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ARTICLE INFO ABSTRACT

Edited by Dr. Caterina Faggio Plastic debris has been found to be ubiquitous in many aquatic ecosystems and is constantly accumulating, not

only because more and more plastic is being rapidly released into the environment, but also because its slow

Keywords: degradation means it persists in the water. Some more buoyant plastics accumulate in the water column, whereas
quhm‘a magna other heavier types sink to the bottom. Consequently, the presence of microplastics can threaten organisms living
I”}/Ir:r::gii?rclechanisms in the water column as well as those found in the benthic zone. In this study, the filter feeder Daphnia has been
Mortality found to ingest microplastics as the particle diameter (< 30 um) is within their edible particle size range and they
Toxicity are unable to differentiate between particles of different natures. Four different treatments were considered: food

only; only microplastic particles; 50% food and 50% microplastic particles; neither food nor microplastics.
Sinking microplastics have been found to decrease Daphnia magna individuals’ swimming velocity during vertical
or cruising swimming trajectories, therefore demonstrating the sublethal effects microplastics have on this or-
ganism. In addition, microplastics decreased their body growth and survival rates. In cases with the presence of
only microplastics, the swimming trajectories of Daphnia indicated the most serious stress experienced as in-
dividuals reversed vertical or cruising swimming trajectories to hopping and sinking movements. Therefore,
Daphnia individuals in freshwater systems polluted by microplastics might take on the role of ingesting them and
later on transporting them to deeper layer water column. In this way microplastics that would remain in the
water column for a long time due to their buoyancy, might accumulate at the bottom of the water column.

Body growth rate

1. Introduction

There is growing concern about the impact plastic disposal is having
on the environment, given that plastic can now be found in almost all
ecosystems, especially in aquatic environments (Thompson et al., 2009).
Plastics end up in aquatic systems mainly via direct emission or dis-
charges from rivers where they continue to degrade, breaking down into
small particles or fragments and dispersing polymers called micro-
plastics (MP), i.e., any piece of plastic smaller than 5 mm in diameter
(Lambert et al., 2014). Plastic fragments and MP have also been shown
to contain organic contaminants on their surfaces due to manufacturing
processes or by absorbing pollutants present in the environment (Teuten
et al., 2009).

MP can be ingested by aquatic organisms and, although partially
egested, MP accumulation can pose a serious problem for their devel-
opment. For instance, zooplankton are known to ingest and accumulate
MP inside their gut, thus making MP easily transferrable to a higher
trophic level when, for example, fish feed on zooplankton individuals
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(Nelms et al., 2018). Because D. magna individuals ingest MP, and since
egestion does not occur within 24 h (Rist et al., 2017), MP can accu-
mulate in their bodies. The MP accumulated in the D. magna body can
subsequently be transferred to other animals that can then accumulate
the MP themselves. Consequently, MP can cause a severe environmental
impact to the ecosystem (Provencher et al., 2018). That said, Eliz-
alde-Velazquez et al. (2020) has demonstrated that D. magna showed
rapid depuration rates and null translocation of MP between 72 and 96 h
after a 5-d exposure to MP.

D. magna is a common zooplanktonic organism found in freshwater
ecosystems. They are a model organism which is highly studied, espe-
cially in toxicological analysis (Guilhermino et al., 2000). Being easy to
cultivate and manipulate, coupled with a high birth rate (Seda and
Petrusek, 2011), makes them one of the most important invertebrate
models available. Daphnia are known to ingest particles with diameters
below 30 pm (Pau et al., 2013) and because they cannot distinguish
between particles of different natures (DeMott, 1986), they will ingest
particles when their size overlaps the size of edible particles. In general,
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these ingestions do not necessary imply fatal effects, but rather may
produce chronic effects that could cause a number of problems such as
oxidative stress, starvation etc., (Wright et al., 2013). While even low
concentration levels of MP (25% of MP and 75% of food) have been
shown to decrease D. magna filtration capacity, high concentration
levels (e.g., 50% MP and 50% food, or higher MP to food ratios) produce
more than a 50% reduction in their filtering capacity after seven days of
exposure (Colomer et al., 2019).

D. magna migrate vertically, depending on whether it is day - to
prevent predation, or night — for food requirements (Williamson et al.,
2011). The velocity of D. magna individuals depends on their body size,
following an allometric relationship between their swimming velocity
and their body length (Serra et al., 2019a,b). In addition, the swimming
behaviour of Daphnia is generally accepted as a biomarker that de-
termines the toxicity produced by various groups of chemicals or
stressors (Bownik, 2017). Therefore, the behaviour of Daphnia move-
ments may indicate that the individuals are being affected by lethal or
sublethal effects. A sublethal effect would mean that under negative
environmental conditions Daphnia become stressed and will die after
long-term exposure. Diel vertical migration may even be altered by
sublethal concentrations of a persistent insecticide (Gutierrez et al.,
2012). The presence of chemical additives in MP particles has been
shown to increase their toxicity on D. magna (Zimmermann et al., 2020).
Furthermore, irregular plastic particles (fragments), as opposed to reg-
ular spheric microplastic particles, have been found to have a higher
negative impact on D. magna (Na et al., 2021). Likewise, D. magna have
been shown to be critically affected by the combination of different
stressors; MP being one of them (Serra et al., 2020). Some authors have
shown that vertical swimming represents an additional energy cost
because individuals must overcome both viscous drag and gravity when
they swim upward (Wallace and Estephan, 2004), thus requiring a
certain level of fitness to be able to swim. The presence of MP may
modify the fitness levels of D. magna individuals, which would indicate
that they are under stress or in stressful conditions. Hence, in this study
the swimming behaviour of D. magna is analysed to determine whether
the presence of MP do in fact represent a stressor to D. magna.

Normal concentrations of MP in urban rivers are, at most, 0.13 ug L™
(He et al., 2020). On beaches, although more difficult to determine, their
concentration range has been reported to be between 12 and 1300
particles per m? (de Carvalho and Neto, 2016). Furthermore, water
reaching a sanitation system can have MP concentrations of up 10,044
particles L~! which, after wastewater treatment, can be reduced to 450
particles L™! (Sun et al., 2019). Finally, some toxicology studies have
used MP concentrations of 0.1 mg L1 (Rist et al., 2017).

Although several studies have focused on the presence of MP in water
ecosystems and how they affect organisms, it is not entirely clear how
MP affect D. magna mobility and swimming behaviour. In addition, the
impact MP have on D. magna distribution in the water column is still
unknown. This study aims to determine how MP affect the movement of
D. magna individuals, influence their survival rates as well as the po-
tential impact they might have on their migration and distribution in the
water column. In addition, it is expected that D. magna individuals under
adverse conditions will present lower body growth rates compared to
optimal conditions. Finally, this study is also aimed at establishing the
capacity of D. magna to vertically transport MP particles, therefore
identifying their role in driving the vertical distribution of MP in the
water column of aquatic ecosystems. The swimming behaviour of
D. magna under conditions with MP will also be studied and compared
with conditions without MP. Different experimental treatments will be
considered: a control treatment with food only, a treatment without
neither food nor MP, and two other treatments with different MP to food
percentages (100% MP and 0% food, 50% MP and 50% food).
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2. Materials and methods
2.1. Daphnia magna

All animals were selected from three laboratory cultures kept in the
laboratory at 20.0 & 0.5 °C, over a natural daylight photoperiod (8 h
light and 16 h darkness) and with a continuous air supply to avoid
anoxia. These laboratory cultures have been maintained for three years
in the laboratory at the University of Girona (Spain). Individuals were
fed three times a week (Monday, Wednesday, and Friday) with a mixture
of dry Chlorella powder (100% Chlorella platensis, KeyPharm, Belgium)
and Baker’s yeast (Saccharomyces cerevisiae, Mondeléz International,
Spain). One third of the water from the culture was renewed once every
two weeks (Miiller et al., 2018; Serra et al., 2019a,b, 2018). Mineral
water rich in calcium (constant value of 93.8 mg L) was used to avoid
calcium depletion (Riessen et al., 2012). The mineral water used also
contained the following components: 298 mg L™} of HCO3", 1.6 mg L™}
of S04%, 3.6 mg L' of CI', 3.4 mg L™ of Mg?" and 1.8 mg L ™! of Na™.

All tests, protocols and analyses with D. magna were carried out in
accordance with the international OECD/OCDE Guidelines for the
Testing (OECD, 2018) and the Protocol for the sampling and laboratory
testing of in-vertebrates code ML-L-1-2013 (ML-L, 2013) from the Min-
isterio de Agricultura, Alimentacién y Medio Ambiente of the Spanish
Government.

2.2. Food and MP characteristics

The food used to feed the D. magna was dry chlorella powder
(Chlorella sp., M. Torras Rafi, Spain). To prepare the Chlorella suspen-
sion, 1 g of Chiorella powder was diluted in 1 L of bottled mineral water,
mixed for 60 s at 100 rpm and left for 1 h to let any large Chlorella
particles settle. The supernatant was used as the Chlorella suspension for
the experiments.

For experiments with MP, Polystyrene microspheres (Alpha Nano-
tech, Vancouver, Canada) were used. MP particle sizes were analysed
with a particle size analyser (Laser In-Situ Scattering and Trans-
missometry LISST-100X, Sequoia Scientific, Inc, Bellevue, WA), classi-
fying measurements into 32 class sizes logarithmically distributed over a
range of 2.5-500 pym rings. To measure the diameter of the MP, a sus-
pension with an initial concentration of 16 uL L™! of each type of MP was
prepared. The main peak for particle size distribution of MP was for
particles in the range of 8.65 um and 23.4 pm (Fig. SM1 of the Supple-
mentary material). Furthermore, the particle size distribution of food
(Chlorella platensis) was in the same particle range as the MP. MP had a
median diameter of 15.65 pm, whereas Chlorella platensis particles had a
median of 13.76 um, i.e., all within the D. magna edible range size (Pau
et al., 2013) (Fig. SM1).

Different treatments were considered depending on the presence of
MP, and/or food and their proportions. Control experiments without MP
or food were also carried out. In some experiments, Chlorella was added
with the concentration required to reach the same total (MP+Chlorella)
initial volume concentration of 16 pL L™ of particles in all experiments.
MP were applied using four different ratios (MP-food) for four days. The
conditions were as follows: 1) 0% MP + 100% Food, 2) 50% MP + 50%
Food, 3) 0% MP + 0% Food, 4) 100% MP + 0% Food.

2.3. Experimental procedure

On the first day of the experiment, three hundred Daphnia in-
dividuals were gently collected from the aquarium with a 0.5 mm mesh
and carefully rinsed with bottled water (to avoid any particles adhered
from their respective tanks) and kept for 24 h with water and 16 pL L™
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of food. After this time, the Daphnia were gently rinsed again and then
one hundred individuals transferred to each of the three beakers at 20 °C
with the conditions of the treatment (i.e., three replicates of each
treatment). The working height for all experiments was 15.6 cm.

To stimulate the vertical swimming of the Daphnia individuals,
beakers were covered with a box for 30 min to ensure complete dark-
ness. During these 30 min, all Daphnia individuals swam down and
remained at the bottom of the beaker. After 30 min, the box was
removed and illuminated with a lamp (230 V, 60 W and incandescent
bulb) situated 50 cm above the water’s surface. Daphnia swimming
patterns were recorded and later analysed (as detailed in Methods).

When the beakers were uncovered, the animals were affected not
only by the light from the lamp but also by the natural light. The
quantity of light intensity was measured every day with a luxometer
(PCE-L335, PCE Group Iberica S.L., Spain). A chi squared analysis was
performed and no significant differences were found between the light
conditions applied on the different days (X245 = 5.37, p-value > 0.05).

The same process was repeated every day for each treatment, i.e.,
four videos were recorded at 30 frames per second/per treatment. Over
the four days that the experiments lasted, the water was renewed daily,
once the videos had been recorded, to avoid anoxia and ensure that the
conditions remained constant and consistent with no depletion of food
and MP in the cases where they were present. The D. magna individuals
were gently rinsed daily to avoid an excess of particles in the new
proportions.

2.4. Swimming velocity and growth of D. magna individuals

The swimming patterns of the D. magna individuals were charac-
terised by vertical swimming trajectories, cruising, and hopping and
sinking and were differentiated based on the net displacement (Fig. 1).
During a vertical swimming trajectory, the individuals swam in quasi-
straight vertical trajectories with an overall angle greater than 45°
with the horizontal axis (Fig. 1, left panel). During cruising, there was a
near-straight trajectory in directions with an angle below 45° to the
horizontal axis (Fig. 1, central panel), while during hopping and sinking,
the individuals moved in successive ascending and descending short
pathways (Fig. 1, right panel). From this range of movements, we chose
vertical swimming trajectory and cruising, since these were the most
frequent movements observed (Serra et al., 2019a,b) and were produced
by the light stimulation.

The D. magna velocity analysis was carried out by videotaping the
movements of the individuals. The camera recorded 30 frames per
second for 120 s. These frames were then analysed and the swimming
velocity was calculated with ImageJ software (version 1.49 g, Wayne
Rasband, National Institutes of Health, USA) using an mTrack plug-in
(Moison et al., 2012). The movements were classified following the
three types of movement indicated in Fig. 1. The mean size of the
D. magna was also obtained from ImageJ software by video recording,
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when possible, at least 20 individuals that showed mobility during each
day in every treatment (Colomer et al., 2019). The mean vertical
swimming trajectory and the cruising velocity were determined from the
measurements.

2.5. D. magna vertical distribution

The distribution of the Daphnia in the system was determined daily
throughout the duration of each experiment. Each beaker was divided
into four vertical compartments or layers of 3.9 cm of thickness each,
and the number of individuals per compartment and time in the
compartment were counted for a time interval of 30 s until the end of the
recording (2 min).

2.6. D. magna survival

The number of live Daphnia was calculated at the end of each day for
all the treatments studied. Every day, after the video had been recorded,
every individual was transferred into a new beaker with the initial
proportions of MP or food. When the animals were transferred, they
were counted, and any dead ones discarded.

2.7. Statistical analysis

Data for Daphnia body length and velocity in Day 3 was checked for
normality by using the Shapiro-Wilk test with the RStudio software
package (version 1.4.1106). In the case of non-normally distributed
data, a data transformation was first applied following Sokal and Rohlf
(1995) before performing a 2-way ANOVA on the data.

3. Results
3.1. D. magna survival

The ratio (N/Nj) between the number of live D. magna (N) versus the
initial D. magna individuals (No) decreased with time for all the exper-
iments carried out (Supplementary material, Fig. SM2). The temporal
decrease of N/Ny with time depended on the treatment, with the greatest
being found for experiments without food and 100% of MP. In this case,
after four days of exposure to such conditions, the survival rate had
dropped to 10% of the initial value. This case was followed by the case
with neither food nor MP, which exhibited a 40% survival rate after four
days of exposure to these conditions. The cases with the presence of MP
and food produced a decrease in N/Ny lower than all the above-
mentioned treatments (only MP or neither food nor MP), with a reduc-
tion to 84% of its initial value. On the last day of the exposure (Day 4),
the treatments that produced a decrease in the percentage of D. magna
survival below 50% were the control experiment with neither MP nor
food, and the case without food but with MP. The other treatments had
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Fig. 1. Sketched swimming patterns of D. magna. Vertical swimming trajectory (left panel), cruising (central panel) hopping and sinking (right panel).



S. Magester et al.

survival rates above 50% (Supplementary material, Fig. SM3).
3.2. D. magna growth rate

The Daphnia body length presented different temporal evolutions
depending on the treatment administered (Fig. 2). The greatest increase
was observed for the treatments 0% MP + 100% Food and 50%
MP -+ 50% Food. The daily growth rate for all the cases was calculated
and is presented in Table 1. The statistical analysis performed indicated
that no significant differences were found for the Daphnia growth be-
tween experiments provided food was present (i.e., 0% MP+100% Food
and 50% MP+50% Food). The Daphnia body length was found to remain
constant for the case without food or MP (Fig. 2), with a zero-growth
length for these days and this treatment (Table 1). For the treatment
with only MP, there was a decrease in Daphnia body length with time
(Fig. 2). In this case, the reduction in body length is presented as
negative values in Table 1. In the control treatment with neither MP nor
food, individuals grew on the first day which meant the value was
positive (0.03 for four days). The Daphnia body length on the fourth day
of treatment decreased with the presence of MPs (Fig. 2). Treatments
without food and with 100% MP presented a decrease in the mean
Daphnia body length, the smaller corresponding to the case of PE MP
(Fig. 2).

3.3. D. magna swimming velocity

The Daphnia vertical velocities for the food-only experiment were
greater than for the other treatments (Fig. 3) and with significant dif-
ferences (p < 0.05). Therefore, the vertical velocity decreased if in-
dividuals were exposed to MP (i.e., 50% MP-+50% Food, and 100%
MP+0% Food) or if they had no food (0% MP+0% Food), whereas it
increased with time (days) for the case 0% MP+ 100% Food (only food
in the system). However, for the other treatments, the vertical velocity
decreased with time.

The mean cruising velocities of Daphnia were greater than the ver-
tical velocities in all the experiments. Contrary to what was found for the
Daphnia vertical velocity, the cruising velocity remained constant with
time for the case of 0% MP+ 100% Food (only food) with a mean value
of 1.67 + 0.03 cm/s (Fig. 3). The same happened for the case 50%
MP+ 50% Food. No significant differences were found between the
experiment 0% MP+ 100% Food (only food) and 0% MP+ 0% Food
(without food or MPs). However, the trend for the systems where no
food was provided, was to decrease while in systems with food the
cruising velocity remained constant. On Day 4, for treatments with only
MP and without food, cruising and vertical trajectory velocities equal to
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Table 1

Table with the mean Daphnia body growth rate (in mm day!). Negative values
indicate the presence of fewer large individuals, resulting in mean body lengths
smaller than the previous days.

Treatment Mean Daphnia body growth rate (mm d~*)
0% MP-100% Food 0.04
50% MP-50% Food 0.03

0% MP-0% Food 0
100% MP-0% Food -0.01

zero corresponded to cases where Daphnia movements were not
observed. In such treatments and after four days of exposure, Daphnia
remained immobilised at the bottom or performed hopping and sinking
movements (Fig. 3). Therefore, when individuals were exposed to MP or
if they had no food (0% MP-+0% Food), their swimming velocities (both
cruising and vertical trajectories) decreased compared to the first day of
the treatment (Fig. 4). Contrary to this, when individuals had only food
(0%MP+100% Food), their cruising and vertical trajectory velocities
increased.

3.4. Distribution of D. magna in the water column

On Day 1, more than 50% of the Daphnia were to be found in the
upper layer (Fig. 5), albeit except for the case of 0% MP-0% Food, with
41% of Daphnia encountered in this layer. In each of the other layers, the
percentage remained below 20%. On Day 4, and for the treatments with
food, Daphnia remained mainly in the upper layers (Fig. 6). For the case
of 100% Food, the percentage of Daphnia individuals in the upper layer
was the greatest compared to those cases with the presence of MP. For
the treatments without food, more than 70% of Daphnia were found in
the lower layer, especially for the treatments with only MP that pre-
sented the greatest percentages in the lower layer. Note that: On all days
the percentage of Daphnia in the middle water layers for any treatment
remained lower than the percentage in the upper and lower water layers.

4. Discussion
4.1. D. magna survival and growth rate

The mortality rate for D. magna thriving in the experiment with food
only, remained very low; only two individuals died over the four days of
experiments. However, when MP were present in the system, the mor-
tality presented the greatest increase with time, indicating the lethal
effect MP have on D. magna. The mortality for the treatment with 50% of

Fig. 2. Temporal evolution of the Daphnia body length for
the different treatments considered. Areas shaded in
different colours represent the results for the Daphnia body
length for each treatment; green refers to treatments with
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food, white with neither food nor MP and grey corresponds
to the treatment with only MP. Letters at the top are clas-
sified as statistical equal groups that ANOVA for Day 3 has
shown with a p-value less than 0.05. For normality pur-
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poses data was transformed as (x + 1)2, where x is the data
being considered for the ANOVA analysis. Error bars
represent standard errors of the mean (SE). The number of
measurements considered for the calculation of SE are
given in Table SM1 of the Supplementary material.
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Fig. 3. Daphnia cruising (solid symbols) and vertical ve-
locities (open symbols) for each day and treatment. Values
of cruising in 100%MP + 0%Food have been represented
as 0 when no Daphnia were performing such movements in
the system. Likewise, the final value of vertical velocity in
100% MP + 0% Food has no error bars because only one
individual was performing this movement. Letters at the
top are classified as statistical equal groups that ANOVA for

Day 3 has shown with a p-value less than 0.05. Letters in
bold font correspond to the results for the cruising velocity
while normal font corresponds to the vertical velocity. To
fulfil normality data vertical velocity was transformed by a

root function. Data for cruising velocity did not need any
transformation because the distribution was already
normal. Error bars represent standard errors of the mean
(SE). The number of measurements considered for calcu-
lating SE are included in Table SM2 of the Supplementary
material.
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Fig. 4. Change in the swimming velocity between Day 3 and Day 1 for the different treatments. Negative values mean that velocity decreased at Day 3 with respect to
Day 1. Error bars indicate the standard error of the mean from days 1-3 (i.e. error=SEgay1+SEday3).

MP, was lower (16% after four days of treatment) than the treatments
with 100% MP or with no food. Therefore, provided there is food in the
system, animal body burdens of particles are sharply reduced (Rist et al.,
2017; Canniff and Hoang, 2018). The highest mortality was attained for
the treatment with 100% MP+ 0% Food, with a reduction of up to 10%
of the initial number of D.magna individuals after four days of exposure.
The observed impact MP had on D. magna mortality could be due to the
possible blocking in the D. magna gut caused by the MP (Scherer et al.,
2017). The decrease in the D. magna survival, indicates that in the
presence of MP, D. magna individuals were stressed with time, even
though food was available. In this case, an accumulation of MP in the
individuals caused the low survival rates after 4 d of treatment. Survival
decreased during the first two days but then remained nearly constant

afterwards. However, in the treatments without MP and food or only
MP, the high D. magna mortality indicates that they could not cope with
the stressful conditions. Indeed, the concentration of MP has been found
to be a critical parameter, with increasing MP concentration adding a
stress factor for D. magna survival and growth rate (Yuan et al., 2020).
For other species, like the detritivore Sericostoma pyrenaicum, the mor-
tality increased 9-fold for MP, but did not affect their growth
(Lopez-Rojo et al., 2020).

D. magna individuals grew about 0.04 + 0.01 mm per day in the
control experiment of 0% MP+ 100% Food, which is comparable to the
experiments by Wickramarathna et al. (2014). When the media pre-
sented 50% MP and 50% Food, the growth rate was lower, while for the
cases of only MPs the growth rate of individuals was negative, indicating
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that the biggest individuals were more affected by MP, and only the
smallest ones with lower food requirements remained (Besseling et al.,
2014).

4.2. D. magna swimming velocity

Wickramarathna et al. (2014) found that D.magna swimming veloc-
ity could be correlated with body length, i.e., bigger Daphnia individuals
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swim faster, according to the optimal growth observed for the food-only
treatment. Serra et al. (2019a,b) found that the Daphnia swimming ve-
locity increased with body length following an allometric equation v ~
LDph’O‘sl. In this current study, the D. magna swimming velocity was
constant for the treatment with 50% MP+ 50% Food and, decreased in
the treatments with neither food nor MP. The variation of the Daphnia
swimming velocity after three days of exposure to the treatment
compared with the velocity in the first day was positive only for the
control treatment with only food, and negative for all the other treat-
ments studied. The temporal change in the swimming velocities pre-
sented greater negative values for treatments where there were only MP
or no food nor MP. This indicates that MP produced sublethal effects on
D. magna individuals in all the treatments except for the treatment with
food only. It must be pointed out that sublethal effects were also
observed in cases of 50% of MP+ 50% Food, concurrent with a reduc-
tion of swimming velocities despite the Daphnia body length having
increased or despite showing a small reduction in their survival after
four days of treatment. Therefore, the analysis of their swimming ve-
locity provided information on the sublethal effects to D. magna when
individuals were under adverse environmental conditions. This result is
in accordance with Bownik (2017) and Pan et al. (2017) who used
D. magna swimming velocities to discern the sublethal effects the pres-
ence of pollutants have on D. magna.

Even though the differences between the cruising and vertical ve-
locities were not found to be statistically significant, cruising velocities
were found to be slightly greater than vertical velocities. Most likely, the
D. magna energy requirements to follow vertical trajectories in order to
overcome the pressure gradient exerted by water are greater than those
required for cruising trajectories. So, this movement could be only sus-
tained when the individuals were in favourable conditions (i.e., systems
with food and/or without the presence of MP). During cruising, in-
dividuals do not need to overcome a high vertical pressure gradient and
this movement might be sustained even under adverse conditions. In
addition, for high MP concentration conditions, and after a certain
exposure time, D. magna individuals predominantly exhibited hopping
and sinking movements, indicating sublethal conditions. This may have
an important implication for the ecosystem, because if D. magna in-
dividuals cannot swim up due to the stress imposed by the presence of
MP, they will not be able to transfer MP across the water column and,
therefore, organisms that predate on them will not be affected.

4.3. Distribution of D. magna in the water column

At the beginning of the experiments (Day 1), for all the treatments
considered (with and without MP), D. magna individual concentrations
were higher in the upper layer of the water column as a result of the
phototactic behaviour of the individuals under the imposed light con-
ditions. However, with time (as in Day 4), in the treatment with only MP
or no food nor MP, most D. magna individuals remained at the bottom of
the water column. In contrast, for treatments with the presence of food,
the percentage of Daphnia remained high in the upper layer of the water
column. These results can be attributed to the fact that in the experi-
ments with only MP or without food, Daphnia did not have enough en-
ergy to swim up and therefore remained at the bottom with their
movements reduced to hopping and sinking. Moreover, it has to be
pointed out that for all the treatments only a few individuals were found
in the middle layers of the water column. This is explained by the fact
that under optimal conditions D. magna individuals are stimulated to
swim to the top, which is possible providing they have the energy
required to do so. However, under adverse conditions, D. magna in-
dividuals were not able to swim and remained in the lower layer of the
water column. Therefore, there was no stimulae for Daphnia to remain in
suspension in the middle layers. Furthermore, the presence of Daphnia in
treatments with only MP was far below that for with neither food nor
MP. Therefore, only a few individuals were able to withstand the
adverse conditions in the MP only treatments, and all of them remained
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at the bottom of the water column. Consequently, the presence of MP
determined the vertical distribution of Daphnia in the water column.

The density of MP might also be modified by biofouling growing on
the surface of the MP (Chubarenko et al., 2016), making the MP more
buoyant and increasing even more the residence time in the water col-
umn. However, the presence of Daphnia provides a mechanism for
buoyant MP to be transported from the water surface downwards to the
bottom. Therefore, filter feeders like Daphnia might be also a sink of MP
that have to be accounted for in the balance of MP in the water column.
In this study, the vertical distribution of MP was modified depending on
the D. magna organisms thriving in the water column; just as Long et al.
(2015) found that phytoplankton aggregates are a mechanism of
transporting MP to the seabed. All these mechanisms have to be
considered in order to understand the flow of MP to the bottom of the
water column. In fact, Hidalgo-Ruz et al. (2012) stated that the con-
centration of MP in the bottom sediments is greater than in the water
surface. The high concentration of MP in bed sediments is expected to
impact benthic communities. While Urban-Malinga et al. (2021) did not
find a negative effect of MP on the survival of the cockle Cerastoderma
glancum or the baltic clam Limecola some alterations in their behaviour
were found. Redondo-Hasslerharm et al. (2018) found that MP did not
impact on the survival of several benthic organisms but some of them
experienced a lower growth rate.

5. Conclusions

Microplastics have been found to cause sublethal and lethal effects to
D. magna depending on the concentration levels in the environment.
Survival is an indicator of the lethal effects MP have on D. magna, while
velocity patterns can serve as a sublethal indicator. High MP-to-food
ratios produced lethal effects on Daphnia magna by reducing their sur-
vival after a short exposure time under such conditions. After four days
of exposure to MP D. magna remained mainly at the bottom of the water
column performing hopping and sinking movements. Therefore, hop-
ping and sinking patterns in D. magna movements are indicators of
stressful conditions. MP negatively affected D. magna, especially in the
case of the larger individuals that need more food to fulfil their fitness
requirements. Low MP-to-food ratios caused sub-lethal effects on
Daphnia, reducing D. magna body growth rate, decreasing swimming
velocity and producing a heterogeneous vertical distribution of D. magna
in the system. Provided there was food in the system, exposure time to
MP below two days produced slight changes in D. magna swimming
velocity compared to the food-only experiments. In such conditions,
D. magna can transfer MP though the different layers of the water col-
umn. Nevertheless, as the exposure time increases, MP negatively
impacted D. magna mobility and forced individuals to remain in the
bottom layer as they were unable to swim up, even when given an
external stimulus. In such cases, the transference of MP in the water
column because of D. magna migration is unlikely to happen.
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