may alter polymer toxicity [44,45]. Most
of the seven previous studies mentioned tried to address envi-
ronmental relevance. In some cases, exposure to concentrations
considered by the authors as of environmental relevance did not
induce mortality and/or morphological changes, but altered or-
ganisms feeding behaviour, especially in studies with fish [31,32],
while for other organisms (such as detritivores or grazers), envi-
ronmentally relevant concentrations seem to induce no effect on
this parameter. However, the differences in the observed effects of
NPLs may be associated with differences in the duration of the
experiments conducted with different species. For instance, studies
with fish typically spanned one to two months, while experiments
involving other organisms were conducted over shorter periods,
ranging from hours to a couple of days. Additionally, the feeding
strategies of these organisms could influence their sensitivity to
NPLs. It is crucial to acknowledge that the restricted number of
studies conducted limits the conclusions that can be drawn.
Nevertheless, these preliminary findings can provide valuable in-
sights and lessons for future research, particularly in terms of un-
derstanding the potential implications of NPLs on human health.
For instance Refs. [31,32], studies that lasted 30 and 61 days,
respectively, have shown that organisms at the apex of the trophic
chain may be affected by preys’ previous exposure (in this case,
from algae to daphnids to fish), which is currently a human health
concern [46,47].

4.2. Swimming

Swimming is vital for many aquatic organisms as it plays a key
role in many fitness-related behaviours [48]. In organisms like in-
vertebrates and fish, alterations in swimming activity may impact
their ability to feed (and therefore their growth), as well as predator
escaping and/or stressful environments avoidance, exploration of
new environments and resources and even reproduction [17,23].
These changes in swimming behaviour patterns, in addition to the
direct impact on individual fitness, may also be translated into
direct links to population and community level, due to the potential
disruption of interspecific and intraspecific social dynamics. Thus,
its inclusion in (eco)toxicological studies to assess the effects of
waterborne contaminants has been increasing, based on its re-
ported sensitivity and recognized ability to provide early warning
signs with a non-invasive and environmentally relevant character
[19,49]. Thus, depending on the species used as a biological model,
different swimming-associated parameters can be measured, such
as speed, distance swam, time spent in inactivity/freezing, swim-
ming (turning) angles, the tendency to swim near the boundaries of
a test area and tendency to swim/explore in different layers of the
water column. An alteration in such parameters, when compared to
control organisms, provides relevant information on a potential
disruption of the normal swimming pattern which, based on the
endpoint, may have different consequences on animals’ fitness.

Nonetheless, after a literature revision, only 9 of the studies
addressing the effects of NPLs on freshwater organisms assessed
swimming behaviour, reporting alterations in total swimming
distance (5 studies), speed (2 studies), types of movements (1
study) and time of inactivity (1 study). In 9 out of the 10 studies, PS
nanospheres (sizes ranging from 20 to 100 nm; concentrations
between 0.04 ng/L and 10000 mg/L) were tested. A single study
used a polymer other than PS - polymethylmethacrylate (PMMA) —
which highlights the need for more information regarding effects of
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polymers of environmental concern (e.g., polypropylene (PP),
polyethylene (PE), or polyethylene terephthalate (PET)). Most
studies addressed the effects of short-term exposures (8 out of the
10 studies) which may not provide relevant information on the
long-term effects, a more environmentally realistic scenario. Ac-
cording to the literature review, 20 days of exposure to PS NPLs (20-
26 nm) from 0.04 ng/L up to 34 pg/L induced no effect on Cteno-
pharyngodon idella juvenile's locomotor behaviour [38]. A similar
result was reported in a study with Daphnia magna exposed for 21
days to 0.05 and 0.5 mg/L PS NPLs (50 nm) that displayed no sig-
nificant changes in swimming activity [40]. The lowest tested
concentrations eliciting alterations in swimming behaviour were in
the range of 0.001-0.015 mg/L for PS NPLs (22 nm and 44 nm,
respectively) [4,41] and within 0.001 and 0.1 mg/L for PMMA
(32 nm) [4]. Both studies assessed the effects of NPLs on the em-
bryonic/larval stage of D. rerio (zebrafish), reporting a significant
increase in larvae swimming distance which can be suggestive of
hyperactive behaviour. Zebrafish larvae exposure for 120h to
~50 nm PS NPLs (44 and 51 nm, respectively) induced increased
swimming activity at 0.015 mg/L [41], whereas exposure to 1 mg/L
decreased larval locomotor activity [11], which may suggest a non-
monotonic response [50] and highlights concentration as an
important variable that, modulating nanoparticles behaviour, (e.g.
aggregation/agglomeration) [51], will modulate its bioavailability
and effects.

The analysis of the endpoints used to assess the effects of NPLs
on swimming behaviour revealed that total swimming distance
was the most commonly used parameter (in 7 out of the 10 studies).
Alterations in the total distance travelled provide relevant infor-
mation on the organism's activity level (hyper or hypoactivity)
which in turn may adversely impact different behaviours such as
feeding (that can affect individual fitness), predator avoidance,
social interaction and even reproductive success. Of these 8 studies
addressing swimming distance, 4 reported significant alterations in
swimming distance [4,11,39,41] highlighting the sensitivity of this
endpoint. Within these 4 studies, the results are not consensual,
with 2 reporting increases in the distance swam [4,41] and 2
decreased swimming distance [11,39], highlighting the need for a
proper characterization of the NPLs particles as it plays a key role on
their biological bioavailability and reactivity. Nonetheless, a more
integrative approach should be adopted, with the inclusion of
different endpoints to allow a better understanding of the behav-
ioural change. For instance, in fish, the inclusion of swimming an-
gles, time spent in swimming or inactivity, swimming speed, and
types of movements, may provide a better understanding of the
dimension of NPLs-induced impact. For example, a higher distance
travelled may be associated with an anxiety increase. A single study
included more than 2 swimming-associated parameters [41].
Moreover, as virtually all aquatic organisms are equipped with an
endogenous circadian clock and the ability to detect light shifts,
assessing swimming behaviour under both light and dark condi-
tions assumes high relevance. Only 3 studies addressed the effects
of NPLs on swimming behaviour considering the presence or
absence of light. In the particular case of fish, it is also well estab-
lished that abrupt light transitions can be used as a startle inducer
to study contaminants' effects on stress response and recovery
response since fish tend to quickly resume swimming activity to the
level they had before stress. Contaminant-induced alterations on
stress response and learning (stress adaptation response) may
directly interfere with fish's ability to optimize their response (e.g.,
predator escape/avoidance) according to perceived predation risk.
However, none of the studies considered eligible for this review,
addressed this question when assessing the effects of NPLs expo-
sure on fish locomotor behaviour.

Overall, the reported alterations in fish swimming pattern after
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exposure to PS and PMMA NPLs highlight the ability of NPLs to
interfere with the organism's movement which may have signifi-
cant ecological implications. Deficits in swimming performance
will directly impact other ecologically important behaviours at the
individual level but also with later repercussions at the population
and community level. Swimming behaviour is a determinant that
directly influences the ability to escape predators or to avoid them
(antipredation) and to capture prey (feeding) [52,53]. Therefore,
activity patterns may influence predator-prey interactions (e.g., to
eat or to be eaten) that are important in structuring aquatic com-
munities [54]. Moreover, alterations in swimming performance
may adversely affect dispersal and migration-related behaviours
that are of vital importance for population survival, especially when
facing significant environmental challenges [52,53].

4.3. Avoidance/escaping, preference, foraging, mating, capture, hide,
burrowing, anxiety-like, learning, memory, predation, social,
shoaling

This section includes other types of behavioural endpoints. This
decision is based not on the fact that they are considered similar
concepts, but rather on the lack of studies that do not allow a
structured analysis for each endpoint. Many of these behavioural
parameters are species-dependent (they may or may not be
measurable to the desired endpoint). For instance, when consid-
ering cladocerans, one is not expecting them to display learning or
capturing/predation behaviours, while for fish, those endpoints
make sense. Thus, the available data on a particular behaviour will
ultimately be modulated by the class of organisms. The studies
explored were performed on vertebrate species.

Schooling behaviour, the tendency of social fish to group in
schools, may be disrupted. This is an important behaviour in social
species, where the individual can not only take advantage of the
safety of the group to explore territory and feed but also to protect
against predators. Nonetheless, only two studies addressed group
cohesion upon NPLs exposure, both reporting a similar pattern. A
study by Ref. [32] showed that C. carassius juveniles, exposed for
61-days to 24-27 nm PS-NPLs (provided through food items such as
daphnias), made fewer individual forays into aquaria, exploring
fewer areas, conducting more as a group, leading to safety in
groups. In another species [36], found that 0.5 and 1.5 mg/L 70 nm
PS-NPLs promoted more cohesive groups of adult D. rerio after 7
days of exposure [36]. correlated this behaviour with the rela-
tionship between conspecific individuals reporting decreased
aggression within group organisms at 5 ppm PS-NPLs. The group/
shoal response when confronted with a predatory cue was also
assessed by Refs. [36,38] that showed that NPLs can make fish less
able to respond to predatory threats. This highly relevant result
suggests that fish exposed to NPLs may be more vulnerable to
predation, with potential consequences for the population. These
alterations in individual behaviour may affect interactions between
individuals and the ability to recognize and avoid potential threats,
especially in vertebrate species, which may provide indications for
potential endpoints to be considered in humans. It should be noted
that although only two studies have evaluated social cohesion, the
studies involving organisms with gregarious behaviour have
considered group exposure (e.g., Refs. [15,32]. Future studies
should take this into account as well since organisms with high
social cohesion can synchronize their behaviours and follow group
decisions. The presence of NPLs and the resulting behavioural
changes in some individuals may influence the information avail-
able to other group members, triggering adaptive or maladaptive
responses within the group, and potentially affecting overall
behaviour and responses to NPLs.
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4.4. NPLs improved risk assessment: the link between different
behavioural traits

Considering the overall analysis of the different behavioural
parameters, the available data show a clear bias considering the
type and shape of the tested polymers, with spherical polystyrene
(PS) taking the leading role. This is likely because PS is one of the
most abundant and consumed plastic polymers [55], and its
micro(nano)particles are widely marketed for research. While
attention has been drawn to the urgent need to generate data for
underrepresented polymers (e.g. Refs. [6,56], as well as shapes, no
data exist on other widely consumed polymers such as poly-
propylene, polyethylene, or polyethylene terephthalate (PP, PE, or
PET, respectively). The lack of reported effects is in this case asso-
ciated with a lack of studies and not a lack of toxicity [6,56]. In
addition, it is also important to understand if the currently available
studies focusing on behavioural traits, try to associate the different
behaviours with others (i.e. if the studies include only one or
several types of behavioural analysis), and if so, if there is an
attempt to understand how they affect each other. At the same
time, many of these studies have recognized the importance of
assessing behavioural traits with the accumulation of NPLs in tis-
sues/organs [11,35,36]. An attempt to understand the link between
NPLs tissue accumulation and behaviour should be a priority to
allow a better understanding of the mechanisms of action involved.
To this end, future studies should consider the conjugation of
behaviour endpoints with biomarkers related to neurotoxicity,
endocrine disruption, and immune response, among others, [36]. In
Ref. [31] study, fish fed for 61 days with NPLs-contaminated food, in
addition to a lower feeding rate, presented a decreased/slower
swimming activity, exploring less area than control fish. This effect
on the ability to explore the surroundings and actively search for
food was also observed by Ref. [32] in fish with a similar NPLs
exposure condition (PS-NPLs contaminated daphnia), with authors
reporting higher fish group cohesion and decreased individualistic
behaviour [32]. Despite the higher cohesion of groups upon expo-
sure to NPLs, their response to other changes may be somehow
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impaired as shown by Refs. [36,38]. Exposure to NPLs increased
schooling, but the fish were less able to confront and avoid pred-
atory threats. For social species, for instance, organisms may rely on
the group to feed, explore, or fight predators, and these behavioural
traits must be envisioned as not mutually exclusive, and therefore
there is a need to explore them in combinations whenever possible.
These results pinpoint the need to include combined behavioural
studies as supportive evidence tools to increase environmental
pertinence [16] since behavioural traits analysis is linked to popu-
lational levels and therefore may be correlated with ecosystem-
level processes (Fig. 3). In summary, the approaches employed
above seem to be species-dependent, with the few available
studies, focusing on fish, providing the widest analysis on behav-
ioural endpoints, frequently relating fish feeding rates with
exploratory/swimming behaviour and/or social interaction with
their peers (Fig. 3).

5. Final considerations

Based on the current knowledge, this review aimed to draw
attention to the fact that NPLs may not be a hazard in the sense of
inducing high mortality or significant effects on somatic growth
and reproduction, but they still may pose a threat due to subtle
changes in the behaviour of organisms, that will modulate their
interaction with the surrounding environment, individuals of their
species and other species. This concern can be highlighted by the
reported interaction of NPLs with other environmental contami-
nants. Managing the nonlethal effects of disturbance on pop-
ulations has been a long-term goal for biologists and decision-
makers, and assessment of such effects is currently required by
European Union and United States legislation [57]. The inclusion of
behavioural endpoints to assess sublethal effects of xenobiotics
exposure is of direct ecological relevance, as animal behaviour
underlies many critical ecosystem functions by shaping in-
teractions with conspecifics, other species, and the abiotic envi-
ronment [17,58]. Moreover, monitoring behaviours that are directly
transferable to ecosystem function (e.g., foraging, dispersal,
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Fig. 3. Illustration linking some of the different behavioural traits to be considered for combined evaluation in future research works, and their potential outcome at the ecosystem
level. The example here used was a fish, as it was the biological model to which more studies were available relating several behavioural endpoints, though such a framework is not

exclusive to this group.
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migration) as opposed to or in addition to those that could have
indirect implications (e.g., flight behaviours, which may or may not
impact foraging; activity, boldness, exploration, sociality that may
affect or not dispersal and migration) will be valuable in antici-
pating ecosystem impacts.

The limited data available seem to point out different behav-
ioural states as early and more sensitive signs of stress than other
previously considered endpoints in NPLs research endowed with
higher environmental relevance. Alterations in swimming perfor-
mance were reported after 96h exposure to PS NPLs (22 nm) at
0.001,1 and 100 mg/L and to PMMA NPLs (32 nm) at 0.001, 0.01, 0.1
and 10 mg/L, while no effects on biochemical biomarkers were
observed for the same concentrations [4]. Exposure to
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environmentally relevant concentrations of NPLs, are commonly
reported to induce low mortality rates or other physiological im-
pairments such as malformations, but there is emerging evidence
that NPLs interfere with organism's ability to feed properly, swim
efficiently, or even interact with their peers (Fig. 4). These data,
although limited, are of great concern. For instance, NPLs-induced
alterations in swimming performance may compromise the abil-
ity of organisms to escape predators - predator avoidance - and to
capture prey-feeding - which are ecologically relevant behaviours
as they can be related to growth and survival [52]. Furthermore, it
can also influence (fish) shoaling cohesion which can translate into
increased vulnerability to predation, compromising survival and
population persistence. Alterations in aggressiveness may influence
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intra and interspecific competition which in turn may have re-
percussions on individual feeding rate, mating success and parental
care, decreasing the survival of organisms and leading to popula-
tion decline. As such, the different behavioural endpoints are
difficult to segregate and rank (i.e.,, which behaviour determines
which), so it is also of added value to include and correlate,
whenever possible, different behaviours to increase knowledge, to
preview with more accuracy the potential ecological consequences
of NPLs exposure.

Therefore, studies monitoring behavioural responses over time
would be extremely beneficial to infer the actual ecosystems status
in plastic-contaminated environments. Thus, the behavioural
repertoire is vital for individual fitness throughout an animal's
lifetime [52]. In response to different stimuli, organisms adjust
their behaviour to optimize their adaptation to new conditions.
Behavioural changes may represent either compensatory, revers-
ible adaptive responses to mitigate potential overt effects (e.g.,
direct behavioural response after perception of stress) or irrevers-
ible effects of a toxicant on a behavioural mechanism or expression
after toxicokinetic and toxicodynamic processes have started, such
as AChE inhibition exerted by neurotoxins [59,60]. By adultering
the contexts in which animals make decisions, human impacts can
uncouple formerly reliable environmental cues from actual/ex-
pected outcomes. Therefore, future studies should also assess the
ability of organisms to revert from NPLs-induced behavioural al-
terations through behavioural reassessment after a depuration
period.

According to the information delivered in this review, there are
additional important remarks that should guide future NPLs
research: (i) the need to invest in standardization of behavioural
analysis (methodological approaches) for target biological models
(endpoints, exposure durations, assessment duration, number of
replicates); (ii) study particles of widely produced polymers (oil
based and biobased), environmentally relevant shapes (e.g., irreg-
ular, fibres), different sizes (as size plays a key role in bioavailability
and biocompatibility), age and with different environmental
background (pristine and environmentally sampled at sites of
different contamination profiles as effects may be modulated by
adsorbed compounds); (iii) NPLs stability (dispersion or aggrega-
tion behaviour) studies on the test media used for the assays
(concomitantly with ecotoxicity reporting) are recommended
because variations in tested media may influence the final confor-
mations of the particles, determine their fate and/or bioavailability
to the organisms (e.g., the single use of SEM or TEM does not relate
to the particles’ behaviour in test media for instance); (iv) keep also
in mind that the choice of the behavioural endpoint to be tested is
species-dependent, thus, the lack of studies on some specific tro-
phic groups may persist as some species may lack responsiveness to
some behavioural traits (e.g., sessile species lack active avoidance
behaviour, or filter-feeders lack predation skills); (v) within the
same behavioural endpoint, the lack of commonality on the pa-
rameters analysed difficult interpretation, even when comparing
similar sized particles and the same polymer type, and may further
entangled conclusions to be drawn, being suggested to provide
information whenever possible related to endpoints already stud-
ied in the literature (for instance, when studying swimming
behaviour, distance and time are very common parameters to be
analysed); (vi) for some newer, less studied behavioural endpoints,
data reported are mostly qualitative, for which computational and
tracking/recording equipment are thus fundamental, since the lack
of quantifiable parameters to be delivered also makes data com-
parison difficult.
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