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Microplastics (MPs) are contaminants of emerging concern in the Arctic, but knowledge of their potential effects
on Arctic plankton food webs remains scarce. We experimentally investigated ingestion and effects of MPs (20
μm polyethylene spheres) on the arctic copepods Calanus finmarchicus, C. glacialis and C. hyperboreus. These
species dominate arctic zooplankton biomass and are relevant target species to investigate the potential impacts
of MPs on the Arctic marine ecosystem. Females of each species were exposed to two concentrations of MPs (200
and 20,000 MPs L− 1) in combination with different food (diatom) concentrations, reflecting high (3000–5000
cells mL− 1, spring phytoplankton bloom) and low (50–500 cells mL− 1, pre/post bloom) food conditions. MPs did
not affect negatively fecal pellet production rates in any of the species at the studied exposure concentrations.
However, egg production rates of copepods exposed to MPs were 8 times higher compared with the controls,
which suggests that MP exposure can cause stress-induced spawning in arctic copepods. Microscopic examination
of the fecal pellets confirmed ingested MPs in the three species (up to aprox. 1000 MPs cop− 1 d− 1). The number
of MPs per pellet decreased exponentially with increasing food concentration. The daily ingestion of MPs per
copepod was higher at low- food concentrations (250–500 cells mL− 1). At our exposure conditions, the presence
of MPs inside C. hyperboreus fecal pellets did not affect their sinking rates. Overall, our experimental research
show that 1) acute exposure to virgin polyethylene MPs has a low impact on arctic Calanus species at envi
ronmentally relevant MP concentrations, independent of food availability, and 2) arctic copepods influence the
environmental fate of plankton-sized MPs by exporting buoyant MPs from the surface layer to the sea floor via
fecal pellets.

1. Introduction
Microplastics (MPs, plastic particles < 5 mm) are found worldwide
(Moore, 2008; Arthur et al., 2008; Law and Thompson, 2014), even in
the remote polar ecosystems (Obbard et al., 2014; Peeken et al., 2018).
In fact, Arctic sea ice and snow currently contain extremely high con
centrations of MPs, >10,000 plastic particles L− 1 (Peeken et al., 2018;
Bergmann et al., 2019). Moreover, the highest global concentration of
plastic fibers in surface waters has been found in the Arctic (Barrows
et al., 2018). Considering global warming-induced stressors in the
Arctic, there is a rising concern about the potential impacts of MPs in the
Arctic ecosystems (AMAP, 2017). MPs have been trapped in sea ice for
decades. Accelerated melting due to global warming would increase the
release of MPs to the surrounding waters, increasing the exposure of

arctic biota to MPs (Obbard et al., 2014). Furthermore, the decrease of
sea ice cover (Arrigo et al., 2008; Stroeve et al., 2012) facilitates
anthropogenic activities such as maritime transportation, fisheries and
resources exploitation (Dalsøren et al., 2007; Melia et al., 2016). These
activities may potentially increase plastic pollution in the sensitive
arctic ecosystems.
A large proportion of MPs in the environment are similar in size to
phytoplankton (Enders et al., 2015), which makes them bioavailable for
a broad range of pelagic marine organisms (Lusher et al., 2015),
including planktonic copepods (Cole et al., 2013). Copepods are the
most abundant animals (metazoans) in the ocean and they play a pivotal
role in the marine food web, both as grazers of phytoplankton and as
prey for higher trophic levels (e.g. fish; Castonguay et al., 2008). It has
been documented that copepods ingest MPs and that high MP
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concentrations negatively affect their grazing, reproduction and lipid
content (e.g., Cole et al., 2013, 2016; Raju et al., 2019). However,
knowledge of the potential impacts of MPs on arctic copepods is lacking
(AMAP, 2017), particularly in relation to the seasonal change in food
availability, which is a crucial feature of the arctic ecosystem (Nielsen
and Hansen, 1995; Rysgaard et al., 1999 Leu et al., 2015). Additionally,
copepod fecal pellets play an important role in the export of organic
matter from the productive surface layers to the sediments (Turner,
2015). This process could be impacted by the presence of MPs inside the
fecal pellets (Coppock et al., 2019; Cole et al., 2016). The ingestion and
packaging of MPs into fecal pellets may promote the vertical exportation
of MPs. In turn, low-density MPs may alter the buoyancy of fecal pellets,
affecting the sinking velocity of organic matter and therefore the
carbon-sequestering pump (Cole et al., 2016). Knowledge of interactions
between arctic zooplankton and MPs under more environmentally
relevant conditions is needed to evaluate the role of arctic zooplankton
on the fate of plastic pollution in the arctic marine ecosystem.
This study aims to evaluate the acute impact of plankton-sized MPs
(20 μm) on the key arctic copepods: Calanus finmarchicus, C. glacialis and
C. hyperboreus. These Calanus species represent 80 % of arctic
zooplankton biomass (Madsen et al., 2008) and influence carbon
sequestration by vertical exportation of large, fast-sinking fecal pellets
(Turner, 2015). Given the strong seasonality of trophic conditions in the
Arctic, we experimentally investigated the impact of virgin MPs on
arctic copepods under two food conditions: high food (phytoplankton
bloom scenario) and low food availability (pre/post bloom scenarios).
For a given MP concentration, we hypothesize that ingestion and
sub-lethal effects of MPs on copepods depends on the food concentra
tion; specially we expect a higher impact of MPs at low prey:MP ratio,
when copepod clearance rates are higher. First, we estimated the in
fluence of food concentration on the impact of MPs on fecal pellet and
egg production rates. Secondly, we investigated MP ingestion in relation
to food concentration. Lastly, we tested if the presence of MPs inside the
fecal pellets affects their sinking rates.

dark cycle and constant aeration.
2.2. MP type and preparation of MP suspensions
Clear polyethylene (PE) spherical particles with a density of 0.96 g
cm− 3 (Cospheric®), supplied as a dry powder, were used in the exper
iments. Approximately 1 mg of powder was suspended in 250 mL glass
bottles containing distilled water with 0.01 % Tween 80 and mixed
through vigorous shaking and rotation of the bottles from that stock
suspension (5 × 105 MPs mL-1), the concentration and size of the par
ticles were measured using a Beckman Multisizer III Coulter Counter.
The particles had a size range of 13.9–30.3 μm, and the mean ESD was
20.7 μm. From the stock suspension, we prepared two diluted “working
suspensions” (103-104 MPs mL-1), one for each exposure level of MPs
(see treatments below). The absence of MP aggregates and the concen
tration of MPs in the working solutions was verified by manual counting
under an inverted microscope with Sedgewick-Rafter counting
chambers.
2.3. Experimental set up
An overview of the exposure treatments and analyses is presented in
Fig. 1.
The copepods were exposed to the following treatments:
1)
2)
3)
4)
5)
6)

Control (no MPs) with low food concentrations (LF).
Control (no MPs) with high food concentrations (HF).
Low MPs (200 MPs L− 1) with low food concentrations (LF).
Low MPs (200 MPs L− 1) with high food concentrations (HF).
High MPs (20,000 MPs L− 1) with low food concentrations (LF).
High MPs (20,000 MPs L− 1) with high food concentrations (HF).

The size of the copepod and the concentrations of phytoplankton
used in the low (LF: 50–500 cells mL− 1) and high (HF: 3000–5000 cells
mL− 1) food treatments are indicated in Table 1. In terms of phyto
plankton abundance, the high and low diatom concentrations tested can
be expected during bloom and pre/post bloom conditions, respectively
(Juul-Pedersen et al., 2015; Arendt et al., 2010; Tang et al., 2011).
Prior to the experiments the copepods were kept in a temperaturecontrolled room at 2℃ and fed with T. weissflogii ad libitum. Experi
ments were conducted in 600 mL Pyrex glass bottles with a lid sealed
with polytetrafluoroethylene (PTFE) protection. Four replicates per
treatment were conducted, the number of copepod females incubated
per bottle were 4 for C. finmarchicus and C. glacialis and 2 for
C. hyperboreus. The three Calanus species differ in size. C. hyperboreus is
~ 3 times larger than C. glacialis and C. finmarchicus, and C. glacialis is
slightly larger than C. finmarchicus (Table 1).
The bottles were filled with 0.2 μm FSW at 30‰ salinity and the
copepods were added. Subsequently, an aliquot of the diatom stock
culture and the corresponding MP working suspension were pipetted to
each bottle to ensure the desired exposure concentrations for each
treatment (Table 1).Tween 80 alone was added to the control bottles at
the same concentration than in the experimental bottles. The final
concentration of Tween in the incubation bottles was approx. 0.00001
%. Before adding the aliquot of diatoms, the concentration of diatoms in
the stock culture was determined under an inverted microscope using
Sedgewick-Rafter counting chambers.
Finally, the bottles were filled up with FSW, closed and mounted on a
plankton wheel (1 rpm) in a temperature-controlled room at 2℃ in dark.
The exposure media were renewed daily for 6 days. After 24 h, the
content from the bottles was filtered through a 40 μm mesh sieve to
collect the copepods, eggs and fecal pellets. The copepods were checked
for survival and gently transferred to a new bottle with new exposure
medium. The concentrated eggs and fecal pellets were transferred to
petri dishes by rinsing and fixed with Lugol’s solution (1%) for later
quantification and analysis.

2. Material and methods
2.1. Collection of experimental organisms
The copepods were collected from Western Greenland waters during
a cruise with the research vessel R/V SANNA in May 2019. Hydrography
and environmental conditions of the sampling area during our study is
presented in Rist et al. (2020). Calanus hyperboreus females were ob
tained from zooplankton samples collected with a large ring-net of 2 m
diameter equipped with black netting by oblique tows (150 m depth) at
a speed of 2 knots outside the Nuup Kangerlua fjord, on Fyllas Bank (N
64◦ 03′ 24′′ N, 52◦ 10′ 12′′ 64 ◦ W). C. glacialis and C. finmarchicus were
obtained from zooplankton samples collected in the Nuup Kangerlua
fjord using two gear types: a Bongo net with a mesh size of 500 μm and a
WP-2 net of 200 μm mesh size with a large, non-filtering cod end. On
deck, the samples collected in the cod ends were emptied in
thermo-boxes filled with in situ seawater. Onboard, we sorted and
identified the females of the target species (C. finmarchicus and
C. glacialis) under a microscope according to criteria in Nielsen et al.,
2014. Identified females were immediately transferred to glass beakers
containing surface water and kept in trays with ice. Afterwards, the fe
males were stored in a temperature-controlled room in the vessel at 2℃
in 20 L cold boxes filled with filtered seawater (FSW) with gentle
aeration. They were fed with the diatom Thalassiosira weissflogii ad
libitum until returning to the laboratory on land. Once in the harbor, the
transfer of copepods from the cold room at the vessel to the cold room at
the laboratory was conducted in large thermo-boxes (70 L) in less than 1
h. The phytoplankton species used to feed the copepods during the ex
periments was T. weissflogii (average equivalent spherically diameter
(ESD) =11.6 μm). The diatom culture was kept in exponential growth at
15℃ in culture in B1 medium (Hansen, 1989), grown in a 12:12 light:
2
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Fig. 1. Schematic overview of the experiment and subsequent analyses used to investigate the impact of MPs (20 μm polyethylene spheres) on arctic Calanus co
pepods. Animals were exposed to different combinations of 0.2 (low) or 20 (high) MPs mL− 1, and 50-500 (low food) or 3000-5000 (high food) algal cells mL− 1 for
6 days.

pellets were randomly selected from all replicates. The fecal pellets were
placed in a Sedgewick-Rafter chamber and the number of MPs per fecal
pellet counted under an inverted microscope, checking different planes
and using a magnification of 200×.
The fecal pellets of C. hyperboreus were used to investigate if the
presence of MPs inside the fecal pellets influences their sinking velocity.
We randomly collected and took pictures of 10 unbroken pellets from
each treatment under the inverted microscope. Then, the pellet was
gently transferred with a glass pipette to a graduated glass cylinder of
4.9 cm diameter and 39 cm height filled with FSW at 15℃. Once the
pellet started sinking, we measured the time that took it to settle 5.25 cm
(distance between two measuring lines) in the water column without
touching the walls of the cylinder. Only free-falling fecal pellets were
included into the analysis.
At the end of the 6-day exposure, all copepods were photographed
with a Leica camera attached to a stereomicroscope. The prosome length
and width was measured with image J software and the volume of the
prosome was estimated considering an ellipsoidal shape.

Table 1
Microplastic concentration (MP conc., MPs L− 1) and food exposure concentra
tions for the threecopepod species. The food concentration is given in cell con
centration (cells mL− 1) and in biomass (μg C L− 1) representing pre/post bloom
(low food) and bloom (high food) conditions. The conversion from cell to carbon
for T. weissflogii was calculated according to Henriksen et al., 2007.
Species

Prosome
length
(μm)

MP CONC. (MPs L-1)

CONTROL

LOW

HIGH

C. finmarchicus

2713

0

200

20000

C. glacialis

3301

0

200

20000

C. hyperboreus

7061

0

200

20000

LOW
FOOD
(cells
mL-1)
(μg C L1
)

HIGH
FOOD
(cells
mL-1)
(μg C L1
)

50,
250,
500
6, 30,
60
50,
250,
500
6, 30,
60
250,
500
30, 60

3000,
5000
360,
600
3000,
5000
360,
600

2.5. Statistical analysis

3000,
5000
360,
600

All data were statistically analyzed using IBM SPSS 25.0. When the
data followed the assumptions for parametric tests, a one-way analysis
of variances (ANOVA, p < 0.05) was carried out together with a Bon
ferroni post hoc test to assess statistical differences between treatments.
We used a non-parametric method (Kruskal-Wallis, p < 0.05) in cases
when the data did not follow the parametric assumptions of normality or
homogeneity of variances.

2.4. Sample analysis
We measured the following end-points: survival, fecal pellet pro
duction rates (FPPR), fecal pellet volume, volume specific FPPR, egg
production rates (EPR), ingestion of MPs and fecal pellet sinking rates
(Fig.1).
The fecal pellets and eggs were counted daily using a stereomicro
scope to estimate the fecal pellet and egg production rates. To estimate
the fecal pellet volume, pictures of approximately 20 fecal pellets per
treatment were taken using a Leica DMC camera mounted on a stereo
microscope and the length and width of the fecal pellets were measured
using Image J software. The fecal pellet volume was calculated assuming
a cylindrical shape.
To quantify the MP ingestion in each treatment, ten intact fecal

3. Results
3.1. Effects of MPs on survival and fecal pellet production rates of arctic
Calanus species
Survival of copepods was not affected by exposure to MPs. The fecal
pellet production rate (FPPR, fecal pellets cop.− 1 d-1) in the treatments
with high food concentrations was 3–6 times higher than with low food
concentrations (Fig. 2). MP exposure did not affect FPPR in any of the
species studied (Fig. 2). We did not find any statistically significant
difference between treatments except for C. finmarchicus, which showed
3
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Fig. 2. Fecal pellet production rate (FPPR, fecal
pellets copepod− 1 d− 1) of C. finmarchicus (A, B),
C. glacialis (C, D) and C. hyperboreus (E, F) in the
different treatments: control (no MPs), low MPs
(0.2 M Ps mL− 1) and high MPs (20 MPs mL− 1).
Error bars indicate the standard error. The
lowercase letters (a, b) indicate different statis
tical groups according to ANOVA and Post-hoc
Bonferroni test analysis (p < 0.05). Note that
we did not found significant differences among
treatments in the results showed in the panels.
B-F–.

a small but statistically significant increase in FPPR when exposed to
high concentrations of MPs and low food (ANOVA, Bonferreni, p < 0.05)
(Fig. 2A). Fecal pellet volume (mm3) of C. finmarchicus was not affected
by MPs in any of the treatments (Kruskal-Wallis, p > 0.05) (Fig. 3 A).
However, the fecal pellet volume in C. glacilis and C. hyperboreus showed
some small but statistically significant differences between the control
and MP treatments (Kruskal-Wallis, p < 0.05) (Fig. 3B, 3C). Considering
the fecal pellet size, the volume of fecal pellet produced daily (Vol.FPPR, mm3 cop-1 d-1) increased with food concentration for all treat
ments (Fig. 3 D–F). We did not find significant differences in Vol.-FPPR
between the control and treatments with MPs for most tested concen
trations (ANOVA, p < 0.05) (Fig. 3D). Hence, all the data were fitted to a
Michaelis-Menten model (Eq. 1).
P = Bmax*C/C50+ C

3.2. Effects of MPs on egg production rates (EPR) of arctic Calanus
species
C. hyperboreus females do not produce eggs in May, hence only EPR
of C. finmarchicus and C. glacialis were measured (Fig. 4). Accumulative
EPR for C. finmarchicus was ~3 times higher than for C. glacialis (Fig. 4).
EPR increased at high food concentrations in both species (Fig. 4). We
found higher production rates in the treatments with MPs (Fig. 4 A–C),
with the exception of C. glacialis at high food concentration (Fig. 4D).
Although the EPR was low at low food concentrations, the increase in
EPR after exposure to MPs was more notable at low concentrations (up
to 8 times higher) (Fig. 4 A, C). No differences in egg size were observed
between the control and the treatments with MPs for C. finmarchicus
(Fig. 4E).

(1)

Where, P is the Vol.-FPPR, Bmax is the saturation level, C is the food
concentration and C50 is the concentration at which 50 % of the FPPR is
reached. The equations for each species are presented in the figure
panels (Fig. 3 D–F).

3.3. Effect of food concentration on MP ingestion in arctic copepods
The number of MPs inside the fecal pellets (Fig. 5) decreased expo
nentially with increasing food concentration, following an exponential
decay model (Eq. 2).
4
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Fig. 3. Left panels: Fecal pellet volume after
exposure to the different conditions. Right
panels: relationship between volume-specific
fecal pellet production rates (P, Vol.-FPPR,
volume of fecal pellets produced per copepod
per day, mm3 copepod− 1 d− 1) and food con
centration (C, cells mL− 1) for the different MP
treatments: control (no MPs), low MPs (0.2 M
Ps mL− 1) and high MPs (20 MPs mL− 1).
C. finmarchicus (A, D), C. glacialis (B, E),
C. hyperboreus (C, F). Error bars indicate the
standard error. Right panels, a Michaelis
Menten model was fixed to all data since no
significant differences were observed among
treatments in most of the concentrations
(equations are given in the panels). The asterisk
indicates significant difference (ANOVA, Bon
ferroni p < 0.05) between that treatment and
the control.

N = a*exp (-b*C)

laboratory varied from approx. 30 to 200 m d− 1 depending on the fecal
pellet volume (Fig. 6). We observed a significant positive relationship
between sinking rates and fecal pellet volume in the control treatments
(Fig.6). However, we did not find any effect of MPs on fecal pellet
sinking rates in any of our experimental treatments (Fig. 6).

(2)

where, N is the number of MPs per fecal pellet, a is the number of MPs
per fecal pellet in absence of food (C = 0), b is the decay factor and C is
the food concentration (cells mL− 1).
At low MP exposure concentrations, the number of microplastics per
pellet at low food concentrations was approximately 3 times higher than
at high food concentrations (Fig. 5A, C, E). When exposed to high MP
concentrations, the decrease in the number of MPs per pellet in relation
to food concentration was even more pronounced, more than one order
of magnitude between low and high food concentrations (Fig. 5 B, D, F).
The maximum number of MPs per fecal pellets was 143 for
C. hyperboreus in conditions of low food and exposed to 20 MPs mL− 1. In
terms of MP ingestion rates, C. hyperboreus was also the species with the
highest MP ingestion, up to ca. 1000 MPs per copepod per day (Table 2).
An estimation of the daily ingestion of MPs based on the content of
MPs per pellet and FFPR showed that MP ingestion was higher at high
plastic concentrations and varied depending on the food level (Table 2).
C. hyperboreus, the largest studied copepod, was the species that ingested
the higher amount of MPs per copepod per day, up to approximately
1000 MPs d− 1 (Table 2). The maximum ingestion was typically at low
food concentrations (250–500 cells mL-1) for C. finmarchicus and
C. glacialis. However, we did not find any differences in MP ingestion
rates between food concentrations for C. hyperboreus (Table 2). Daily
mass-specific ingestion rates of plastic (μgplastic mgCcopepod d-1) varied
depending on the species and exposure concentrations, with maximum
values found for C. finmarchicus at low food concentrations (approx. 25
μgplastic mgCcopepod d-1) (S.I., Table 1).

4. Discussion
MPs can have negative physical impacts on marine organisms after
ingestion or inhalation, such as gut abrasion, obstruction, decreased
assimilation rates and reduced brachial function (Wright et al., 2013;
Watts et al., 2016). Additionally, MPs - even virgin MPs - can release
potentially toxic “leachates” to aquatic biota (Schiavo et al., 2018;
Seuront, 2018). Given the importance of zooplankton in marine eco
systems (Banse, 1995; Turner, 2015; Visser et al., 2017), negative effects
of MPs on copepods can impact higher trophic levels, vertical export of
organic matter, and carbon sequestration (Cole et al., 2013, 2016;
Galloway et al., 2017; Coppock et al., 2019).
4.1. MP type and exposure levels tested in this study
The diversity of plastic polymers found in the marine ecosystem is
large (Erni-Cassola et al., 2019). The polymer used in this study, poly
ethylene (PE), is typically the most abundant found in surface waters
(Erni-Cassola et al., 2019) and therefore relevant for exposure tests. The
size of the MPs tested is also relevant since the size fraction <25 μm is
the most abundant in marine environmental samples, including in the
Arctic (Enders et al., 2015; Peeken et al., 2018; Bergmann et al., 2019;
Rist et al., 2020). Virgin spherical plastic particles as used here serve as a
useful model to investigate MP-biota interactions, and have been used in
many previous studies (Cole et al., 2013,2015; Setâla et al., 2014; Vroom
et al., 2017), allowing comparison between organisms. Yet, more
research on field-collected MPs is needed because weathering modifies

3.4. Effect of MPs on sinking rates of fecal pellets
Sinking rates of C. hyperboreus fecal pellets estimated in the
5
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Fig. 4. Cumulative egg production rates (EPR,
eggs cop.− 1) of C. finmarchicus (A, B) and
C. glacialis (C, D) after 6 days of exposure in the
different treatments: control (no MPs), low MPs
(0.2 M Ps mL-1) and high MPs (20 MPs mL-1). Egg
size of C. finmarchicus with high food concen
trations after exposure to different MP concen
trations (E). The error bars represent the
standard error. The lowercase letters (a and b)
indicate different statistical groups according to
Post-hoc Bonferroni test analysis (p < 0.05).

plastic properties, affecting the interactions between MPs and
zooplankton (Vroom et al., 2017; Botterell et al., 2019).
Adverse effects of virgin MPs on planktonic copepods have only been
observed at higher concentrations (75− 4,000 MPs mL− 1) than used in
this study. With this in mind, the MP exposure levels used in our ex
periments were selected considering two environmentally relevant
concentrations: (1) the maximum concentration found in upper layers of
oceanic marine waters to date (0.2 MPs mL− 1) (Song et al., 2015); (2) the
MP concentrations recently reported in arctic sea ice and snow (20 MPs
mL− 1) (Peeken et al., 2018; Bergmann et al., 2019), which could be
temporally found in Arctic sea-ice adjacent waters in an accelerating
ice-melting situation induced by climate change (Obbard et al., 2014).

4.2. Effect of MP exposure on fecal pellet production rates in arctic
Calanus
Fecal pellet production rate (FPPR) is an appropriate proxy for
feeding rates in copepods since the egestion rate is directly related to
ingested food quantity (Paffenhöfer and Knowles, 1978; Butler and Dam,
1994). Previous studies found a notable decrease in ingestion rates in
copepods after exposure to very high concentrations of 7.3 μm fluores
cent polystyrene (PS) virgin microspheres (e.g., 4000 MPs mL− 1, Cole
et al., 2013). However, the reduction of ingestion was moderate (6–11 %
reduction in cell ingestion) when the 20 μm PS MP microspheres con
centration was ≤ 100 MPs mL-1 (Cole et al., 2015; Coppock et al., 2019).
6
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Fig. 5. The photograph in the top is a micro
scope image showing a Calanus fecal pellet with
MPs inside. Relationship between the number of
MPs per fecal pellet (N, MPs fecal pellet− 1) and
the food concentration (C, cell mL− 1) for
C. finmarchicus (A, B), C. glacialis (C, D) and
C. hyperboreus (E, F) after exposure to low (0.2 M
Ps mL− 1, left panels) and high (20 MPs mL− 1,
right panels) concentrations of MPs. The error
bars represent the standard error. An exponen
tial decay model was fixed for all the treatments
(equations are given in the panels).

Table 2
Average ± standard error (n = 4) of the number of MPs ingested per copepod per day (MPs cop.− 1 d-1) in the different food and MP conditions. LF: low food; HF: high
food. The lowercase letters (a, b, c, d) indicate different statistical groups according to ANOVA, post-hoc Bonferroni test (p < 0.05).
Exposure conditions

C. finmarchicus

MP level

Food level

− 1

Low MPs (0.2 M Ps mL

)

Low food (Pre/post bloom)
High food (Bloom)

High MPs (20 MPs mL− 1)

Low food (Pre/post bloom)
High food (Bloom)

Food conc. (cells mL− 1)

MPs cop.−

50
250
500
3000
5000
50
250
500
3000
5000

1.1 ± 0.7
3.3 ± 0.1
7.0 ± 2.1
1.6 ± 1.6
2.9 ± 1.1
292 ± 55 a
537 ± 67 b
204 ± 63 a, c
36 ± 8 c, d
9±4d

At the exposure conditions tested here, MPs did not negatively affect
FPPR (nor volume-specific FPPR), showing that virgin MPs did not
interfere with ingestion or egestion rates in Arctic Calanus copepods.

1

d−

1

C. glacialis
MPs cop.−

C. hyperboreus
1

d−

0.3 ± 0.1
1.0 ± 0.6
13.5 ± 10.8
0±0
3.1 ± 1.0
46 ± 34 a, b
264 ± 59 a, c
226 ± 67 a,c
180 ± 77 a,b,c
32 ± 9b,c

1

MPs cop.−

1

d−

1

–
4.3 ± 1.5
6.5 ± 1.7
2.6 ± 2.6
10.6 ± 3.4
–
700 ± 89
501 ± 102
991 ± 262
626 ± 92

4.3. Effect of MP exposure on egg production rates in arctic Calanus
The three species used in this study have different reproduction
7
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Fig. 6. Relationship between sinking rate (S, m
d− 1) and fecal pellet volume (V, mm3) of
C. hyperboreus for four different treatments. (LF:
low food and HF: high food). The blue dots
represent treatments with low MPs (0.2 M Ps
mL− 1, light) and high MPs (20 MPs mL− 1, dark).
The line represents the linear regression equa
tion fitted to the logarithmically transformed
data; the equation is given in the figure. Note
that the fecal pellets from the low MPs and low
food treatments were not used because they
were soft and got broken with the handling.

strategies. C. finmachicus is mostly an income breeder (Varpe et al.,
2009), producing offspring based on concurrent food intake, mainly
during the spring phytoplankton bloom. In contrast, C. hyperboreus is a
capital breeder, meaning that it produces offspring utilizing stored re
sources (Varpe et al., 2009). C. glacialis has a flexible reproductive
strategy depending on the feeding environment (Daase et al., 2013). EPR
were lower than observed in other studies (Madsen et al., 2008; Swa
lethorp et al., 2011) and, as expected, EPR increased with increasing
food concentration.
Most previous experimental studies on impacts of MPs on copepods
have found either no effects or a decrease in egg production and
fecundity, depending on the MP exposure concentration. For example,
Cole et al. (2015) did not find any significant effects of 20 μm PS mi
crospheres (75 MPs mL− 1) on C. helgolandicus EPR, but the eggs were
smaller and the hatching decreased, which caused a negative effect on
the overall fecundity. However, we did not find any effect of MPs in
C. finmarchicus egg size (Fig. 4E). Interestingly, we found that egg pro
duction rates increased after exposure to MPs in three out of four
treatments (Fig. 4), suggesting that MPs can trigger stress-induced
spawning in arctic copepods. Both natural (e.g., acute changes in tem
perature and UV light) and anthropogenic stressors (pollution) can
induce spawning in marine animals (Loosanoff., 1945; Schreck et al.,
2001). As far as we know, this is the first study reporting that MPs can
promote stress- induced spawning in marine invertebrates. It is unclear
how MP–induced spawning can affect population dynamics. The studied
species mainly reproduce during the spring bloom, when nauplii are
expected to have enough food, so a mismatch between nauplii and food
resources could occur. More research is needed to understand the con
sequences of MP- induced stress responses on copepods and their pop
ulation dynamics.

concentration, independently of food availability (Fig. 5; Table 2). The
observed influence of phytoplankton concentration on MP ingestion can
be explained by the relationship between copepod clearance rates
(“filtration rates”) and food concentration (Frost, 1972). Clearance rates
decrease with increasing food concentration, which causes a reduction
in MPs per pellet observed in our study at high food levels (Fig. 5). The
presence of MPs inside fecal pellets, particularly at low food levels,
suggests that the studied copepods have a limited capability to avoid the
ingestion of small MPs (20 μm) in the presence of phytoplankton.
However, little is known about mechanistic discrimination and selection
of plastic particles of different characteristics.
4.5. Sinking rates of fecal pellets containing MPs
Zooplankton fecal pellets play an important role in the recycling and
vertical transportation of carbon in the water column (Wieczorek et al.,
2019). Cole et al. (2016) found that incorporation of ingested MPs into
fecal pellets reduced their sinking rates in the laboratory. In our study,
fecal pellet sinking rates increased with increasing pellet volume
(depending on food concentrations, Butler and Dam, 1994), but were
not affected by the presence of MPs inside the fecal pellets. This
discrepancy may be due to differences in MP exposure concentrations
between studies, since our MP concentrations were two to two orders of
magnitude lower than in Cole et al. (2016) (PS, 20.6 μm, 1.000 MPs
mL− 1). The density of the MPs used in this study was 0.96 g cm-3, so they
are positively buoyant in seawater. However, in our study MPs only
represented a small fraction (from < 1%–5%) of the total volume of the
fecal pellet in the three species. Yet, fecal pellets of C. hyperboreus
containing MPs can be vertically exported at relatively high rates (up to
100 m d-1 at 15 ℃) due to their large size (up to 3 mm). Nevertheless,
given the influence of temperature on water viscosity and density, the
fecal pellet sinking rates are expected to be slower at in situ tempera
tures than estimated here in the laboratory at 15 ◦ C (~ 70 % slower at
0 ◦ C than at 15 ◦ C, Bach et al., 2012).

4.4. Ingestion of MPs in relation to food concentration
Ingestion of plastic particles by zooplankton in the laboratory is well
documented (reviewed in Botterell et al., 2019), and there is some
supporting evidence from field studies (Sun et al., 2017; Desforges et al.,
2015). Several properties affect the bioavailability of MPs to
zooplankton, including the size and concentration of MPs (Botterell
et al., 2019). Particles of 20 μm diameter are within the prey size-range
of the Calanus species (Frost, 1972; Levinsen et al., 2000), and our
observation of MPs inside the fecal pellets confirm the ingestion of MPs
of this size. As expected, ingestion of MPs increased with increasing MP

4.6. Ecological implications
Extrapolation of laboratory results to field conditions must always be
done cautiously. In the field, interactions between MPs and zooplankton
depend on many factors, and some of them (e.g., currents, turbulence
and vertical migration) are difficult to simulate in the laboratory.
Furthermore, MPs are weathered in the marine environment (e.g,
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formation of biofilms, polymer degradation), which affects the percep
tion, ingestion and effects of MPs on zooplankton (Liu et al., 2020).
Nevertheless, exposure experiments under controlled conditions are an
essential tool to investigate the impact of MPs on marine biota.
The impact of MPs on Arctic copepods is expected to be minor since
MP concentrations currently found in Arctic surface waters are very low,
generally <1 MP L− 1 (Lusher et al., 2015; Kanhai et al., 2017). We did
not find any negative effects of virgin MPs on FPPR even at high con
centrations, and the concentrations of MPs that induce spawning of
Calanus were three to four orders of magnitude higher than those we
currently reported in marine waters, including West Greenland waters
(0.15 MPs L− 1, Rist et al., 2020). However, considering increasing global
plastic production and accelerating global warming, MP pollution could
increase in the Arctic, particularly in sea ice adjacent waters, which can
become potential hot spots of plastic pollution (Obbard et al., 2014;
Coppock et al., 2019; Bergmann et al., 2019). Even though our results
suggest that PE virgin MPs spheres alone have a low impact on arctic
copepods, the combination of MPs with other stressors (e.g., other pol
lutants, Almeda et al., 2020) require further investigation to evaluate
potential synergetic effects of multiple stressors on the sensitive arctic
ecosystem, one of the regions most affected by global warming.
Ingestion of MPs by zooplankton is considered the main entry of MPs
into marine food webs and their potential transfer to higher trophic
levels (Setälä et al., 2014). Our results suggest that, for a given MP
concentration, the ingestion of MPs by zooplankton will be higher
during the early post- phytoplankton bloom when the copepods are
abundant and their clearance rates are higher due to the low food con
centration. MPs had a low impact on the studied copepods, but they
could act as vectors of plastic transfer to higher or other trophic levels in
different ways: (1) with MPs in the gut when eaten by predators and (2)
via fecal pellets. Since gut evacuation time of copepods are fast (from
minutes to 2 h, Ellis and Small, 1989; Hansen et al., 1990; Barquero
et al., 1998; Maar et al., 2002), MPs would stay in the copepod guts for
short periods. However, the residence time of MPs inside the fecal pellets
is expected to be longer than in the copepod, which emphasizes the
potential role of the fecal pellet in the bio-transfer of MPs in the food
webs. Fecal pellets from copepods are an important source of energy for
coprophage zooplankton (Paffenhöfer & Knowless, 1978; Paffenhöfer
and Strickland, 1970; Iversen and Poulsen, 2007; Green et al., 1992).
Furthermore, some protozoans (e.g, dinoflagellate, Noctiluca scintillans)
can feed on fecal pellets (Kiørboe, 2003). However, there is still little
experimental and field evidence of the bio-transfer of MPs, either via
copepods or fecal pellets, in marine planktonic food webs.
Exportation of MPs via fecal pellets can contribute to the removal of
buoyant MPs from surface waters (Cózar et al., 2017). When
MP-contaminated fecal pellets reach the seafloor, they can be either
ingested by benthic organisms or integrated into the sediments. For
example, based on our estimations and after correcting the
temperature-effect on sinking rates (Bach et al., 2012), a fecal pellet
(volume = 0.05 mm3) of C. hyperboreus with 20 MPs inside will reach the
sea floor (50 m depth, Arendt et al., 2010) in less than 1 day in the
sampling site, Fyllas Bank. However, the same fecal pellet would reach
the seafloor of Nuup kangerlua fjord (600 m average depth, Weidick
et al., 2012) in approx. 10 days. During this time, degradation and
recycling of fecal pellets in the water column could affect the vertical
exportation and distribution of MPs via fecal pellets. More research and
field studies on the role of zooplankton fecal pellets in the distribution of
MPs is needed to better understand the ultimate fate of plastic pollution
in marine environments.

depended on the phytoplankton concentration. The presence of MPs in
the fecal pellets did not affect their sinking rates. MP-contaminated fecal
pellets act as vehicles of MPs, potentially contributing to the distribution
and fate of plastic pollution in the environment. Overall, our experi
mental results suggest that virgin MPs have a low impact on arctic
Calanus species considering current environmental concentrations of
MPs found in surface waters.
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