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• The effect of 50 μg L-1 diclofenac (DCF)
was tested on B. pygmaeus.

• The environmentally relevant concen-
tration affected the behavior of the spe-
cies.

• Swimming, exploration ability and thig-
motaxis were significantly affected.

• DCF also determined impairment in
scavenging of reactive oxygen species
(ROS).

• The mitochondrial SOD2 decreased in
the individuals exposed to 50 μg L-1 DCF.
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Diclofenac (DCF) is one of the most widespread pharmaceutical compounds found in freshwaters as a pseudo-
persistent pollutant due to its continuous release frompoint and diffuse sources, being its removal inWastewater
Treatment Plants incomplete.Moreover, DCF is particularly persistent in interstitial habitats and potentially toxic
for the species that spend theirwhole life cycle among the same sediment grains. This study is aimed at offering a
first contribution to the assessment of DCF effects on freshwater invertebrate species living in the interstitial hab-
itats of springs, rivers, lakes and groundwaters. The Crustacea Copepoda are one of the main components of the
freshwater interstitial communities, with the primacy taken by the worm-like and small-sized harpacticoids. A
sub-lethal concentration of 50 μg L-1DCF significantly affected six out of the eight behavior parameters of the bur-
rower/interstitial crustacean harpacticoid Bryocamptus pygmaeus recorded by video tracking analysis. DCF expo-
sure reduced swimming speed, swimming activity, exploration ability and thigmotaxis, and increased swimming
path tortuosity. The biochemical approach revealed a reduced level of themitochondrial superoxide dismutase 2
in individuals exposed to DCF. It could be explained by a decline in mitochondrial performance or by a reduced
number of functional mitochondria. Since mitochondrial dysfunction may determine ATP reduction, it comes
that less energy is produced for maintaining the cell functions of the DCF-exposed individuals. In addition, the
increasing energy demand for the detoxification process further contributes to decrease the total energetic
budget allocated for other physiological activities. These observations can explain the changes we have observed
in the swimming behavior of the copepod B. pygmaeus.
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1. Introduction

Emerging organic compounds (EOCs) are natural or synthetic sub-
stances not constantly monitored that can potentially induce negative
effects on humans and ecosystems (Postigo and Barceló, 2015). This
family of pollutants includes a wide variety of compounds mostly re-
lated to pharmaceuticals and medicinal products (Löffler and Ternes,
2003). Among pharmaceuticals that are commonly used, Non-
Steroidal Anti-Inflammatory Drugs (NSAIDs) are worldwide gaining a
growing concern (Swiacka et al., 2021). NSAIDs are used for medical
and veterinary purposes and include analgesic, antipyretics, and anti-
inflammatory drugs. Diclofenac (DCF) is one of the most used NSAIDs
and its consumption is estimated to be around 1443 ± 58 t y-1 on a
global scale (Acuña et al., 2015). As most EOCs, DCF can reach the
aquatic environment from point and diffuse sources (municipal efflu-
ents, aquaculture, irrigation, and surface runoff) and its removal in
Wastewater Treatment Plants (WWTPs) is often partial (Zhang et al.,
2008; Strenn et al., 2004; Ribeiro et al., 2015; Nunes et al., 2020). Due
to its continuous release in freshwaters, DCF is considered a pseudo-
persistent pollutant according to Ort et al. (2009) and one of the most
widespread pharmaceutical compounds found in freshwaters
(Hernando et al., 2006).

DCF was included in the European legislative framework in 2012
when it was introduced in the drinking water list of hazardous sub-
stances and, immediately after, listed in the Directive 2013/39/EU
(European Commission, 2013). Later, DCF was included in the Surface
Water Watch List (SWWL) with the Decision 2015/495/EU (European
Commission, 2015). DCF was also among the 20 pharmaceuticals
occurringwith the highest concentrations in theWastewater Treatment
Plant (WWTP) influents and effluents, showing very low levels of
removal in conventional sewage treatment plants (Lonappan et al.,
2016). Recently, with the implementing Decision 2018/840/EU
(European Commission, 2018), DCF has been proposed to be removed
from the SurfaceWaterWatch List as sufficiently high-quality monitor-
ing data are now available, to be added to the candidate list of priority
substances. DCF poses an environmental risk to European freshwater
ecosystems at concentrations >50 ng L-1 (Acuña et al., 2015; Comber
et al., 2018) and to European groundwater ecosystems at concentration
> 5 ng L-1 (Di Lorenzo et al., 2021) and it is expected to also pose a sim-
ilar environmental risk outside Europe, especially in developing coun-
tries worldwide (Rehman et al., 2015; Fekadu et al., 2019).

Despite theMeasured Environmental Concentration (MEC) of DCF in
European surface waters are within the range of ng L-1 to μg L-1

(Hernando et al., 2006), up to date, the available literature revolving
around DCF concentrations in the European surface waters offers a par-
tial vision of the future trend of concentration increase (Sathishkumar
et al., 2020). Scheurell et al. (2009) reported the highest concentration
of DCF (4.9 μg L-1) in surface water bodies of Pakistan, with peaks up
to 216 μg L-1 detected in the Rawat industrial area (Hanif et al., 2020).
In the WWTP effluents of Canada, 16 μg L-1 DCF was reported by
Lonappan et al. (2016). An increase of the environmental concentration
of pollutants in surface waters is also predicted as an indirect effect of
climate change which is expected to alter the hydrological regime of
surface water bodies (European Commission, 2021). Furthermore, it
should be noted that transient peaks of DCF concentrations exceeding
50 μg L-1 may occur in surface waters located in the vicinity of pharma-
ceutical industries (Olaitan et al., 2014).

Toxic effects of DCF were detected for the first time by Oaks et al.
(2004) on several populations of different vulture species in the
Indian subcontinent. Then, DCF entered in the spotlight and its toxicity
was studied in different organisms. With a few exceptions (Elazem and
Abo-Kora, 2015; Abdel-Daim et al., 2018; Yurt et al., 2018; Adedara
et al., 2020), most studies have been focused on aquatic organisms
(Sathishkumar et al., 2020, and references therein). DCF toxicity exper-
iments on aquatic standard test organisms (mostly algae, fish, crusta-
cean daphnids) revealed different effects, such as DNA damage
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(Gómez-Oliván et al., 2014; Islas-Flores et al., 2017; Pandey et al.,
2017), oxidative stress (Nieto et al., 2013; Stepanova et al., 2013;
Oliveira et al., 2015; Guiloski et al., 2017), endocrine disruption
(Gröner et al., 2015), morphological alterations (Lee et al., 2011; Chen
et al., 2014; Ribeiro et al., 2015), histopathological damage (Schwarz
et al., 2017; Derakhsh et al., 2020), behavioral modification (Ajima
et al., 2015; Xia et al., 2017; Nkoom et al., 2019; Zhou et al., 2019), fer-
tility reduction (Yokota et al., 2017), and adverse cardiovascular effects
in mammalian and fish (Ghosh et al., 2016; Zhang et al., 2020).

DCF toxicity on freshwater invertebrate species living in the intersti-
tial habitats (i.e., in the voids filled by water among sediment grains) of
springs, rivers, lakes and groundwaters is still largely unexplored
(Hernando et al., 2006; Nieto et al., 2017; Fu et al., 2020; Di Lorenzo
et al., 2021), despite DCF persistence in interstitial habitats has been
noted and attributed to low sorption properties under the conditions
of slow sand filtration (Gröning et al., 2007). Moreover, microbial activ-
ity seemed not to be correlated with DCF depletion rate (Gröning et al.,
2007), and this makes DCF particularly persistent in interstitial habitats
and potentially toxic for the species with a holobenthic lifestyle
(i.e., species that spend the whole life cycle among the same sediment
particles). Copepoda (Crustacea) are one of the main components of
the freshwater interstitial communities, with the primacy taken by the
worm-like and small-sized order Harpacticoida (Galassi et al., 2009;
Giere, 2009; Iannella et al., 2020). Freshwater harpacticoids also play
an important role in providing ecosystem services like sediment biotur-
bation and carbon recycling (Schratzberger and Ingels, 2018), and sev-
eral studies proved the suitability of the harpacticoid copepods for
laboratory culture and tests (Bengtsson, 1978; Brown et al., 2005;
Ward et al., 2011; Trombini et al., 2016; Guyon et al., 2018; Di Lorenzo
et al., 2021). However, up to date, only a few studies have explored co-
pepod response to DCF exposure, mainly concerning DNA methylation
(Guyon et al., 2018), acute (Trombini et al., 2016; Castaño-Sánchez
et al., 2021), and chronic toxicity (Di Lorenzo et al., 2021). Trombini
et al. (2016) examined DCF toxicity in newly released nauplii (< 24-h
old) of the marine harpacticoid copepod Tisbe battagliai and measured
an LC50 value of 9.5 mg·L−1 at 48 h. Castaño-Sánchez et al. (2021)
assessed DCF toxicity in both copepodids and adults of the freshwater
cyclopoid Diacyclops crassicaudis crassicaudis measuring LC50s of 62
and 103 mg L-1 at 48 h, respectively. Finally, Di Lorenzo et al. (2021)
measured an LC50 of 12 mg L-1 at 96 h for the harpacticoid species
Nitocrella achaiae and a NOEC (no-observed effect concentration) of
42 μg L-1. Except for the study by Di Lorenzo et al. (2021), all the previ-
ous investigations concerned copepod survival at DCF exposures that
were much higher than those found in the environment. The effects of
sub-lethal environmentally relevant concentrations, which are hypoth-
esized to affect species functional traits, such as swimming behavior, ex-
ploration aptitude and the ability to cope with impairment in
scavenging of reactive oxygen species (ROS), had never been analyzed.

In this study, we investigated the short-term effect of a sub-lethal
concentration of DCF on the harpacticoid copepod B. pygmaeus (Sars,
1863), an interstitial non-target species that is widely distributed in
Europe (Dussart and Defaye, 1990). This harpacticoid species is ubiqui-
tous in the interstitial environments of freshwater bodies (Fattorini
et al., 2020), in springbed sediments, lakes, groundwater habitats, in
the saturated and saturated alluvial and karst aquifers, and the
hyporheic zone of streams and rivers (Di Lorenzo et al., 2013), with a
typical holobenthic lifestyle like most harpacticoid copepods found in
freshwaters. This species is a burrower, and lives preferentially in
sandy-gravel sediments. It is a detritus feeder, eating on fine particulate
organic matter and the microbial biofilm covering the sediments, and
occasionally on algae. All these attributes make B. pygmaeus a good can-
didate for this type of study in the interstitial environment.

We aimed at analyzing changes in the species behavior by swim-
ming video tracking and the potential biochemicalmechanisms induced
by DCF on the oxidative enzyme system of the species by using two
common oxidative stress biomarkers: catalase (CAT) and the
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mitochondrial superoxide dismutase 2 (SOD2). This integrated ap-
proach will give new insights into the effects of EOCs by analyzing for
the first time freshwater invertebrate fauna living in sediments.

2. Material and methods

2.1. Experimental design and exposure

Diclofenac sodiumsalt (C14H10Cl2NNaO2; CAS 15307-79-6)was pur-
chased from Sigma-Aldrich (Steinheim, Germany). Remineralized
MILLIPORE® MILLI-Q® deionized water was used as dilution water
with the following physico-chemical composition (pH = 7.6, electrical
conductivity = 234 μS cm-1, total hardness = 90.71 mg L-1, CaSO4

2H2O = 60 mg L-1, MgSO4 = 60 mg L-1, NaHCO3 = 96 mg L-1, KCl =
4 mg L-1; Di Lorenzo et al., 2021). A stock solution of DCF equal to
50 mg L-1 was prepared by dissolving 50 mg of salt in 1 L of
reconstitutedwater; scalar dilutions 100×, 10×, and 1×were prepared
to obtain the nominal concentration of 50 μg L-1 DFC, 10min prior to the
sub-lethal exposure test. The concentration of 50 μg L-1 is in the range of
the DCF environmental measured concentrations in freshwaters world-
wide and was chosen also based on the NOEC (no-observed effect con-
centration) of DFC for the groundwater interstitial harpacticoid species
Nitocrella achaiae (NOEC = 42 μg L-1; Di Lorenzo et al., 2021).

Two hundred adult individuals of B. pygmaeuswere collected at the
Vera Spring (coordinates: 42°22′21.42″N, 13°27′30.51″E; altitude 664
m asl) that is one of themain basal springs of the Gran Sasso karst aqui-
fer (Central Italy). The site is known to be pristine and characterized by
stable low temperature (~8 °C), stable discharge (~0.3 m3 s-1) and low
concentration of nutrients throughout the hydrological year (Di
Sabatino et al., 2021). To avoid impacting the local abundances of
B. pygmaeus, the batch of organisms used in the behavioral tests and
in biochemical analyses was obtained through monthly samplings car-
ried out from September 2020 to November 2020. Specimens were col-
lected with a hand net (mesh size: 60 μm) by gently moving the first
20 cm sediments of the springbed, and transported to the laboratory
(University of L'Aquila, Central Italy) in a 1 L-plastic beaker filled with
the spring water. In the laboratory, the individuals of B. pygmaeus
were rapidly sorted under a stereomicroscope (Leica M205) at 12×
magnification. Two hundred adult individuals of B. pygmaeus were dis-
tributed in 10 Petri dishes, each containing 20 individuals in 20 mL fil-
tered spring water (culture medium) and fine sterile quartz sediment
(0.1 g, φ = 0.25 mm) (Mapei S.p.A®, Milan, Italy) which is chemically
inert in contact with most substances. The use of quartz sediments
was considered appropriate for rearing B. pygmaeus because it is mainly
an interstitial/burrower species. The ten vials were kept in a thermostatic
cabinet (Velp Scientifica™ FOC 120E Cooled Incubator) at 8 ± 0.2 °C, in
permanent darkness until December 2020. The dark condition was re-
quired because, during sorting under the stereomicroscope, B. pygmaeus
showed an escape behavior (negative phototaxis, as also observed in
other harpacticoid species;Ma and Johnson, 2017), finding rapidly refuge
under the sediment grains. Culture medium was renewed once a week,
and the individuals were fed on the organic matter present in the water
collected from the sampling site (46.75 g L-1±15.12 g L-1); before testing,
a gradual transition to the dilution water was accomplished in 48 h fol-
lowing the procedure adopted by Di Lorenzo et al. (2019a, 2019b). Partic-
ulate organicmatter (POM)was estimated as loss on ignition of sixwater
samples taken from the sampling site. After removal of the fauna, samples
were dehydrated at 105 °C (24 h) and weighted. The dry-weighted
samples were burnt at 540 °C (4 h) in a muffle furnace and re-weighted
to determine POM amount as the difference between dry and ash mass
(Fischer et al., 2002).

A total of 80 adult individuals of B. pygmaeus (female length =
0.62 mm ± 0.07 mm; female width = 0.14 mm ± 0.02 mm; male
length = 0.55 mm ± 0.07 mm; male width = 0.12 mm ± 0.02 mm),
randomly chosen, were used for the tests. To avoid unbalanced expo-
sure times between the first and the last recorded individuals, we
3

performed the experiments in four independent runs within 21 days.
The difference in age (of max 21 days) among the adult individuals of
the four runs was considered negligible as the adult individuals of
B. pygmaeus live for over 4 months in captivity (personal observation).
In each run, 10 individuals were withdrawn and randomly assigned to
the control group while other 10 were randomly assigned to the treat-
ment group. We made sure that the sex ratio was close to 1 within
each group. The individuals of the treatment group were exposed to a
nominal concentration of 50 μg L-1 DCF for 72 h in a 5 cm-diameter
Petri dish containing 0.1 g of fine sterile quartz and 10 mL of test solu-
tion. The individuals of the control group were kept for 72 h in a 5 cm
diameter Petri dish containing 0.1 g of fine sterile quartz and 10 mL of
dilution water. Both the treatment and the control individuals were
kept in permanent darkness at 8.0 ± 0.2 °C. At the end of the exposure,
the individuals were individually transferred into transparent circular
arenas (diameter = 1.5 cm, height = 0.1 cm), each filled with 150 μL
of either test solution or dilution water and without sediments. After
loading, the arenas were placed in the thermostatic cabinet for 60 min
to rebalance the temperature. The temperature rebalancing time has
been estimated in previous experiments (Di Lorenzo and Galassi,
2017; Di Lorenzo et al., 2019a).

2.2. Swimming behavior

The animals were individually recorded in two dimensions for 5min
with a 30-fps (frame per second) infrared sensitive digital camera (IDS
camera, Loligo Systems®) mounted on the Leica M205 stereomicro-
scope. The animal trajectories were recorded in infrared (IR) light to
avoid DCF photodegradation (Agüera et al., 2005) and the interference
of visible light on B. pygmaeus individuals. IR illumination (wavelength
= 850 nm) was supplied by a 470 mm × 210 mm × 20 mm panel
(Loligo Systems®, Viborg, Denmark) placed beneath the arenas. In the
process, water temperature was kept stable with a lab-made coil
cooling system placed beside the arena. Temperature was monitored
by a thermometer and maintained close to that measured in the sam-
pling site. Trajectory videos were live recorded at 8 × magnification,
using the uEye Cockpit software (IDS Imaging Development Systems
GmbH®, Obersulm, Germany) and saved on a Solid-State Disc (SSD).

Digital videoswere analyzed in LoliTrack 5 (Loligo Systems®,Viborg,
Denmark) and frame-by-frame animals’ centroid information (x, y,
t) was exported as .xlsx files. Overall, 9000 frames were recorded for
each individual. The .xlsx outputs were converted to .csv and imported
in R Studio ver. 4.0.3 (R Development Core Team, 2003) to calculate tra-
jectory parameters using the “trajr” package (McLean and Skowron
Volponi, 2018). The trajectory digitalization phase tends to produce tra-
jectories that suffer from noise. LoliTrack 5 perceives the animal as a
cluster of points for which the centroid position is calculated frame-
by-frame. Nevertheless, the cluster shape tends to slightly change due
to the animal bending (e.g., slightly rotation along body axes) which
generates changes in the centroid position that are basically false posi-
tives. For this reason, each trajectory was smoothed using a cubic spline
interpolation before calculation of the trajectory parameters.

The trajectory parameters in this study were:

i) Average Speed (AS) calculated as in Eq. (1):

AS ¼
Xn
i¼1

spi

 !
� n−1 ð1Þ

where spi is the instantaneous speed expressed inmms-1 of the i-th pair
of frames; n is the total number of pairs. For each frame spi is calculated
as:

spi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi−xi−1ð Þ2 þ yi−yi−1ð Þ2

q
t
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where xi and yi are the spatial coordinates of the animal centroid at the
frame i; xi−1 and yi−1 are the spatial coordinates of the animal centroid
at the frame i-1; t is the elapsed time between two frames (1/30 s in this
study).

ii) Average Turning Angles (ATA) calculated as in Eq. (2):

ATA ¼
Xn
i¼1

ai

 !
� n−1 ð2Þ

where ai is the instantaneous turning angle associatedwith the step length
of the i-th frame calculated in radians; n is the total number of frames.

iii) Percentage of Activity (PA) calculated as in Eq. (3):

PA ¼ af
n

ð3Þ

where af is the sumof the frames of animal activity. The animalwas con-
sidered active when its instantaneous speed in the i-th frame was
≥0.15 mm s-1 after a preliminary assessment of theminimum speed be-
lowwhich the solemovement of the cephalic or swimming appendages
of an inactive animal is read by the software as active movement.

iv) Trajectory Convex Hull (CH) defined as theminimum area of the
convex polygon containing all the coordinates of the trajectory
expressed in mm2. This measure was used as a proxy to infer
B. pygmaeus habitat exploitation ability.

v) Inner Swimming Time (IST) expressed as the total time (in sec-
onds) during which the animal movement was not influenced
by the arena boundaries.

The swimming behavior was considered boundary-unconstrained
when the animal was at a distance equal to 1.5 its body length from
the arena boundary for more than 2 s. The spatial threshold was set fol-
lowing Schnörr et al. (2012) who studied the thigmotactic alteration in
zebrafish embryos. The temporal limit was chosen in order to avoid er-
roneous conclusion related to the insufficient locomotion activity of the
animal (Bouwknecht and Paylor, 2008). Following this criterion, for
each individual trajectory, different numbers of unconstrained trajec-
tory portions were exported (hereafter referred as Inner Swimming
Clips, ISC) and counted; the IST accounted for the sum of the duration
(in seconds) of each ISC. ISC durations lower than two seconds were
Fig. 1. Rationale of the steps required for calculating ISC (= Inner Swimming Clips), IST (= I
Average Fractal Dimension). Red dotted lines indicate the portions of the animal trajectory no
time span (t), sinuosity (S) and fractal dimension (FD) were calculated. Animal and arena d
legend, the reader is referred to the web version of this article.)

4

discarded since the trajectory coordinates were insufficient to compute
tortuosity indexes (see Eqs. (4) and (5)).

vi) Weighted Average Sinuosity (WAS) expressed as radmm-1/2 and
calculated as in Eq. (4):

WAS ¼
PN

i¼1 Si � Δtið Þ
IST

ð4Þ

where Si is the sinuosity index defined by Bovet and Benhamou (1988)
as a measure of the tortuosity of a random path, calculated for the i-th
ISC expressed as rad mm-1/2; Δti is the time length of the i-th ISC
expressed in seconds; N is the total number of ISCs; IST is the sum of
the duration of each ISC time. Si is calculated by multiplying 1.18 times
the standard deviation of the turning angles divided by the square root
of the mean step length in mm of the trajectory in the i-th ISC. Before
calculation we checked the non-violation of the boundary conditions
necessary for the Si computation (Benhamou, 2004).

vii) Weighted Average Fractal Dimension (WAFD) calculated as in
Eq. (5):

WAFD ¼
PN

i¼1 FDi � Δtið Þ
IST

ð5Þ

where FDi is the Fractal Dimension value (Schmitt and Seuront, 2001;
Nams, 2006; Uttieri et al., 2008a, 2008b, 2021; Seuront, 2009), which is a
measure of tortuosity calculated for the i-th ISC; Δti is the time length of
the i-th ISC expressed in seconds; N is the total number of the ISC; IST is
sum of each ISC time. FDi is determined by rediscretizing the trajectory
for each of several step lengths and plotting in a log - log plot the resulting
path length as function of the step lengths used for each rediscretization
(Dicke and Burrough, 1988). Since the FD and the S are different ap-
proaches to measure path tortuosity, we considered appropriate to ex-
clude the trajectory portions in which the path shape was “forced” by
the presence of the boundary (Uttieri et al., 2008a, 2008b, 2021).

As both FD and S refer to similar aspects of the motion, we compute
both to assess path tortuosity of B. pygmaeus. This choice was made be-
cause some authors highly encourage the use of the FD (e.g., Seuront,
2009; Uttieri et al., 2008a, 2008b, 2021) while others criticize the use
of the FD because of the non-fractal nature of the animals’ trajectory
(Turchin, 1996; Benhamou, 2004; Halley et al., 2004). Since, up to
date, we do not know if an unequivocal tortuosity index conforms the
motion of B. pygmaeus, we preferred to use both indices and discuss
their outcomes separately.

The rationale of the ISC selection and IST, WAS and WAFD calcula-
tions is presented in Fig. 1.
nner Swimming Time), WAS (= Weighted Average Sinuosity), and WAFD (= Weighted
t influenced by the arena boundary (unconstrained trajectory portions). For each portion,
imensions are not in scale. (For interpretation of the references to colour in this figure
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2.3. Chemical analysis

At the end of each run, the DCF concentration from the test vials was
analyzed by High Performance Liquid Chromatography (HPLC). HPLC
analysis was carried out using a chromatographic system (Waters Cor-
poration, Milford, MA) consisting of aWaters 600 pumpwith controller
module, a 717 Plus auto-sampler, and a 996-photodiode array detector.
The HPLC column was a Synergy Fusion (Phenomenex, Torrance, CA,
USA) 250 × 4.6 mm, 4 μm particle size. The mobile phase consisted of
a mixture 50:50 (V:V) of acetonitrile and phosphoric acid 0.1% in
MILLIPORE® MILLI-Q® deionized water. The samples were mixed on a
vortex agitator filtered using HPLC filters Whatman Spartan13/02 RC
with pore size of 0.22 μm, and 20 μLwere injected into the HPLC system.
Photometric detection was performed in the range 210–400 nm, the
chromatographic peak was monitored at 211 nm. The calibration
curve of DCF was obtained by five replicates of five standard samples
in the concentration range 0.03–1.0 μg mL-1 by appropriate dilution of
theworking standard solutionswith acetonitrile. The determination co-
efficient (r2) of the calibration curvewas 0.999. Limit of detection (LOD)
and limit of quantitation (LOQ) were identified as the lowest analyte
concentrations giving peaks whose signal to noise ratio is 3 and 10, re-
spectively. In this study, the LOD and LOQ were obtained from the cali-
bration curves according to the relationships LOD = 3.3 × Sx/y/b and
LOQ= 10 × Sx/y/b where Sx/y is the standard deviation of the response
and b is the slope. LOD was 0.010 μg mL-1 and LOQ 0.035 μg mL-1.

2.4. Biomarker response

For Western blot analysis, we performed three independent experi-
mental replicates per controls and treatments on 120 adult individuals
of B. pygmaeus reared at the same time and under the same conditions
set for the individuals used for the video tracking. Control and treatment
individuals at the end of 72 h exposure were transferred in 1.5 mL
Eppendorf tubes, and stored immediately at -80 °C before the biochem-
ical analyses. Forty individuals for each of the three independent con-
trols and three independent treatments, respectively were pooled for
each experimental replicate in 50 mL of lysis buffer consisting of
50 mM Tris (Chem Cruz Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), 150mMNaCl (sc-203274A ChemCruz), 1% Triton (Sigma-Aldrich
Milano, Italy), 2% SDS (sc-264510B Chem Cruz Santa Cruz), 1 mM PMSF
(Sigma-Aldrich). Then they were sonicated in an ultrasonic bath at
40KHz for three cycles (10 s on-10 s off) and centrifuged at +4 °C at
15,000 rpm for 30min. The supernatant was recovered, and the protein
assaywas performedwith the Qubit™ Protein Assay Kit (Thermo Fisher
Scientific, DE, USA). SDS-PAGE was performed running samples on 10%
polyacrylamide denaturing gels. Proteins were transferred on
polyvinylidene fluoride (PVDF) sheets (Sigma-Aldrich) by wet electro-
phoretic transfer, and 5% non-fat dry milk in Tris-buffered saline con-
taining 0.1% Tween 20 (Sigma-Aldrich) (TBS-T) was used to block
non-specific binding sites for 1 h at room temperature (RT).Membranes
were incubated overnight at 4 °C with primary antibodies anti-Mn Sod
Table 1
Summary (mean± SD) of trajectory parameters (TP) in the control males (CM), control female
tests. ISC: Inner Swimming Clips (number of); AS= average speed (mm s-1); ATA= Average T
IST = Inner Swimming Time (sec); ISC = Inner Swimming Clips (number of); WAS=Weight
formations are superscripts on the variables: S= square root; A= arccosine. p(F1)=p-values
for the interaction of the two factors. Statistically significant results are highlighted in bold.

TP CM CF TM

ASS 0.73 ± 0.23 0.65 ± 0.32 0.52 ± 0.28
ATA 4e-04 ± 5e-03 9e-05 ± 5e-03 3e-04 ± 5e-03
PAA 80.93 ± 14.16 70.26 ± 19.89 65.41 ± 20.93
CH 91.71 ± 37.17 99.72 ± 24.34 84.81 ± 28.98
IST 102.25 ± 42.19 82.49 ± 44.75 90.04 ± 32.07
ISC 10.05 ± 3.87 9.25 ± 5.18 7.06 ± 2.74
WASS 3.80 ± 0.89 3.95 ± 1.28 4.98 ± 1.78
WAFD 1.03 ± 0.03 1.01 ± 0.01 1.055 ± 0.05
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(ADI-SOD-110 Stressgen bioreagent Victoria, British Columbia, Canada)
1:250 and anti-Catalase (100-4151 Rockland antibodies & assays
Limerick, PA, USA) 1:250. After this step, membranes were incubated
with an anti-rabbit secondary antibody diluted in blocking solution for
1 h at room temperature. Protein bands were visualized and acquired
with Alliance 7 instrument (Uvitec Limited, Cambridge, UK). Actin
(MAB-24008 Immunological Science Rome Italy) was used as house-
keeping protein for densitometry using ImageJ software, and values
were refereed as relative units (R.U.).

2.5. Statistical analysis

Data from the four runs were cumulated since the differences in the
DFC concentrationswere considerednegligible (seeparagraph3.1); before
testing the differences between Factor 1 (Sex) and Factor 2 (Condition),
normality and homoscedasticity of each variable were tested by Shapiro-
Wilk test (α = 0.05) and Bartlett test (α = 0.05). When at least one of
the twonull hypotheseswas rejected,we attempted to achieveparametric
conditions through data transformation. Data were transformed applying
a hierarchical criterion from the less to the most powerful transformation
in the following order: x½ > x¼ > Log (x + 1). For the PA data (percent-
ages) the arccosine transformation was applied. We tested differences in
behavioral parameters using a two-waypermutational analysis of variance
(two-way PERMANOVA; Anderson, 2001; Anderson et al., 2008) with the
following setting: α = 0.05, permutations = 9999, distance measure =
Euclidean, Factor 1= Sex, Factor 2= Condition, Type III SS and permuta-
tion of residuals under a reduced model.

The effects of DCF exposure on SOD2 and CAT levels between control
and treatment individuals were tested with an unpaired two-tailed t-
test (α = 0.05).

Statistical analysis and graphic outputs were made in R ver. 4.0.3
(R Development Core Team, 2003).

3. Results

3.1. Swimming behavior

The difference among the DCF concentrations of each run was low
(max ±2 μg L-1; S_Table 1). The results of the behavioral tests are pre-
sented in Table 1. Significant differences emerged only for the Factor 2
(Condition) while no significant differences were highlighted for the
Factor 1 (Sex) or the interaction of the two factors (Supplemental
File_STable_PERMANOVA), except for PA for which significant differ-
ences were obtained for both Factor 1 and Factor 2. DCF significantly af-
fected six out of eight behavior parameters analyzed in this study in
bothmales and females (AS, PA, CH, ISC,WAS,WAFD). No statistical sig-
nificance was observed for ATA, the values of which were close to 0 rad
for both the control and treatment individuals, indicating that noprefer-
ential direction was chosen by the individuals during the tests. DCF-
exposed individuals swam slower and were less active than the control
individuals. In particular, males and females swam respectively
s (CF), treatmentmales (TM) and treatment females (TF) and p-values of the PERMANOVA
urning Angle (rad); PA= Percentage of Activity (%); CH= Trajectory Convex Hull (mm2);
ed Average Sinuosity (rad mm-1/2); WAFD=Weighted Average Fractal Dimension. Trans-
for the Factor 1 (Sex); p(F2)=p-values for the Factor 2 (Condition); p(F1 x F2)=p-values

TF P(F1) P(F2) P(F1xF2)

0.43 ± 0.19 0.082 0.003 0.869
1e-03 ± 6e-03 0.452 0.602 0.681
62.39 ± 14.65 0.032 0.002 0.385
77.37 ± 35.26 0.919 0.04 0.318
107.48 ± 52.02 0.89 0.559 0.118
6.95 ± 3.72 0.418 0.004 0.715
4.97 ± 0.98 0.194 0.001 0.589
1.05 ± 0.03 0.709 0.019 0.625



Fig. 2. Graphical representation of DCF effect on the harpacticoid copepod B. pygmaeus. (A) Control individuals swim closer to the arena boundary and ISCs (red dotted lines) display
straighter trajectory; (B) DCF-exposed individuals reorient their bodies towards the boundary less efficiently, increasing the path tortuosity of the ISCs. Note that the total number of
ISCs is higher in the control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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0.21 mm s-1 and 0.22 mm s-1 slower than the control individuals and
were 15.52% and 7.87% less active. DCF exposure also affected the ex-
ploratory behavior of the individuals since the CH values were on aver-
age 6.9 mm2 lower for the males and 22.35 mm2 lower for the females.
The statistical tests highlighted significant differences for the ISC values.
For the controlmales it was possible to isolate on average 2.99more ISC,
while for the control females 2.30more ISC were isolated. Nevertheless,
control and treatment individuals spent an equal amount of swimming
time far from the arena boundary since no significant differences
emerged for the IST (Table 1). The test outcomes of ISC and IST
highlighted that DCF-exposed individuals tended to reorient their
swimming towards the arena boundary less frequently than the con-
trols independently from the sex. The results obtained for the tortuosity
indexes WAS and WAFD were consistent. Both parameters indicated
that DCF significantly increased the trajectory tortuosity when the ani-
mals swam towards the arena inner zone. DCF exposure increased by
1.18 rad mm1/2 the WAS values in the males and by 1.02 rad mm1/2 in
the females. With regards to theWAFD, the males exhibited on average
values greater by 0.025 units while the females had values in average
higher by 0.04 units with respect to the controls (Fig. 2) (Supplemental
File_STable Controls, _STable Treatments, Supplemental File_Trajplots).

3.2. Biomarker analysis

Western blot analysis of SOD2 (MnSOD) and CAT are shown in Fig. 3.
SOD2 showed a value of 1.43 ± 0.55 R.U. (n = 3) in the control
Fig. 3.Western blot analysis of SOD2 and CAT proteins after 72 h treatment with 50 μg L-1 DC
observed while no significant differences in regulation of CAT protein levels were observed
individuals for each condition in three independent replicates).
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individuals of B. pygmaeus, while a significant decrease of the protein
levels was observed in the treated individuals with a mean value of
0.55±0.35 R.U. (n=3) (p=0.0439). For CAT, a different trendwas ob-
served, because no significant differences were observed in control and
treatment individuals (p = 0.7101), as the measured values were al-
most comparable between control and treatment individuals, with
mean values of 1.05 ± 0.25 R.U. (n = 3) and 0.97 ± 0.25 R.U. (n =
3) for control and treatment individuals, respectively.

4. Discussion

4.1. Swimming behavior

Studies on the alteration of the swimming behavior in freshwater in-
vertebrates are scanty, if we exclude those performed on the planktonic
model species belonging to the genus Daphnia (Bownik, 2017, and ref-
erences therein). For interstitial small-sized freshwater invertebrates,
a few contributions are available from literature; however, changes in
swimming behavior were observed by visual analyses (Boyd et al.,
2002; Pallarés et al., 2020), not always tracking the individuals. Re-
cently, one study tracked the swimming behavior of a freshwater obli-
gate groundwater-dweller cyclopoid copepod Diacyclops belgicus
under propranolol exposure (Di Lorenzo et al., 2019a), however this
species is not strictly interstitial, being able to live either in free open
water, close to the sediments (hyperbenthic), or in the interstitial
environment.
F. A significant down-regulation of SOD2 (p-value = 0.0439; * indicates significance) was
(p-value = 0.7101). Data are given as mean ± SEM of three independent replicates (40
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To the best of our knowledge, our results are the first evidence of be-
havioral alterations detected by swimming tracking of a freshwater in-
terstitial copepod species. The short-term exposure to the sub-lethal
DCF concentration of 50 μg L-1 negatively affected the swimming behav-
ior of B. pygmaeus in various respects. Interestingly, while the average
speed (AS) revealed no significant differences between males and fe-
males, the percentage activity (PA) was significantly higher in males
than in females. This observation would suggest that females make a
greater number of stops in their path, but that in the movement phase
they have greater propulsion and move faster in both controls and
treatments.

Our results showed that B. pygmaeus swims slower after being ex-
posed to DCF, also reducing its activity and exploration ability. Swim-
ming speed decline in relation to DCF exposure has been already
studied in different aquatic species and our results are in linewith stud-
ies performed on amphibian larval stages. Peltzer et al. (2019) observed
significant decreasing swimming speed and lower global activity of the
species Trachycephalus typhonius and Physalaemus albonatus when ex-
posed, for 96 h, to 125, 250, and 500 μg L-1 DCF, while higher swimming
speed and global activity were observed by the same authors for con-
centrations>1000 μg L-1. A reduced swimming speedwas also observed
by Melvin (2016) for Limnodynastes peronii tadpoles after being ex-
posed, for 30 days, to DCF nominal concentrations of 0.1, 1.0, 10, 100
and 1000 μg L-1. Swimming speed is a crucial trait for aquatic animals,
crustacean copepods included, since their fitness in terms of survival
probability, reproductive success, feeding, predators’ avoidance and
habitat exploitation strictly depend on the ability to swim. In general,
feeding success depends on four chronological steps: i) encounter
with prey or food particles; ii) prey or food particle recognition; iii)
prey or food particle capture; iv) prey or food particle ingestion. The
same chronological step model is applicable when considering encoun-
ter probability with conspecifics formating.While the second, third and
fourth step listed above depend on the animal mechanoreception and
chemoreception, the first step is strictly related to the copepod swim-
ming speed. In an encounter probability model proposed by Gerritsen
and Strickler (1977), the authors demonstrated that the encounter
rate with a prey, or a conspecific, is remarkably linked to the average
swimming speed of generic zooplankters, copepods included, moving
in a random way. They highlighted that even a slightly decrease in
swimming speed can highly reduce the encounter rate with food re-
sources or potential mates.

The success of a productive encounter (e.g., feed ingestion or mat-
ing) and the avoidance of a detrimental one (e.g., predator or unfavor-
able environmental conditions) do not only rely on swimming speed.
A fundamental role is also played by chemoreception and mechanore-
ception. Chemoreception and mechanoreception together shape the
so called “encounter radius” of the copepods (Strickler and Twombly,
1975; Gerritsen and Strickler, 1977; Buskey, 1998; Uttieri et al., 2008a,
2008b; Sabia et al., 2014). The encounter radius determines copepod
surrounding volume in which the individual can perceive the mechan-
ical and chemical stimuli that come from the surrounding environment.
Regarding mechanoreception, our findings highlighted that DCF af-
fected both thigmotactic and hydrodynamic responses of B. pygmaeus.
Control individuals tended to stay closer to the arena boundary most
of the time andwhen they detached from it, they reoriented their swim-
ming direction quickly towards the arena walls. This behavior is the re-
flection of the strong thigmotaxis displayed by B. pygmaeus and most
crustacean harpacticoids because conferring success in adhering to sed-
iment grains and pushing against them for enhancing locomotion in the
darkness, and it is not related to anxiolytic-like behavior as inferred for
other invertebrates (Kohler et al., 2018). DCF-exposed individuals also
showed the same tendency of the controls and tried to swim closer to
the arena boundary; however, when theymoved far from the boundary,
they reoriented towards the borders less efficiently, drawingmore com-
plex and winding paths. The increased path tortuosity exhibited by the
treated copepods when they were far from the arena borders could be
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explained by supposing an alteration of their mechanoreception. A
good mechanical response is crucial for holobenthic species, like
B. pygmaeus, because their habitats are characterized by the presence
of sediments of different types, size, and shape, and the intensity of
light is reduced or absent. It is, therefore, obvious that relying only on
chemoreception and photoreception could not be sufficient to assure
copepod survival and fitness in benthic interstitial environments. Cope-
pods encode mechanical stimuli through sensory setae on their anten-
nules. When these setae are bended and deflected by the fluid
pressure or a touch stimulus, a neural cell reaction is triggered along
their cephalic appendages. Thus, the rate and the angle of the deflection
provide the animalwith information about the speed and the volume of
the fluid movement (Fields and Yen, 2002, and references therein). An
adequate copepod response to amechanical stimulus could be achieved
only if three fundamental conditions are met (Fields and Weissburg,
2004): i) the electric impulse of the neural cells must travel from the re-
ceptor to the target region, ii) the neural impulsemust contain sufficient
information in order to recognize different kinds of stimuli, iii) the com-
ing information has to provide the spatial location of the stimulus. It
could be possible that sub-lethal DCF exposure interferes with one or
more of these three steps.

4.2. Biomarker response

Oxidative stress can arise in several ways: (i) increased ROS produc-
tion, (ii) decreased ROS elimination, and (iii) a mismatched combina-
tion of production versus elimination. For SOD2, a decrease in protein
levels was observed in DCF-exposed individuals of B. pygmaeus, indicat-
ing an impairment of mitochondrial oxidative defense, likely via a mis-
match of ROS production and elimination, as observed in other
invertebrate and vertebrate species living in different habitats. The
SODs are involved in mitochondrial superoxide anion detoxification, a
major mitochondrial ROS. Moreover, we did not observe changes in
CAT protein levels, likely because lower H2O2 amount is produced by
mitochondrial SOD2 and because CAT is mainly a cytosolic enzyme,
not involved inmitochondrial scavenger activity. DCF increases the pro-
duction of reactive oxygen species (ROS) in the crustacean cladoceran
Daphnia magna along with a decrease in superoxide dismutase forms
(SODs) when the species is exposed to concentration ranging from 5
to 100 μg L-1 (Nkoom et al., 2019). Similar results were obtained for
fish, such as C. carpio and Danio rerio (Islas-Flores et al., 2017; Bio and
Nunes, 2020). Superoxide dismutase 2 (SOD2) is an antioxidant mito-
chondrial enzyme which plays a crucial role in maintaining mitochon-
drial ROS balance. This enzyme catalyzes the dismutation of the
superoxide anion (O2

- ) in hydrogen peroxide (H2O2), a less reactive
form of oxygen. The decrease of SOD activity is responsible for increased
O2
- levels and further oxidative stress able to damage mitochondria and

cellular structures and molecules. The hydrogen peroxide is detoxified
by the catalase to H2O and O2. The optimal cell protection is achieved
only when an appropriate balance among these enzymes is maintained.
The reduced activity of SOD2 in individuals exposed to DCF could be ex-
plained by a decline in mitochondrial function or in a reduced number
of functional mitochondria. These findings can explain the changes we
have observed in the swimming behavior of the copepod B. pygmaeus
(see paragraph 4.1). Since mitochondrial dysfunction determines ATP
reduction, it comes that less energy is produced for maintaining the
cell functions of the DCF-exposed individuals. In addition, the increasing
energy demand for the detoxification process further contributes to de-
crease the total energetic budget allocated for other physiological activ-
ities. In our study, the observed decrease in speed and activity could be
explained by the fact that less energy is stored for the swimming of
B. pygmaeus. With regards to the altered mechanoreception, it could
be possible that DCF also has neurotoxic effects on B. pygmaeus, which
means that DCF could inhibit the neurotransmission of the mechanical
stimuli coming from the surrounding environment to the animal. In
this study we did not explore the neurotoxicity of DCF at the cellular
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level, nonetheless Oliveira et al. (2015) observed a decreased level of
the acetylcholinesterase enzyme (AChE) in Daphnia magna when the
species undergoes long-term exposure to environmental relevant DCF
concentrations. Further, Gonzalez-Rey and Bebianno (2014) in a study
on the effect of DCF in the mussel Mytilus galloprovincialis advanced
the hypothesis that the inhibition of the AChE activity could be modu-
lated by the decreased SOD activity. Indeed, previous studies have
found a positive correlation between AChE activity and locomotion be-
havior parameters in invertebrates (Engenheiro et al., 2005; Xuereb
et al., 2009).

5. Conclusion

The coupling between behavioral and biochemical effects of phar-
maceutical compounds in aquatic animals is still poorly investigated
and this study represents the first evidence in a species of interstitial co-
pepods. The results obtained from biomarker analysis seem to explain
the behavioral alterations observed in B. pygmaeus, but further studies
are needed to obtain a clear understanding of the neurophysiology of
this species in response to DCF exposure. The results of this study
reinforce the evidence that environmentally relevant concentrations
(μg L-1) of pharmaceutical compounds, if not leading aquatic organisms
to death, can cause an alteration of biochemical processes that, in turn,
trigger an energetic imbalance to the detriment of the behavior of
aquatic species. This phenomenon can generate effects not only on indi-
vidual populations, due to the reduction of fitness in the food search and
mating, but also at the community level (through alterations of the in-
teractions associated with predation or competition) that may further
cascade to disrupt ecosystem function and services. The video tracking
method used in this study can analyze multiple individuals at a time
and therefore, future studies should be aimed at examining the effect
of sub-lethal concentrations of pharmaceutical compounds at the popu-
lation and community levels.

CRediT authorship contribution statement

Mattia Di Cicco: Methodology, Experiments, Conceptualization,
Writing-Review & Editing.

Tiziana Di Lorenzo: Methodology, Conceptualization, Writing-
Review.

Barbara Fiasca: Experiments, Methodology.
Fabrizio Ruggieri: Chemical Methodology, Experiments, Writing-

Review of the related section.
Annamaria Cimini: Biochemical methodology, Review of the related

section, Co-funding acquisition.
Gloria Panella: Biochemical methodology, Experiments.
Elisabetta Benedetti: Biochemical methodology, Experiments,

Writing-Review of the related section.
Diana M. P. Galassi: Conceptualization, Writing-Review & Editing,

Project administration, Funding acquisition.

Data availability statement

All the data supporting this article are made available in the main
text and supplementary material.

Declaration of competing interest

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

Acknowledgements

This work was supported by the European Commission (project
AQUALIFE, LIFE12BIOIT00231).
8

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.149461.

References

Abdel-Daim, M.M., Eltaysh, R., Hassan, A., Mousa, S.A., 2018. Lycopene attenuates
tulathromycin and diclofenac sodium-induced cardiotoxicity in mice. Int. J. Mol. Sci.
19, 234, 10.3390. https://doi.org/10.3390/ijms19020344.

Acuña, V., Ginebreda, A., Mor, J.R., Petrovic, M., Sabater, S., Sumpter, J., Barceló, D., 2015.
Balancing the health benefits and environmental risks of pharmaceuticals: diclofenac
as an example. Environ. Int. 85, 327–333. https://doi.org/10.1016/j.envint.2015.09.
023.

Adedara, I.A., Awogbindin, I.O., Afolabi, B.A., Ajayi, B.O., Rocha, J.B.T., Farombi, E.O., 2020.
Hazardous impact of diclofenac exposure on the behavior and antioxidant defense
system in Nauphoeta cinerea. Environ. Pollut. 265, 115053. https://doi.org/10.1016/j.
envpol.2020.115053.

Agüera, A., Pérez Estrada, L.A., Ferrer, I., Thurman, E.M., Malato, S., Fernández-Alba, A.R.,
2005. Application of time-of-flight mass spectrometry to the analysis of
phototransformation products of diclofenac in water under natural sunlight. J. Mass
Spectrom. 40, 908–915. https://doi.org/10.1002/jms.867.

Ajima, M.N.O., Ogo, O.A., Audu, B.S., Ugwoegbu, K.C., 2015. Chronic diclofenac (DCF) expo-
sure alters both enzymatic and haematological profile of african catfish, Clarias
gariepinus. Drug Chem. Toxicol. 38, 383–390. https://doi.org/10.3109/01480545.
2014.974108.

Anderson, M.J., 2001. A newmethod for non-parametric multivariate analysis of variance.
Austral. Ecol. 26, 32–46. https://doi.org/10.1111/j.1442-9993.2001.01070. pp. x.

Plymouth, UKAnderson, M.J., Gorley, R.N., Clarke, K.R., 2008. PERMANOVA+ for PRIMER:
Guide to Software and Statistical Methods. First edition. .

Bengtsson, B.-E., 1978. Use of a harpacticoid copepod in toxicity tests. Mar. Pollut. Bull. 9,
238–241. https://doi.org/10.1016/0025-326X(78)90378-8.

Benhamou, S., 2004. How to reliably estimate the tortuosity of an animal’s path straight-
ness, sinuosity, or fractal dimension? J. Theor. Biol. 229, 209–220. https://doi.org/10.
1016/j.jtbi.2004.03.016.

Bio, S., Nunes, B., 2020. Acute effects of diclofenac on zebrafish: indications of oxidative
effects and damages at environmentally realistic levels of exposure. Environ. Toxicol.
Pharmacol. 78, 103394. https://doi.org/10.1016/j.etap.2020.103394.

Bouwknecht, J.A., Paylor, R., 2008. Pitfalls in the interpretation of genetic and pharmaco-
logical effects on anxiety-like behaviour in rodents. Behav. Pharmacol. 19, 385–402.

Bovet, P., Benhamou, S., 1988. Spatial analysis of animals' movements using a correlated
random walk model. J. Theor. Biol. 131, 419–433. https://doi.org/10.1016/S0022-
5193(88)80038-9.

Bownik, 2017. Daphnia swimming behaviour as a biomarker in toxicity assessment: a re-
view. Sci. Total Environ. 601-602, 194–205. https://doi.org/10.1016/j.scitotenv.2017.
05.199.

Boyd, W., Brewer, S., Williams, P., 2002. Altered behaviour of invertebrates living in pol-
luted environments. In: Dell’Omo, G. (Ed.), Behavioural Ecotoxicology. Wiley United
States, New York, pp. 293–336.

Brown, R.J., Rundle, S.D., Hutchinson, T.H., Williams, T.D., Jones, M.B., 2005. A microplate
freshwater copepod bioassay for evaluating acute and chronic effects of chemicals.
Environ. Toxicol. Chem. 24, 1528–1531. https://doi.org/10.1897/04-111R.1.

Buskey, E.J., 1998. Components of mating behavior in planktonic copepods. J. Mar. Syst.
15, 13–21. https://doi.org/10.1016/S0924-7963(97)00045-6.

Castaño-Sánchez, A., Pereira, J.L., Gonçalves, F.J.M., Reboleira, A.S.P.S., 2021. Sensitivity of a
widespread groundwater copepod to different contaminants. Chemosphere 274,
129911. https://doi.org/10.1016/j.chemosphere.2021.129911.

Chen, J.-B., Gao, H.-W., Zhang, Y.-L., Zhang, Y., Zhou, X.-F., Li, C.-Q., Gao, H.-P., 2014. Devel-
opmental toxicity of diclofenac and elucidation of gene regulation in zebrafish (Danio
rerio). Sci. Rep. 4, 4841. https://doi.org/10.1038/srep04841.

Comber, S., Gardner, M., Sörme, P., Leverett, D., Ellor, B., 2018. Active pharmaceutical in-
gredients entering the aquatic environment from wastewater treatment works: a
cause for concern? Sci. Total Environ. 613–614, 538–547. https://doi.org/10.1016/j.
scitotenv.2017.09.101.

Derakhsh, P.M., Moradi, A.M., Sharifpour, I., Jamili, S., 2020. Toxic effects of diclofenac on
gills, liver and kidney of Cyprinus carpio. Iran. J. Fish. Sci. 19, 735–747. https://doi.org/
10.22092/ijfs.2018.119517.

Dicke, M., Burrough, P.A., 1988. Using fractal dimensions for characterizing tortuosity of
animal trails. Physiol. Entomol. 13, 393–398. https://doi.org/10.1111/j.1365-3032.
1988.tb01122.x.

Di Lorenzo, T., Cifoni, M., Baratti, M., Pieraccini, G., Di Marzio, W., Galassi, D.M.P., 2021.
Four scenarios of environmental risk of diclofenac in European groundwater ecosys-
tems. Environ. Pollut. 287, 117315. https://doi.org/10.1016/j.envpol.2021.117315.

Di Lorenzo, T., Di Cicco, M., Di Censo, D., Galante, A., Boscaro, F., Messana, G., Galassi,
D.M.P., 2019a. Environmental risk assessment of propranolol in the groundwater
bodies of Europe. Environ. Pollut. 255, 113189. https://doi.org/10.1016/j.envpol.
2019.113189.

Di Lorenzo, T., Di Marzio, W.M., Fiasca, B., Galassi, D.M.P., Korbel, K., Iepure, S., Pereira, J.L.,
Reboleira, A.S.P.S., Schmidt, S.I., Hose, G.C., 2019b. Recommendations for ecotoxicity
testing with stygobiotic species in the framework of groundwater environmental
risk assessment. Sci. Total Environ. 681, 292–304. https://doi.org/10.1016/j.
scitotenv.2019.05.030.

https://doi.org/10.1016/j.scitotenv.2021.149461
https://doi.org/10.1016/j.scitotenv.2021.149461
https://doi.org/10.3390/ijms19020344
https://doi.org/10.1016/j.envint.2015.09.023
https://doi.org/10.1016/j.envint.2015.09.023
https://doi.org/10.1016/j.envpol.2020.115053
https://doi.org/10.1016/j.envpol.2020.115053
https://doi.org/10.1002/jms.867
https://doi.org/10.3109/01480545.2014.974108
https://doi.org/10.3109/01480545.2014.974108
https://doi.org/10.1111/j.1442-9993.2001.01070. pp. x
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021348137854
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021348137854
https://doi.org/10.1016/0025-326X(78)90378-8
https://doi.org/10.1016/j.jtbi.2004.03.016
https://doi.org/10.1016/j.jtbi.2004.03.016
https://doi.org/10.1016/j.etap.2020.103394
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021345280011
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021345280011
https://doi.org/10.1016/S0022-5193(88)80038-9
https://doi.org/10.1016/S0022-5193(88)80038-9
https://doi.org/10.1016/j.scitotenv.2017.05.199
https://doi.org/10.1016/j.scitotenv.2017.05.199
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021348290926
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021348290926
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021348290926
https://doi.org/10.1897/04-111R.1
https://doi.org/10.1016/S0924-7963(97)00045-6
https://doi.org/10.1016/j.chemosphere.2021.129911
https://doi.org/10.1038/srep04841
https://doi.org/10.1016/j.scitotenv.2017.09.101
https://doi.org/10.1016/j.scitotenv.2017.09.101
https://doi.org/10.22092/ijfs.2018.119517
https://doi.org/10.22092/ijfs.2018.119517
https://doi.org/10.1111/j.1365-3032.1988.tb01122.x
https://doi.org/10.1111/j.1365-3032.1988.tb01122.x
https://doi.org/10.1016/j.envpol.2021.117315
https://doi.org/10.1016/j.envpol.2019.113189
https://doi.org/10.1016/j.envpol.2019.113189
https://doi.org/10.1016/j.scitotenv.2019.05.030
https://doi.org/10.1016/j.scitotenv.2019.05.030


M. Di Cicco, T. Di Lorenzo, B. Fiasca et al. Science of the Total Environment 799 (2021) 149461
Di Lorenzo, T., Galassi, D.M.P., 2017. Effect of temperature rising on the stygobitic crusta-
cean species Diacyclops belgicus: does global warming affect groundwater popula-
tions? Water 9, 951. https://doi.org/10.3390/w9120951.

Di Lorenzo, T., Stoch, F., Galassi, D.M.P., 2013. Incorporating the hyporheic zone within the
river discontinuum: longitudinal patterns of subsurface copepod assemblages in an
alpine stream. Limnologica 43, 288–296. https://doi.org/10.1016/j.limno.2012.12.
003.

Di Sabatino, A., Coscieme, L., Miccoli, F.P., Cristiano, G., 2021. Benthic invertebrate assem-
blages and leaf-litter breakdown along the eucrenal–hypocrenal ecotone of a
rheocrene spring in Central Italy: are there spatial and seasonal differences?
Ecohydrology, e2289 https://doi.org/10.1002/eco.2289.

Dussart, B., Defaye, D., 1990. Répertoire Mondial des Crustacés Copépodes des Eaux
Intérieures. III. Harpacticoïdes, Leiden.

Elazem, M.A.A., Abo-Kora, S.Y., 2015. Adverse effects of diclofenac potassium and
dexamethason on some hematobiochemical and immunological parameters in
Egyptian goat bucks. J. Am. Sci. 11, 92–99.

Engenheiro, E.L., Hankard, P.K., Sousa, J.P., Lemos, M.F., Weeks, J.M., Soares, A.M.V.M.,
2005. Influence of dimethoate on acetylcholinesterase activity and locomotor func-
tion in terrestrial isopods. Environ. Toxicol. Chem. 24, 603–609. https://doi.org/10.
1897/04-131R.1.

European Commission, 2013. Directive 2013/39/EU of the European Parliament and of the
Council of 12 August 2013 amending Directive 2000/60/EC and 2008/105/EC as
regards priority substances in the field of water policy text with EEA relevance. Off.
J. Eur. Union L226 1–17 (226 of 24.8.2013).

European Commission, 2015. Commission Implementing Decision (EU) 2015/495 of 20
March 2015 establishing a watch list of substances for union-wide monitoring in
the field of water policy pursuant Directive 2008/105/EC of the European Parliament
and of the Council. Off. J. Eur. Union L78 (40-42)) (78 of 24.3.2015).

European Commission, 2018. Commission Implementing Decision (EU) 2018/840 of 5
June 2018 establishing a watch list of substances for Union-wide monitoring in the
field of water policy pursuant to Directive 2008/105/EC of the European Parliament
and of the Council and repealing Commission Implementing Decision (EU) 2015/
495. Off. J. Eur. Union L141 (9-12) (141 of 7.6.2018).

European Commission, 2021. Communication from the Commission to the European Par-
liament, the Council, the European Economic and Social Committee and the Commit-
tee of the Regions forging a climate-resilient-Europe – the new EU Strategy on
Adaptation to Climate Change. Off. J. Eur. Union 82, 1–23 Brussels.

Fattorini, S., Fiasca, B., Di Lorenzo, T., Di Cicco, M., Galassi, D.M.P., 2020. A new protocol for
assessing the conservation priority of groundwater-dependent ecosystems. Aquatic
Conserv: Mar Freshw Ecosyst. 30, 1483–1504. https://doi.org/10.1002/aqc.3411.

Fekadu, S., Alemayehu, E., Dewil, R., Van der Bruggen, B., 2019. Pharmaceuticals in fresh-
water aquatic environments: a comparison of the African and European challenge.
Sci. Total Environ. 654, 324–337. https://doi.org/10.1016/j.scitotenv.2018.11.072.

Fields, D.M., Weissburg, M.J., 2004. Rapid firing rates from mechanosensory neurons in
copepod antennules. J. Comp. Physiol. A Neuroethol. Sens. Neural. Behav. Physiol.
190, 877–882. https://doi.org/10.1007/s00359-004-0543-2.

Fields, D.M., Yen, J., 2002. Fluid mechanosensory stimulation of behaviour from a plank-
tonic marine copepod, Euchaeta rimana Bradford. J. Plankton Res. 24, 747–755.
https://doi.org/10.1093/plankt/24.8.747.

Fischer, H., Wanner, S.C., Pusch, M., 2002. Bacterial abundance and production in river
sediments as related to the biochemical composition of particulate organic matter
(POM). Biogeochemistry 61, 37–55. https://doi.org/10.1023/A:1020298907014.

Fu, Q., Fedrizzi, D., Kosfeld, V., Schlechtriem, C., Ganz, V., Derrer, D., Rentsch, D., Hollender,
J., 2020. Biotransformation changes bioaccumulation and toxicity of diclofenac in
aquatic organisms. Environ. Sci. Technol. 54, 4400–4408. https://doi.org/10.1021/
acs.est.9b07127.

Galassi, D.M.P., Huys, R., Reid, J.W., 2009. Diversity, ecology and evolution of groundwater
copepods. Freshw. Biol. 54, 691–708. https://doi.org/10.1111/j.1365-2427.2009.
02185.x.

Gerritsen, J., Strickler, J.R., 1977. Encounter probabilities and community structure in zoo-
plankton: a mathematical model. J. Fish. Res. Board Can. 34, 73–82. https://doi.org/10.
1139/f77-008.

Ghosh, R., Goswami, S.K., Feitoza, L.F.B.B., Hammock, B., Gomes, A.V., 2016. Diclofenac in-
duces proteasome and mitochondrial dysfunction in murine cardiomyocytes and
hearts. Int. J. Cardiol. 223, 923–935. https://doi.org/10.1016/j.ijcard.2016.08.233.

Giere, O., 2009. Meiobenthology. second ed. Springer, Berlin.
Gómez-Oliván, L.M., Galar-Martínez, M., García-Medina, S., Valdés-Alanís, A., Islas-Flores,

H., Neri-Cruz, N., 2014. Genotoxic response and oxidative stress induced by
diclofenac, ibuprofen and naproxen in Daphnia magna. Drug Chem. Toxicol. 37,
391–399. https://doi.org/10.3109/01480545.2013.870191.

Gonzalez-Rey, M., Bebianno, M.J., 2014. Effects of non-steroidal anti-inflammatory drug
(NSAID) diclofenac exposure in mussel Mytilus galloprovincialis. Aquat. Toxicol. 148,
221–230. https://doi.org/10.1016/j.aquatox.2014.01.011.

Gröner, F., Ziková, A., Kloas, W., 2015. Effects of the pharmaceuticals diclofenac and met-
oprolol on gene expression levels of enzymes of biotransformation, excretion path-
ways and estrogenicity in primary hepatocytes of Nile tilapia (Oreochromis
niloticus). Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 167, 51–57. https://
doi.org/10.1016/j.cbpc.2014.09.003.

Gröning, J., Held, C., Garten, C., Claußnitzer, U., Kaschabek, S.R., Schlömann, M., 2007.
Transformation of diclofenac by the indigenous microflora of river sediments and
identification of a major intermediate. Chemosphere 69, 509–516. https://doi.org/
10.1016/j.chemosphere.2007.03.037.

Guiloski, I.C., Stein Piancini, L.D., Dagostim, A.C., de Morais Calado, S.L., Fávaro, L.F.,
Boschen, S.L., Cestari, M.M., da Cunha, C., Silva de Assis, H.C., 2017. Effects of environ-
mentally relevant concentrations of the anti-inflammatory drug diclofenac in
9

freshwater fish Rhamdia quelen. Ecotoxicol. Environ. Saf. 139, 291–300. https://doi.
org/10.1016/j.ecoenv.2017.01.053.

Guyon, A., Smith, K.F., Charry, M.P., Champeau, O., Tremblay, L.A., 2018. Effects of chronic
exposure to benzophenone and diclofenac on DNA methylation levels and reproduc-
tive success in a marine copepod. J. Xenobiotics 8, 7674. https://doi.org/10.4081/
xeno.2018.7674.

Halley, J.M., Hartley, S., Kallimanis, A.S., Kunin, W.E., Lennon, J.J., Sgardelis, S.P., 2004. Uses
and abuses of fractal methodology in ecology. Ecol. Lett. 7, 254–271. https://doi.org/
10.1111/j.1461-0248.2004.00568.x.

Hanif, H., Waseem, A., Kali, S., Qureshi, N.A., Majid, M., Iqbal, M., Ur-Rehman, T., Tahir, M.,
Yousaf, S., Iqbal, M.M., Khan, I.A., Zafar, M.I., 2020. Environmental risk assessment of
diclofenac residues in surface waters and wastewater: a hidden global threat to
aquatic ecosystem. Environ. Monit. Assess. 192, 204. https://doi.org/10.1007/
s10661-020-8151-3.

Hernando, M.D., Mezcua, M., Fernández-Alba, A.R., Barceló, D., 2006. Environmental risk
assessment of pharmaceutical residues in wastewater effluents, surface waters and
sediments. Talanta 69, 334–342. https://doi.org/10.1016/j.talanta.2005.09.037.

Iannella, M., Fiasca, B., Di Lorenzo, T., Biondi, M., Di Cicco, M., Galassi, D.M.P., 2020.
Jumping into the grids: mapping biodiversity hotspots in groundwater habitat
types across Europe. Ecography 43, 1825–1841. https://doi.org/10.1111/ecog.05323.

Islas-Flores, H., Manuel Gómez-Oliván, L., Galar-Martínez, M., Michelle Sánchez-Ocampo,
E., SanJuan-Reyes, N., Ortíz-Reynoso, M., Dublán-García, O., 2017. Cyto-genotoxicity
and oxidative stress in common carp (Cyprinus carpio) exposed to a mixture of ibu-
profen and diclofenac. Environ. Toxicol. 32, 1637–1650. https://doi.org/10.1002/tox.
22392.

Kohler, S.A., Parker, M.O., Ford, A.T., 2018. Shape and size of the arenas affect amphipod
behaviours: implications for ecotoxicology. PeerJ 6, e5271. https://doi.org/10.7717/
peerj.5271.

Lee, J., Ji, K., Lim Kho, Y., Kim, P., Choi, K., 2011. Chronic exposure to diclofenac on two
freshwater cladocerans and japanese medaka. Ecotoxicol. Environ. Saf. 74,
1216–1225. https://doi.org/10.1016/j.ecoenv.2011.03.014.

Löffler, D., Ternes, T.A., 2003. Determination of acidic pharmaceuticals, antibiotics and
ivermectin in river sediment using liquid chromatography–tandemmass spectrome-
try. J. Chromatogr. A 1021, 133–144. https://doi.org/10.1016/j.chroma.2003.08.089.

Lonappan, L., Pulicharla, R., Rouissi, T., Brar, S.K., Verma, M., Surampalli, R.Y., Valero, J.R.,
2016. Diclofenac in municipal wastewater treatment plant: quantification using
laser diode thermal desorption-atmospheric pressure chemical ionization-tandem
mass spectrometry approach in comparison with an established liquid
chromatography-electrospray ionization-tandem mass spectrometry method.
J. Chromatogr. A 1433, 106–113. https://doi.org/10.1016/j.chroma.2016.01.030.

Ma, X., Johnson, K.B., 2017. Comparative phototaxis of calanoid and harpacticoid cope-
pods. Mar. Biol. 164, 26. https://doi.org/10.1007/s00227-016-3054-0.

McLean, J., Skowron Volponi, M.A., 2018. Trajr : an R package for characterisation of ani-
mal trajectories. Ethology 124, 440–448. https://doi.org/10.1111/eth.12739.

Melvin, S.D., 2016. Oxidative stress, energy storage, and swimming performance of
Limnodynastes peronii tadpoles exposed to a sub-lethal pharmaceutical mixture
throughout development. Chemosphere 150, 790–797. https://doi.org/10.1016/j.
chemosphere.2015.09.034.

Nams, V.O., 2006. Improving accuracy and precision in estimating fractal dimension of an-
imal movement paths. Acta Biotheor. 54, 1–11. https://doi.org/10.1007/s10441-006-
5954-8.

Nieto, E., Blasco, J., González-Ortegón, E., Drake, P., Hampel, M., 2013. Is Atyaephyra
desmarestii a useful candidate for lethal and sub-lethal toxicity tests on pharmaceuti-
cal compounds? J. Hazard. Mater. 263, 256–265. https://doi.org/10.1016/j.jhazmat.
2013.08.035.

Nieto, E., Corada-Fernández, C., Hampel, M., Lara-Martín, P.A., Sánchez-Argüello, P.,
Blasco, J., 2017. Effects of exposure to pharmaceuticals (diclofenac and carbamaze-
pine) spiked sediments in the midge, Chironomus riparius (Diptera, Chironomidae).
Sci. Total Environ. 609, 715–723. https://doi.org/10.1016/j.scitotenv.2017.07.171.

Nkoom, M., Lu, G., Liu, J., Dong, H., Yang, H., 2019. Bioconcentration, behavioral, and bio-
chemical effects of the non-steroidal anti-inflammatory drug diclofenac in Daphnia
magna. Environ. Sci. Pollut. Res. 26. https://doi.org/10.1007/s11356-018-04072-3.

Nunes, B., Daniel, D., Canelas, G.G., Barros, J., Correia, A.T., 2020. Toxic effects of environ-
mentally realistic concentrations of diclofenac in organisms from two distinct trophic
levels, Hediste diversicolor and Solea senegalensis. Comp. Biochem. Physiol. Part C
Toxicol. Pharmacol. 231, 108722. https://doi.org/10.1016/j.cbpc.2020.108722.

Oaks, J.L., Gilbert, M., Virani, M.Z., Watson, R.T., Meteyer, C.U., Rideout, B.A., Shivaprasad,
H.L., Ahmed, S., Iqbal Chaudhry, M.J., Arshad, M., Mahmood, S., Ali, A., Ahmed Khan,
A., 2004. Diclofenac residues as the cause of vulture population decline in Pakistan.
Nature 427, 630–633. https://doi.org/10.1038/nature02317.

Olaitan, O.J., Anyakora, C., Bamiro, T., Tella, A.T., 2014. Determination of pharmaceutical
compounds in surface and underground water by solid phase extraction-liquid chro-
matography. J. Environ. Chem. Ecotoxicol. 6, 20–26. https://doi.org/10.5897/
JECE2013.0312.

Oliveira, L., Antunes, S., Gonçalves, F., Rocha, O., Nunes, B., 2015. Evaluation of ecotoxico-
logical effects of drugs on Daphnia magna using different enzymatic biomarkers.
Ecotoxicol. Environ. Saf. 119. https://doi.org/10.1016/j.ecoenv.2015.04.028.

Ort, C., Hollender, J., Schaerer, M., Siegrist, H., 2009. Model-based evaluation of reduction
strategies for micropollutants from wastewater treatment plants in complex river
networks. Environ. Sci. Technol. 43, 3214–3220. https://doi.org/10.1021/es802286v.

Pallarés, S., Sanchez-Hernandez, J.C., Colado, R., Balart-García, P., Comas, J., Sánchez-
Fernández, D., 2020. Beyond survival experiments: using biomarkers of oxidative
stress and neurotoxicity to assess vulnerability of subterranean fauna to climate
change. Conserv. Physiol. 8 (10), 1093. https://doi.org/10.1093/conphys/coaa067.

Pandey, P.K., Ajima, M.N.O., Kumar, K., Poojary, N., Kumar, S., 2017. Evaluation of DNA
damage and physiological responses in Nile tilapia, Oreochromis niloticus (Linnaeus,

https://doi.org/10.3390/w9120951
https://doi.org/10.1016/j.limno.2012.12.003
https://doi.org/10.1016/j.limno.2012.12.003
https://doi.org/10.1002/eco.2289
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021348514240
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021348514240
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021348513068
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021348513068
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021348513068
https://doi.org/10.1897/04-131R.1
https://doi.org/10.1897/04-131R.1
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021351227269
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021351227269
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021351227269
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021351227269
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021345172424
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021345172424
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021345172424
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021345172424
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021349116544
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021349116544
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021349116544
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021349116544
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021349116544
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021348520579
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021348520579
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021348520579
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021348520579
https://doi.org/10.1002/aqc.3411
https://doi.org/10.1016/j.scitotenv.2018.11.072
https://doi.org/10.1007/s00359-004-0543-2
https://doi.org/10.1093/plankt/24.8.747
https://doi.org/10.1023/A:1020298907014
https://doi.org/10.1021/acs.est.9b07127
https://doi.org/10.1021/acs.est.9b07127
https://doi.org/10.1111/j.1365-2427.2009.02185.x
https://doi.org/10.1111/j.1365-2427.2009.02185.x
https://doi.org/10.1139/f77-008
https://doi.org/10.1139/f77-008
https://doi.org/10.1016/j.ijcard.2016.08.233
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021349326456
https://doi.org/10.3109/01480545.2013.870191
https://doi.org/10.1016/j.aquatox.2014.01.011
https://doi.org/10.1016/j.cbpc.2014.09.003
https://doi.org/10.1016/j.cbpc.2014.09.003
https://doi.org/10.1016/j.chemosphere.2007.03.037
https://doi.org/10.1016/j.chemosphere.2007.03.037
https://doi.org/10.1016/j.ecoenv.2017.01.053
https://doi.org/10.1016/j.ecoenv.2017.01.053
https://doi.org/10.4081/xeno.2018.7674
https://doi.org/10.4081/xeno.2018.7674
https://doi.org/10.1111/j.1461-0248.2004.00568.x
https://doi.org/10.1111/j.1461-0248.2004.00568.x
https://doi.org/10.1007/s10661-020-8151-3
https://doi.org/10.1007/s10661-020-8151-3
https://doi.org/10.1016/j.talanta.2005.09.037
https://doi.org/10.1111/ecog.05323
https://doi.org/10.1002/tox.22392
https://doi.org/10.1002/tox.22392
https://doi.org/10.7717/peerj.5271
https://doi.org/10.7717/peerj.5271
https://doi.org/10.1016/j.ecoenv.2011.03.014
https://doi.org/10.1016/j.chroma.2003.08.089
https://doi.org/10.1016/j.chroma.2016.01.030
https://doi.org/10.1007/s00227-016-3054-0
https://doi.org/10.1111/eth.12739
https://doi.org/10.1016/j.chemosphere.2015.09.034
https://doi.org/10.1016/j.chemosphere.2015.09.034
https://doi.org/10.1007/s10441-006-5954-8
https://doi.org/10.1007/s10441-006-5954-8
https://doi.org/10.1016/j.jhazmat.2013.08.035
https://doi.org/10.1016/j.jhazmat.2013.08.035
https://doi.org/10.1016/j.scitotenv.2017.07.171
https://doi.org/10.1007/s11356-018-04072-3
https://doi.org/10.1016/j.cbpc.2020.108722
https://doi.org/10.1038/nature02317
https://doi.org/10.5897/JECE2013.0312
https://doi.org/10.5897/JECE2013.0312
https://doi.org/10.1016/j.ecoenv.2015.04.028
https://doi.org/10.1021/es802286v
https://doi.org/10.1093/conphys/coaa067


M. Di Cicco, T. Di Lorenzo, B. Fiasca et al. Science of the Total Environment 799 (2021) 149461
1758) exposed to sub-lethal diclofenac (DCF). Aquat. Toxicol. 186, 205–214. https://
doi.org/10.1016/j.aquatox.2017.03.007.

Peltzer, P.M., Lajmanovich, R.C., Martinuzzi, C., Attademo, A.M., Curi, L.M., Sandoval, M.T.,
2019. Biotoxicity of diclofenac on two larval amphibians: assessment of develop-
ment, growth, cardiac function and rhythm, behavior and antioxidant system. Sci.
Total Environ. 15, 624–637. https://doi.org/10.1016/j.scitotenv.2019.05.275.

Postigo, C., Barceló, D., 2015. Synthetic organic compounds and their transformation
products in groundwater: occurrence, fate and mitigation. Sci. Total Environ.
503–504, 32–47. https://doi.org/10.1016/j.scitotenv.2014.06.019.

R Development Core Team, 2003. R: a language and environment for statistical comput-
ing. R Foundation for Statistical Computing, Vienna, Austria 3-900051-00-3.

Rehman, M.S.U., Rashid, N., Ashfaq, M., Saif, A., Ahmad, N., Han, J.-I., 2015. Global risk of
pharmaceutical contamination from highly populated developing countries.
Chemosphere 138, 1045–1055. https://doi.org/10.1016/j.chemosphere.2013.02.036.

Ribeiro, S., Torres, T., Martins, R., Santos, M.M., 2015. Toxicity screening of diclofenac, pro-
pranolol, sertraline and simvastatin using Danio rerio and Paracentrotus lividus em-
bryo bioassays. Ecotoxicol. Environ. Saf. 114, 67–74. https://doi.org/10.1016/j.
ecoenv.2015.01.008.

Sabia, L., Uttieri, M., Zagami, G., Zambianchi, E., 2014. Swimming, feeding and mating be-
havior in copepods: a brief review. In: Seuront, L. (Ed.), Copepods: Diversity, Habitat
and Behaviour. Nova Science, New York, pp. 121–144.

Sathishkumar, P., Meena, R.A.A., Palanisami, T., Ashokkumar, V., Palvannan, T., Gu, F.L.,
2020. Occurrence, interactive effects and ecological risk of diclofenac in environmen-
tal compartments and biota - a review. Sci. Total Environ. 698, 134057. https://doi.
org/10.1016/j.scitotenv.2019.134057.

Scheurell, M., Franke, S., Shah, R.M., Hühnerfuss, H., 2009. Occurrence of diclofenac and its
metabolites in surface water and effluent samples from Karachi, Pakistan.
Chemosphere 77, 870–876. https://doi.org/10.1016/j.chemosphere.2009.07.066.

Schmitt, F.G., Seuront, L., 2001. Multifractal random walk in copepod behavior. Physica A
Stat. Mech. Appl. 301, 375–396. https://doi.org/10.1016/S0378-4371(01)00429-0.

Schnörr, S.J., Steenbergen, P.J., Richardson, M.K., Champagne, D.L., 2012. Measuring thig-
motaxis in larval zebrafish. Behav. Brain Res. 228, 367–374. https://doi.org/10.1016/
j.bbr.2011.12.016.

Schratzberger, M., Ingels, J., 2018. Meiofauna matters: the roles of meiofauna in benthic
ecosystems. J. Exp. Mar. Biol. Ecol. 502, 12–25. https://doi.org/10.1016/j.jembe.2017.
01.007.

Schwarz, S., Schmieg, H., Scheurer, M., Köhler, H.-R., Triebskorn, R., 2017. Impact of the
NSAID diclofenac on survival, development, behaviour and health of embryonic and
juvenile stages of brown trout, Salmo trutta f. fario. Sci. Total Environ. 607–608,
1026–1036. https://doi.org/10.1016/j.scitotenv.2017.07.042.

Seuront, L., 2009. Fractals and Multifractals in Ecology and Aquatic Science. CRC Press.
Stepanova, S., Praskova, E., Chromcova, L., Plhalova, L., Prokes, M., Blahova, J., Svobodova,

Z., 2013. The effects of diclofenac on early life stages of common carp (Cyprinus
carpio). Environ. Toxicol. Pharmacol. 35, 454–460. https://doi.org/10.1016/j.etap.
2012.09.011.

Strenn, B., Clara, M., Gans, O., Kreuzinger, N., 2004. Carbamazepine, diclofenac, ibuprofen
and bezafibrate - investigations on the behaviour of selected pharmaceuticals during
wastewater treatment. Water Sci. Technol. 50, 269–276. https://doi.org/10.2166/wst.
2004.0337.
10
Strickler, J.R., Twombly, S., 1975. Reynolds number, diapause, and predatory copepods. SIL
Proc. 1922–2010 (19), 2943–2950. https://doi.org/10.1080/03680770.1974.
11896398.

Swiacka, K., Michnowska, A., Maculewicz, J., Caban, M., Smolarz, K., 2021. Toxic effects of
NSAIDs in non-target species: a review from the perspective of the aquatic environ-
ment. Environ. Pollut. 273, 115891. https://doi.org/10.1016/j.envpol.2020.115891.

Trombini, C., Hampel, M., Blasco, J., 2016. Evaluation of acute effects of four pharmaceuti-
cals and their mixtures on the copepod Tisbe battagliai. Chemosphere 155, 319–328.
https://doi.org/10.1016/j.chemosphere.2016.04.058.

Turchin, P., 1996. Fractal analyses of animal movement: a critique. Ecology 77,
2086–2090. https://doi.org/10.2307/2265702.

Uttieri, M., Brown, E., Boxshall, G., Mazzocchi, M., 2008.Morphology of antennular sensors
in Clausocalanus furcatus (Copepoda: Calanoida). J. Mar. Biol. Assoc. 88, 535–541.
https://doi.org/10.1017/S0025315408000854.

Uttieri, M., Hinow, P., Pastore, R., Bianco, G., Ribera d'Alcala, M., Mazzocchi, M., 2021. Ho-
meostatic swimming of zooplankton upon crowding: the case of the copepod
Centropages typicus. J. R. Soc. Interface 18, 20210270. https://doi.org/10.1098/rsif.
2021.0270.

Uttieri, M., Paffenhöfer, G.-A., Mazzocchi, M.G., 2008. Prey capture in Clausocalanus
furcatus (Copepoda: Calanoida). the role of swimming behaviour. Mar. Biol. 153,
925–935. https://doi.org/10.1007/s00227-007-0864-0.

Ward, D.J., Perez-Landa, V., Spadaro, D.A., Simpson, S.L., Jolley, D.F., 2011. An assessment
of three harpacticoid copepod species for use in ecotoxicological testing. Arch. Envi-
ron. Contam. Toxicol. 61, 414–425. https://doi.org/10.1007/s00244-011-9646-2.

Xia, L., Zheng, L., Zhou, J.L., 2017. Effects of ibuprofen, diclofenac and paracetamol on hatch
and motor behavior in developing zebrafish (Danio rerio). Chemosphere 182,
416–425. https://doi.org/10.1016/j.chemosphere.2017.05.054.

Xuereb, B., Chaumot, A., Mons, R., Garric, J., Geffard, O., 2009. Acetylcholinesterase activity
in Gammarus fossarum (Crustacea Amphipoda): intrinsic variability, reference levels,
and a reliable tool for field surveys. Aquat. Toxicol. 93, 225–233. https://doi.org/10.
1016/j.aquatox.2009.05.006.

Yokota, H., Higashi, K., Hanada, E., Matsuzaki, E., Tsuruda, Y., Suzuki, T., Nakano, E., Eguchi,
S., 2017. Recovery from reproductive and morphological abnormalities in medaka
(Oryzias latipes) following a 14-day exposure to diclofenac. Environ. Toxicol. Chem.
36, 3277–3283. https://doi.org/10.1002/etc.3899.

Yurt, K.K., Kaplan, S., Kivrak, E.G., 2018. The neuroprotective effect of melatonin on the
hippocampus exposed to diclofenac sodium during the prenatal period. J. Chem.
Neuroanat. 87, 37–48. https://doi.org/10.1016/j.jchemneu.2017.05.006.

Zhang, K., Yuan, G., Werdich, A.A., Zhao, Y., 2020. Ibuprofen and diclofenac impair the car-
diovascular development of zebrafish (Danio rerio) at low concentrations. Environ.
Pollut. 258, 113613. https://doi.org/10.1016/j.envpol.2019.113613.

Zhang, Y., Geißen, S.-U., Gal, C., 2008. Carbamazepine and diclofenac: removal in waste-
water treatment plants and occurrence in water bodies. Chemosphere 73,
1151–1161. https://doi.org/10.1016/j.chemosphere.2008.07.086.

Zhou, S., Chen, Q., Di Paolo, C., Shao, Y., Hollert, H., Seiler, T.-B., 2019. Behavioral profile al-
terations in zebrafish larvae exposed to environmentally relevant concentrations of
eight priority pharmaceuticals. Sci. Total Environ. 664, 89–98. https://doi.org/10.
1016/j.scitotenv.2019.01.300.

https://doi.org/10.1016/j.aquatox.2017.03.007
https://doi.org/10.1016/j.aquatox.2017.03.007
https://doi.org/10.1016/j.scitotenv.2019.05.275
https://doi.org/10.1016/j.scitotenv.2014.06.019
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021350309099
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021350309099
https://doi.org/10.1016/j.chemosphere.2013.02.036
https://doi.org/10.1016/j.ecoenv.2015.01.008
https://doi.org/10.1016/j.ecoenv.2015.01.008
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021350313177
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021350313177
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021350313177
https://doi.org/10.1016/j.scitotenv.2019.134057
https://doi.org/10.1016/j.scitotenv.2019.134057
https://doi.org/10.1016/j.chemosphere.2009.07.066
https://doi.org/10.1016/S0378-4371(01)00429-0
https://doi.org/10.1016/j.bbr.2011.12.016
https://doi.org/10.1016/j.bbr.2011.12.016
https://doi.org/10.1016/j.jembe.2017.01.007
https://doi.org/10.1016/j.jembe.2017.01.007
https://doi.org/10.1016/j.scitotenv.2017.07.042
http://refhub.elsevier.com/S0048-9697(21)04535-6/rf202108021351215758
https://doi.org/10.1016/j.etap.2012.09.011
https://doi.org/10.1016/j.etap.2012.09.011
https://doi.org/10.2166/wst.2004.0337
https://doi.org/10.2166/wst.2004.0337
https://doi.org/10.1080/03680770.1974.11896398
https://doi.org/10.1080/03680770.1974.11896398
https://doi.org/10.1016/j.envpol.2020.115891
https://doi.org/10.1016/j.chemosphere.2016.04.058
https://doi.org/10.2307/2265702
https://doi.org/10.1017/S0025315408000854
https://doi.org/10.1098/rsif.2021.0270
https://doi.org/10.1098/rsif.2021.0270
https://doi.org/10.1007/s00227-007-0864-0
https://doi.org/10.1007/s00244-011-9646-2
https://doi.org/10.1016/j.chemosphere.2017.05.054
https://doi.org/10.1016/j.aquatox.2009.05.006
https://doi.org/10.1016/j.aquatox.2009.05.006
https://doi.org/10.1002/etc.3899
https://doi.org/10.1016/j.jchemneu.2017.05.006
https://doi.org/10.1016/j.envpol.2019.113613
https://doi.org/10.1016/j.chemosphere.2008.07.086
https://doi.org/10.1016/j.scitotenv.2019.01.300
https://doi.org/10.1016/j.scitotenv.2019.01.300

	Effects of diclofenac on the swimming behavior and antioxidant enzyme activities of the freshwater interstitial crustacean ...
	1. Introduction
	2. Material and methods
	2.1. Experimental design and exposure
	2.2. Swimming behavior
	2.3. Chemical analysis
	2.4. Biomarker response
	2.5. Statistical analysis

	3. Results
	3.1. Swimming behavior
	3.2. Biomarker analysis

	4. Discussion
	4.1. Swimming behavior
	4.2. Biomarker response

	5. Conclusion
	CRediT authorship contribution statement
	Data availability statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




