
Real-time visualization reveals copepod mediated microplastic flux

Valentina Fagiano a,*, Matthew Cole b , Rachel L. Coppock b , Penelope K. Lindeque b

a Oceanographic Centre of the Balearic Islands, COB-IEO, CSIC, Moll de Ponent s/n, Palma, Balearic Islands 07015, Spain
b Marine Ecology and Society, Plymouth Marine Laboratory, Prospect Place, Plymouth PL1 3DH, UK

H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Real-time tracking shows median 
microplastic gut passage time of 
~40 min in Calanus helgolandicus.

• Fragments, beads and fibers show 
similar microplastic gut passage times in 
Calanus helgolandicus.

• Microplastic gut passage time is consis
tent across food concentrations in Cala
nus helgolandicus.

• Estimated zooplankton-mediated 
microplastic flux: ~271 microplastics 
m⁻³ day⁻¹ .

• Zooplankton are key drivers of micro
plastic transport and fate in the ocean.

A R T I C L E  I N F O

Keywords:
Zooplankton
Calanus
Plastic
Pollution
Biological pump

A B S T R A C T

Zooplankton are emerging as key actors in shaping the distribution and fate of microplastics in marine envi
ronments. Copepods are the predominant taxa in marine zooplankton communities, underpinning food webs and 
playing vital roles in biogeochemical cycling. Marine copepods have been identified as microplastic reservoirs 
that likely contribute to the biological transport of microplastics. Evaluating the extent to which copepods 
contribute to marine plastic cycles requires accurate measures of copepod-mediated microplastic fluxes. To 
address this critical research gap, real-time visualization is implemented to precisely measure microplastic gut 
passage time and ingestion intervals. The North Atlantic temperate copepod Calanus helgolandicus was exposed to 
fluorescent polystyrene beads, polyamide fibers and polyamide fragments under varying food concentrations. 
Copepods demonstrated consistent microplastic gut passage times (median: 40 min) with food concentration and 
microplastic shape having no significant effect. This study provides robust estimates of gut passage time and 
ingestion intervals, establishing a quantitative framework for assessing copepod-mediated microplastic fluxes. 
Estimated fluxes (~271 microplastics m⁻³ day⁻¹), based on the mean abundance of C. helgolandicus in the western 
English Channel (Northeast Atlantic), suggest that copepods may represent key drivers of vertical microplastic 
transport. These findings advance integration of copepod-driven processes into oceanographic models, reducing 
uncertainties in microplastic transport predictions and enhancing understanding of microplastics’ ecological 
impacts on marine ecosystems and global biogeochemical cycles.
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1. Introduction

Microplastics are emerging as structural components of the global 
ocean, raising concerns about their potential impacts on ecosystem 
functioning [26,34]. Owing to their persistence and global abundance, 
marine microplastics are increasingly described as part of the plastic 
cycle [25,70]. Within marine ecosystems, microplastics move through 
ecological compartments or “reservoirs”, interconnected by intertwined 
abiotic and biotic processes, both altering and being altered by marine 
environments and species [71]. While the effects of microplastics on 
marine biota have been well documented [3,5,16,41,45], the extent to 
which marine organisms can influence the distribution and fate of 
microplastics has received considerably less attention [10,25].

Copepods are predominant within zooplankton communities, un
derpinning marine food webs and contributing to biogeochemical 
cycling through the ingestion and egestion of auto- and heterotrophic 
phytoplankton. Marine copepods typically undergo diel vertical migra
tion, whereby they feed in surface waters at night and migrate to depth 
during the day to avoid predation. The role of copepods as biotic con
duits connecting microplastic reservoirs within the plastic cycle is 
gaining increasing attention [27,37]. Laboratory-based experiments and 
field studies have demonstrated copepods can ingest microplastic par
ticulates and fibers [5,14,12,22,24,29]. Copepods exhibit relatively low 
microplastic ingestion rates compared with other marine organisms [2, 
21,33,49,58,59,68,69], likely owing to copepods’ capacity to discrimi
nate between natural prey and microplastics [65]. However, their high 
population densities means copepod populations can still be considered 
as key biotic reservoirs for microplastics [1,19,22,24,29,53,58]. Indeed, 
retention values of up to 2700 microplastics/m³ have been reported for 
calanoid copepods [6], and a recent meta-analysis estimates an average 
retention of approximately 8.7 microplastics per cubic meter across the 
global ocean [23]. However, these estimates remain static, capturing 
only the microplastics retained within a copepod population at a given 
time with limited understanding of their retention times. Such measures 
would help inform the transience of microplastics within zooplankton 
populations, in turn elucidating the susceptibility of predators - 
including commercially exploited organisms and charismatic mega
fauna - to consuming microplastics via trophic transfer.

Copepod fecal pellets are negatively buoyant organic aggregates that 
contribute to the biological pump through the vertical transport of 
carbon and nutrients to deeper waters and the seafloor [63]. Micro
plastics ingested by copepods are subsequently egested within these 
fecal pellets, facilitating their vertical flux within the water column [15, 
17]. Conceptual models predict microplastic-laden feces will sink to the 
seafloor where benthic fauna can facilitate their decomposition and 
microplastic burial [48,18]. Zooplankton feces, together with marine 
snow, have been estimated to sequester between 230,000 and 660,000 
tons of microplastics at the sea surface from 1980 to 2010 [36], repre
senting one of the main biological pathways for the removal of micro
plastics from surface waters. However, the fate of microplastic-laden 
feces will ultimately depend on their remineralization rates, influenced 
by a variety of abiotic (e.g. temperature, salinity, pH) and biotic (e.g. 
microbial activity, consumption by coprophagous organisms) factors, 
and the properties of the fecal pellet, including their sinking velocity, 
structural integrity and size, and the depth at which they were released 
within the water column.

While the mechanisms through which copepod-microplastic in
teractions influence microplastic distribution have been outlined [28, 
35,50,52,67], the quantitative contribution of copepods to microplastic 
fluxes remain uncertain [34,35,42]. To address this research gap, we 
aim to calculate the microplastic residence time and the frequency of 
ingestion events in an abundant marine copepod under the hypothesis 
that microplastics, similarly to natural prey, are rapidly processed and 
egested by copepods—within a few hours—and that this process is 
modulated by food concentration. In this study, we use real-time ob
servations to assess microplastic gut passage time and ingestion event 

frequencies using a range of microplastics under differing feeding sce
narios. Our copepod of choice is Calanus helgolandicus, a keystone spe
cies in European marine waters and the northeast Atlantic, where it can 
constitute up to 90 % of mesozooplankton biomass [14]. These measures 
will improve estimates of copepod-mediated microplastic fluxes, 
informing: 1. the transience of microplastics within copepod pop
ulations; 2. the depths at which copepods undergoing diel vertical 
migration may egest microplastics consumed in surface waters.

2. Material and methods

2.1. Copepod sampling and husbandry

Zooplankton samples were collected via vertical tows using a 735 µm 
mesh plankton net at the Western Channel Observatory (Station L4; 
50◦15′N, 4◦13′W) in April and May 2024 aboard the RV Quest [54]. 
Samples were transported in 2 L of seawater within a cool box to the 
temperature-controlled facilities at Plymouth Marine Laboratory (Ply
mouth, UK) within three hours of collection. Upon arrival, adult female 
Calanus helgolandicus were identified by assessing their size, morphology 
and urosome under a dissecting microscope (Wild M5–49361; magnifi
cation ×20–×50). Specimens were carefully transferred using 
stork-billed forceps into aerated glass beakers containing 5 L of 0.2 µm 
filtered seawater (FSW; salinity 34.5–35 ‰, 24 h darkness). Copepods 
were maintained at a constant temperature of 11◦C, reflecting the 
ambient sea surface temperature (SST) at the collection site and fed 
non-limiting concentrations of microalgae (Section 2.2). A pre
conditioning period of at least 72 h was implemented before initiating 
the experimental treatments [17].

2.2. Microalgae

The unicellular chlorophyte Dunaliella tertiolecta (9 × 13 μm) and 
dinoflagellate Prorocentrum micans (40 × 58 μm) are recognized as 
suitable microalgal prey for Calanus spp. and have been utilized for 
culturing C. helgolandicus and assessing gut passage times in calanoid 
copepods [4,17,60]. Microalgal cultures were obtained from the Culture 
Collection of Algae and Protozoa (Dunaliella tertiolecta, CCAP 19/6B) 
and Swansea University (Prorocentrum micans). Cultures were grown in 
Guillard’s F/2 medium (Reefphyto Ltd, UK), prepared in sterilized FSW 
(salinity 34.5–35 ‰), and maintained at 20◦C under a 16:8 light/dark 
cycle to ensure exponential growth. Weekly refreshing of cultures 
ensured optimal growth conditions. Algal populations were quantified 
using a Sedgewick Rafter counting chamber. Carbon biomass was esti
mated by applying a conversion factor, where 5 nL biovolume equates to 
approximately 1 μg C [31]. The biovolume was based on experimental 
estimations provided by Coppock et al. [17].

In experiments, the incubation medium consisted of FSW supple
mented with microalgae at one of three distinct concentrations repre
senting food availability in the western English Channel under specific 
scenarios [40]: “Low” (20 µg C L⁻¹), corresponding to food availability 
before a spring bloom; “High” (200 µg C L⁻¹), reflecting food availability 
during a spring bloom; and “Extreme” (800 µg C L⁻¹, representing the 
historical maximum food availability recorded. The incubation medium 
was subsequently added to incubation chambers and 6-well plates.

2.3. Microplastics

Fluorescent, additive-free polystyrene (PS) beads (20 μm; Spher
otech) were prepared by repeatedly centrifuging source material in ul
trapure water [13]. Polyamide fibers (10 × 30 μm were prepared by 
sectioning nylon 6,6 polyfilament (Goodfellow) using a cryotome [11]. 
Polyamide fragments (30 μm) were prepared by size fractionating nylon 
6,6 powder (Goodfellow). Polyamide fibers and fragments were dyed 
using Nile Red [11]. Nile Red has been recommended as a stable and 
suitable dye for polyamide polymers that has been applied in numerous 
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studies [11,12,17].
Polystyrene, a critical component of rigid plastics, is ubiquitous in 

neustonic waters worldwide, while nylon comprises a substantial frac
tion of synthetic fibers present in diverse marine matrices [9,56]. The 
dimensions of the microplastics align with the size range commonly 
ingested by copepods in natural environments. In contrast, ingested fi
bers do not have reported dimensional constraints and are ingested 
across a broad size spectrum, including lengths comparable to the co
pepod’s body length [23].

2.4. Experimental design

To determine the gut passage time of microplastics at varying food 
concentrations, two experimental protocols were conceived, with pilot 
experiments confirming suitable observation frequency. The protocols 
were designed to facilitate copepod-microplastic interactions and un
dertake real-time observation of the copepods with minimal handling 
stress.

2.4.1. Protocol 1
In the first protocol (Scheme 1), which served as a preliminary trial, 

individual adult female copepods (N = 16 per treatment) were exposed 
to FSW containing low, high and extreme food concentrations (Section 
2.2; “incubation media”) and 100 microplastics/mL of 20 µm PS beads in 
60 mL Pyrex glass bottles, filled to capacity (75 mL total volume). The 
concentration of 100 MP/mL was chosen to maximize likelihood of 
microplastic ingestion events for visualization purposes, facilitating 
sufficient ingestion events while remaining within the range of spill 
scenarios or highly polluted waters under future modelling scenarios. 
Then, copepods were incubated overnight in the dark on a rotating 
plankton wheel (speed <5 rpm) at SST. After incubation, copepods were 
retrieved by gently filtering the bottle contents through a 500 μm mesh 
sieve, partially submerged in incubation media. Next, individual co
pepods were transferred into cell strainers (40 μm mesh) which were 
washed by gently submerging three times in FSW (S 35 ‰, T 11–12◦C) to 
remove floating or adhered microplastics. Copepods were then trans
ferred to a 6-well plate filled with incubation media and housed on 
crushed ice to maintain temperature.

To track the transit of fluorescent microplastics through the guts of 
the copepods, strainers were transferred to a glass Petri dish containing a 
thin layer of incubation media. Every 150 s copepods were examined 
under an Olympus SZX16 microscope with fluorescent light source 
(400–500 nm excitation, 450–550 nm emission). Observations included 
recording and photographing the number of microplastics in each gut 
segment (foregut, midgut, hindgut) and making notes on copepod 
physiology. In instances where multiple microplastics had been inges
ted, particle visualization became challenging owing to the rapid ver
tical movement of particles in the foregut and camera resolution. To 
address this, microplastics were quantified as exact counts (0–10 

particles), or estimated (11–25 particles), or noted as “Saturated” when 
> 26 particles were observed. Groups of particles moving together from 
one gut segment to the next were further classified as aggregates (Fig. 1). 
Between observations, the strainers were returned to the 6-well plate.

2.4.2. Protocol 2
Protocol 2 (Scheme 2) was implemented based on the results of 

Protocol 1 to enable measurement of gut passage time from the moment 
of ingestion, thereby improving the precision of microplastic gut passage 
times, to assess the interval between exposure and ingestion, and to 
evaluate gut passage time under environmental-like conditions where 
typically no more than one MP is found in a copepod’s gut [23].

Individual adult female copepods (N = 12 per treatment) were 
exposed to FSW containing low or high food concentrations (Section 2.2; 
“incubation media”) and no microplastic, in experimental bottles as 
described in Protocol 1. Following incubations, copepods were trans
ferred to single-cell strainers placed in a 6-well plate containing incu
bation media and either PS beads, PA fibers or PA fragments at 
concentrations of 100 microplastics/mL for 3 h in a multi-factorial 
design. To identify copepods that had ingested microplastics, strainers 
were transferred to a glass Petri dish containing a thin layer of exposure 
media and observed via microscopy. Yellow fluorescence (400–500 nm 
excitation, 450–550 nm emission) was used for PS beads, while red 
fluorescence (excitation 546/10 nm, and emission OG590) was used for 
PA fragments and fibers. Observations were repeated every two minutes 
until a copepod showed evidence of microplastic ingestion, returning 
strainers to the incubation media with microplastics in between. Co
pepods that ingested microplastics were washed and transferred to a 6- 
well plate containing incubation media and observed every 150 s as 
described for Protocol 1.

2.5. Data analysis

2.5.1. Protocol 1
In order to evaluate the gut passage time, the following variables 

were calculated for all ingested particles, including single particles and 
aggregates (Fig. 1): i) overall gut passage time, defined as the total time 
each particle spent within the copepod gut regardless of its location at 
T0; ii) gut passage time from the foregut, defined as the total time spent 
within the copepod gut by particles located in the foregut at T0; iii) gut 
passage time from the midgut, defined as the total time spent within the 
copepod gut by particles located in the midgut at T0; iv) frequency of 
ingestion, calculated as the proportion of copepods with microplastics in 
their gut relative to the total number of copepods analyzed, and v) the 
mean number of microplastics ingested per copepod, calculated across 
all individuals, including those that did not contain any microplastics at 
T₀. For copepods scored as “saturated”, the number of ingested particles 
was estimated as 40, based on the median number of particles per 
aggregate, calculated using the best possible counts despite limitations 

Scheme 1. Overview of the Protocol 1 workflow.

V. Fagiano et al.                                                                                                                                                                                                                                Journal of Hazardous Materials 500 (2025) 140551 

3 



caused by the rapid vertical movement of particles in the gut and camera 
resolution.

Additionally, qualitative observations were made regarding the 
behavior of microplastics within each gut segment. These included taste 
discrimination (particles brought to the mouth and rejected without 
ingestion), regurgitation (particles visibly egested from the mouth after 
ingestion), and regurgitation-like events. The latter were defined as 
cases in which particles were present in the foregut at one observation 
time point and no longer visible at the next (2.3-minute interval), 
without any corresponding increase in the midgut, suggesting possible 
regurgitation.

To evaluate the variability in overall gut passage time, as well as in 
foregut and midgut passage times, a multivariate homogeneity of group 
dispersions analysis was performed using the betadisper function in the 
R package vegan [44]. The analysis was performed using 999 permu
tations, considering the distances to group centroids as a measure of 
dispersion.

2.5.2. Protocol 2
To evaluate gut passage time, the following variables were calcu

lated: (i) gut passage time, defined as the total time each MP spent 
within the copepod gut; (ii) foregut retention time, defined as the time 
microplastics remained in the copepod foregut; (iii) midgut retention 
time, defined as the time microplastics remained in the copepod midgut; 
(iv) frequency of ingestion, calculated as the proportion of copepods that 
ingested microplastics within 3 h of exposure relative to the total 
number of copepods analyzed; (v) time to ingestion; and (vi) the mean 
number of microplastics ingested per copepod. Qualitative observations 
were recorded as described for Protocol 1.

Despite careful washing of copepods after initial ingestion, some 
microplastics occasionally remained adhered externally or within the 
medium, leading to secondary ingestion events. In such cases, all rele
vant parameters were recorded to assess intra-copepod variability in 
time to ingestion and gut passage time. However, these events were 
treated separately and excluded from statistical analyses.

Differences in gut passage time, foregut retention time, and midgut 

Fig. 1. Calanus helgolandicus with (A) single 20 μm polystyrene (PS) beads, (B) 20 μm PS aggregates, (C) 10–30 μm nylon fibers in the gut, and (D) schematic 
representation of the foregut, midgut, and hindgut.

Scheme 2. Overview of the experimental workflow for the ingestion/egestion experiments.
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retention time were evaluated using a nonparametric permutational 
multivariate analysis of variance (PERMANOVA), with food concentra
tion, MP shape, and their interaction as factors. The analysis was per
formed with 999 permutations of the raw data. Additionally, for each 
MP shape, Kruskal-Wallis tests were used to separately assess differences 
in gut passage time, foregut retention time, and midgut retention time 
between low and high food concentrations. Moreover, to assess the 
overall variability in gut passage time and the impact of extreme values, 
a percentile-based approach was used to identify them, applying the 1st 
percentile for lower extremes and the 95th percentile for upper ex
tremes. This method accounted for the asymmetric distribution of the 
data. The overall standard deviation (SD) was first calculated using all 
data points. A second SD calculation was then performed after removing 
the identified extreme values to evaluate their influence on variability 
estimates.

To assess the consistency between the two experimental protocols, 
gut passage times were compared using a Kruskal-Wallis test. For 
comparability, only midgut passage times were considered in both ex
periments. As such, for Protocol 1 data, only microplastics initially 
located in the foregut at T₀ were included, ensuring that their midgut 
passage time was accurately measured; foregut passage times were not 
considered, as the exact ingestion time of microplastics in protocol 1 was 
unknown.

Finally, to estimate the potential vertical flux of microplastics 
mediated by Calanus helgolandicus, we developed a simplified model 
based on ingestion and egestion dynamics observed during the experi
ment. The flux was calculated by integrating mean microplastic inges
tion, gut passage time, and copepod abundance, according to the 
following formula:  

Where mean ingestion is expressed as microplastics per individual, 
abundance as individuals per cubic meter (based on data from the 
Western Channel Observatory temporal series), and time to ingestion 
and gut passage time as hours. The denominator accounts for the rate- 
limiting step between ingestion and egestion. This formula was 
applied under simplifying assumptions, including constant feeding 
rates, homogeneous exposure to microplastics, and the cumulative 
sinking of all fecal pellets through the full water column.

To express microplastic flux in units of MPs m⁻² day⁻¹ — consistent 
with values reported in the literature for vertical particle fluxes [50] — 
we multiplied the calculated flux per cubic meter by the height of the 
water column. This conversion reflects the cumulative sinking of fecal 
pellets through the entire water column, accumulating over a unit sur
face area at its base. The conversion was calculated as: 

Microplastic flux (MPs/m2/day) = Flux(MPs/m3/day)

× Water column depth(m)

3. Results

3.1. Protocol 1

Only two out of 65 individuals were found dead after the overnight 
incubation, confirming that, under the specific experimental conditions 
of this study, the microplastics utilized do not incite lethal toxicity over 
acute timescales. The behavior of PS beads within the gut of Calanus 

helgolandicus individuals was characterized by rapid oscillations in the 
foregut (video supplementary material), which ceased once the particles 
reached the midgut. In the midgut, beads were packed into fecal pellets 
until they passed into the hindgut. Retention time within the hindgut 
was in the order of seconds. The observed behavior of PS beads within 
the gut was consistent across the three tested food concentrations 
(“Low”, “High”, and “Extreme”). A single regurgitation event was 
observed and partially recorded; regurgitation occurred within a few 
seconds and involved a large number of particles being expelled from 
the foregut (Supplementary Material).

Supplementary material related to this article can be found online at 
doi:10.1016/j.jhazmat.2025.140551.

The proportion of copepods containing at least one microplastic 
particle was 87 %, 74 %, and 100 % at low, high, and extreme food 
concentrations respectively, while the mean ingestion values were 
21.07 ± 15.40, 5.74 ± 7.26, and 32.27 ± 13.30 particles/individual, 
respectively (Supplementary Materials). No consistent trend in ingestion 
frequencies or mean ingestion values was observed with increasing food 
concentrations. At T₀, the majority of the particles were observed in the 
foregut (Table 1). Mean gut passage time ranged from 38.36 
± 17.67 min at low food concentrations to 47.09 ± 35.60 min at high 
food concentrations for particles located in the foregut at T₀. Compar
atively, mean gut passage times ranged from 13.87 ± 17.67 min at high 
food concentrations to 22.30 ± 20.20 min at low food concentrations 
for particles located in the midgut at T₀ (Table 1). The slowest recorded 
gut passage time was 2.30 min from the start of the observation to 
complete evacuation. Variability in the overall gut passage time, and in 
midgut and foregut passage times, was consistent across food treatments 
(betadisper; F = 0.128, p > 0.05). However, the limited number of 
particles located in the midgut at T₀, particularly under high and 
extreme food treatments, limits the robustness of the comparison of 

midgut passage time across food treatments (Fig. 2).
When more than one microplastic was ingested, microplastics moved 

through the gut as aggregates, transitioning together from one segment 
to another prior to egestion. The majority of microplastics observed 
during the experiment were present as aggregates. Overall, particle 
aggregates exhibited higher gut passage times compared to individual 
particles (Fig. 2). However, due to an imbalance in the number of in
dividuals in which aggregates versus single particles were observed — 
with aggregates recorded in a substantially greater number of copepods 
— statistical comparison between the two categories was not conducted.

3.2. Protocol 2

Within three hours of exposure, 75 % of adult female C. helgolandicus 
ingested microplastics (Table 2), with a mean ingestion of 1.7 micro
plastics per individual across treatments (Supplementary Materials). A 
higher ingestion frequency was observed for fibers (81 %) and beads 
(75 %), whereas only 50 % of individuals ingested fragments (Table 2). 
Time to ingestion varied among individuals, with a mean of 16.60 min 
(Table 2) and values ranging from 2 to 66 min (Supplementary Mate
rials). Time to ingestion was consistent across treatments, with no sig
nificant effects of food concentration, microplastic type, or their 
interaction (PERMANOVA: F = 0.56, p > 0.05, R² = 0.05). Particles 
were tasted and rejected multiple times during observations, and three 
regurgitation-like events were recorded (Supplementary material). 
Microplastic transit behavior was similar to that observed in Protocol 1 

MPs flux (MPs/m3/h) =
Meaningestion (MPs

/
ind) × Abundance (ind/m3)

min (Time to ingestion (h), Gut passage time (h))
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experiments, with no notable differences between microplastic types. 
When more than one microplastic was ingested, microplastics moved 
through the gut as an aggregate, transitioning together from one 
segment to another prior to egestion.

After ingestion, C. helgolandicus readily egested microplastics, with 
an overall mean gut passage time of 46.41 min (Table 2). Values 
converged strongly around the median (40.00 min) (Fig. 3), reflecting 
overall homogeneity in gut passage times for fragments, beads, and fi
bers across food concentrations (PERMANOVA, p > 0.05; Table S1). Gut 
passage times remained consistent for each microplastic shape at both 
low and high food concentrations (Kruskal-Wallis test, p > 0.05). 
Retention times in the foregut and midgut were comparable for all 
microplastic shapes at both low and high food concentrations (Kruskal- 
Wallis test, p > 0.05; Table 2), except for fibers at high food concen
trations, showing longer retention in the foregut compared to the midgut 
(Kruskal-Wallis test, p < 0.05).

The overall variability in gut passage time (SD = 31.34 min.) was 
primarily driven by a small proportion of particles transiting faster or 
slower than average. Specifically, 2 % of microplastics (1 out of 63) were 
egested in less than 2.5 min, while 6 % (4 out of 63) required more than 
120 min. The highest extreme values were observed in individuals 

exposed to fibers and fed at high food concentrations, contributing to the 
slightly increased variability associated with this treatment (Table 2). 
Higher gut passage times were correlated with the absence of oscilla
tions within the foregut. The fastest egestion was associated with 
regurgitation-like events. Removing these extreme values reduced the 
SD to 19.05 min, confirming the convergence of the majority of gut 
passage times around the median while maintaining a slight variability. 
Observations of second ingestion events revealed variability in the 
egestion process, with differences in gut passage times recorded within 
the same individual during exposure (Supplementary Materials). 
Finally, no significant differences were detected in gut passage time 
between the two experimental designs (Kruskal-Wallis test: χ² = 3.52, 
p < 0.05).

4. Discussion

Microplastic-copepod interactions are emerging as critical pathways 
shaping the distribution of microplastics and their ecological impacts in 
marine environments. This study introduces a novel real-time visuali
zation protocol that, for the first time, provides precise estimates of 
microplastic gut passage time and ingestion intervals in copepods, 

Table 1 
Summary of the overall gut passage time, defined as the total time each particle spent within the copepod gut regardless of its location at T0; the gut passage time from 
the foregut, referring to particles located in the foregut at T0; and the gut passage time from the midgut, referring to particles located in the midgut at T0. Data are 
presented for low, high, and extreme food concentrations.
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helping to fill a missing piece of the puzzle in quantifying copepod- 
mediated microplastic fluxes.

In our study, microplastic gut passage time in Calanus helgolandicus, 
fed with a mix of algal monocultures Prorocentrum micans and Dunaliella 
tertiolecta, remained consistent across increasing food concentrations, 
ranging from pre-bloom-like natural prey concentrations to bloom 
conditions, including levels comparable to the highest algae concen
trations observed at the sampling sites. Gut passage time is considered a 
key parameter for understanding feeding strategy adaptations and has 

been suggested to vary according to food type and concentration [60]. 
Jumars et al., [32] observed a decrease in natural prey gut passage time 
with increasing food abundance, along with a consequent increase in 
feeding rate, suggesting that copepods may benefit from extracting 
fewer nutrients per unit of food in favor of processing larger quantities 
under non-food-limited conditions. However, this correlation is not 
consistent among studies, with opposite patterns reported by other au
thors [4,39,46,62]. Additionally, no changes in gut passage time with 
increasing food concentration were observed by Head et al. [30] and 

Fig. 2. Barplot showing (A) the overall gut passage time, defined as the total time each particle spent within the copepod gut regardless of its location at T0; (B) the 
gut passage time from the foregut, referring to particles located in the foregut at T0; and (C) the gut passage time from the midgut, referring to particles located in the 
midgut at T0, recorded in the pilot experiment for PS beads (particles and aggregates). (D) Schematic diagram of the multivariate homogeneity of group dispersion 
(variance) in gut passage time according to food concentrations. Grey lines represent the distance of each sample to its group centroid, ellipses represent the standard 
deviation, and PCoA1 and PCoA2 are the first and second principal coordinate axes in the variance analysis.

Table 2 
Summarizes ingestion frequency, time to ingestion, foregut and midgut retention times, and gut passage time in Calanus helgolandicus exposed to different microplastic 
shapes (beads, fragments, fibers) under low and high food concentrations.

MPs 
shapes

MPs 
concentration

Food 
concentration

Number of 
individual

Frequency 
of Ingestion

Time to 
ingestion (min  
± sec)

Foregut 
retention time 
(min ± sec)

Midgut 
retention 
time (min ± 
sec)

Gut passage 
time (min ± 
sec)

Number of 
observation

Beads 100 MPs/mL Low 17 76 % 19.08 ± 21.21 23.45 ± 29.22 26.62 
± 22.74

51.06 ± 34.21 13

Beads 100 MPs/mL High 15 73 % 12.00 ± 10.38 25.10 ± 11.42 23.53 
± 5.23

47.83 ± 13.61 11

Fibers 100 MPs/mL Low 10 100 % 23.20 ± 18.30 16.71 ± 14.62 10.14 
± 6.38

28.90 ± 18.30 10

Fibers 100 MPs/mL High 17 70 % 14.80 ± 13.03 40.38 ± 43.17 19.92 
± 13.04

63.68 ± 50.64 12

Fragments 100 MPs/mL Low 12 50 % 12.20 ± 12.06 16.02 ± 12.60 16.32 
± 3.50

32.39 ± 14.86 7

Fragments 100 MPs/mL High 12 58 % 16.86 ± 17.70 31.64 ± 24.91 21.26 
± 16.56

54.61 ± 17.63 9

TOTAL 83 75 % 16.60 ± 15.99 25.97 ± 26.67 20.14 
± 14.08

46.41 ± 31.34 62
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Tseitlin et al. [61]. Tirelli & Mayzaud [60], who found that the rela
tionship between food concentration and gut passage time varied 
depending on the diet used to feed Acartia clausii, including di
noflagellates, detritus, and live diatoms; the study suggested that food 
quality, defined by protein and nutrient content, as well as food di
gestibility, are critical factors influencing gut transit time in copepods.

Overall, the mean microplastic gut passage times observed in this 
study ranged from 32 to 64 min across treatments. These values align 
with the range reported for the gut passage time of natural prey in 
different copepod species, Neocalanus plumchrus (35–85 min) and 
Acartia clausii (31–97 min) fed with Thalassiosira weissflogii, but are 
higher than those observed for Calanus sinicus (10–16 min) fed with the 
same algae [20,66,60]. For copepods fed with P. micans, the same 
studies report a range of 13–44 min for C. sinicus and approximately 
106 min for A. clausii. P. micans has been proposed as a low-digestible 
food source despite its high nutrient content and has been associated 
with constant gut passage times, independent of food concentration 
[60]. In contrast, T. weissflogii has been considered as a high-quality 
food, and has been linked to gut passage times negatively correlated 
with food concentration [60,20]. While this would suggest copepod 
species and diet can influence gut passage times, it should be noted re
lationships between food type and gut passage time are not consistent 
across studies [66]. Our results also highlight individual variability in 
gut passage times confirmed by the observation of sequent ingestion 
events in the same individual.

Microplastic behavior observed within the gut of C. helgolandicus is in 
line with the digestion process previously described for natural prey, 
characterized by rapid oscillations in the foregut, ceasing upon reaching 
the midgut. This behavior, facilitating processes such as mixing and 
retention, aligns with the structures and functions described for the 
different copepod gut segments [57,7,43]. Natural prey, after ingestion, 
are initially processed in the foregut through agglutination with muco
polysaccharides and mixing with glycoproteins, facilitating their transit 
and subsequent digestion in the midgut [7]. The transfer from the 
foregut to the midgut, the segment primarily involved in enzymatic 
digestion and nutrient absorption, occurs via the action of the foregut 
muscles. Our results show that microplastic gut passage time in co
pepods closely aligns with the range observed for natural prey digestion 
[20,60,65], suggesting that microplastics follow similar transit dy
namics as organic food. This further supports the hypothesis that co
pepods process microplastics in a manner analogous to their natural 
diet, reinforcing their role as efficient biological vectors in microplastic 

transport through marine ecosystems.
Microplastic gut passage time was unaffected by the number of 

microplastics ingested. No differences were detected between the two 
experimental protocols, one involving the simultaneous ingestion of up 
to 40 microplastics and the other predominantly involving the ingestion 
of a single microplastic per individual, with an overall mean of 1.7 
microplastics per individual. Similarly, gut passage time showed no 
variation based on the shape of the microplastics tested—fibers, frag
ments, and beads. Previous studies have shown that the proportion of 
different types of microplastics ingested by copepods in marine envi
ronments exhibit temporal and spatial heterogeneity [1,2,22,24,49], but 
our results indicate gut passage time can be considered constant across 
varying environmental compositions of microplastics. Microplastic gut 
passage time converged strongly around the median of 40 min, with a 
few extreme values predominantly associated with fibers corresponding 
to the highest gut passage times. Real-time observation of microplastic 
behavior within the copepod gut revealed that fibers, which showed the 
slowest transit times, remained stable in the foregut without exhibiting 
rapid oscillations. It is unclear why fibers cause this response. This may 
be due to their shape increasing adhesion to the gut wall or limiting 
oscillation, thereby affecting their processing and hindering their 
transit. Fibers have been reported to induce significant biological reac
tivity in invertebrates due to mechanical disturbance and immune re
sponses driven by their high aspect ratio [47] and to be more prone to 
causing physical damage than microplastic particles [12]. Thus, the 
response observed could be derived from fiber-induced localized 
inflammation.

Rapid egestion of microplastics by copepods has previously been 
highlighted by Uddin et al., [64], reporting Pseudocalanus crossirostris 
and Acartia pacifica egested 75–84 % and 61 % − 71 % of microplastics 
within one hour following ingestion, with only 2 % of microplastics 
persisting in the gut for more than 2 h. Similarly, P. annandalei exposed 
to 2 µm and 10 µm microplastics demonstrated complete evacuation 
within 2 h of exposure [8]. These findings closely align with our ob
servations, where 74 % of C. helgolandicus egested microplastics within 
60 min, and 94 % egested microplastics within 2 h. Furthermore, our 
data shows that egestion begins as early as 12.5 ± 2.5 min 
post-ingestion (Experiment 2), with 30 % of microplastics egested 
within 12 min (Experiment 1). Field sampling studies have demon
strated copepod populations are substantial microplastic reservoirs [1, 
19,22,24,29,53,58], but given the time taken to haul in and preserve 
samples, existing data may be considered an underestimation. The 

Fig. 3. (A) Barplot showing the gut passage time in Calanus helgolandicus according to the different microplastic shapes (beads, fibers, and fragments) under low and 
high food concentrations. (B) Violin plot illustrating the overall distribution of gut passage time for all microplastic shapes combined, with the width of the violins 
representing the density of data points. The dashed line represents the overall median gut passage time (40 min).
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combination of copepod populations acting as microplastic reservoirs 
and rapid microplastic gut transit times reinforces the vital role co
pepods play in the short-term cycling of microplastics within marine 
environments. Rapid cycling and biotransformation of microplastics 
into microplastic-laden feces will enhance microplastic redistribution 
both longitudinally via currents and vertically via gravimetric-driven 
sinking, supporting the hypothesis that zooplankton-mediated trans
port is a key factor in determining the global fate of microplastics.

The slowest gut passage times observed, ranging 2.3–5 min, were 
associated with regurgitation or regurgitation-like events. This study 
represents the first video observation of microplastic regurgitation in 
copepods. In another study, high-speed videography has captured the 
copepod Temora longicornis rejecting microplastics prior to ingestion 
[65]. In C. helgolandicus, a significant reduction in grazing has been 
observed when copepods are exposed to microplastics [15,17], reaching 
a decline of 50 % when the ratio between microplastics and food reaches 
0.5 [17]. We postulate the time and energy given to particle rejection 
and regurgitation, alongside gut blockages and food dilution, may 
contribute to such diminished feeding. Richon et al. [50] recently used 
the relationship between grazing and microplastic:food ratios [17] to 
project the impact of reduced grazing on the global carbon cycle. Based 
on field data and microplastic abundance projections, they estimate that 
this ratio could be reached within 10 years in highly contaminated re
gions, such as subtropical gyres and heavily impacted coastal areas. 
Over the next century, this trend could lead to a 20 % reduction in 
grazing even in areas currently experiencing lower microplastic 
contamination. Further studies are needed to assess the frequency of 
microplastic rejection and regurgitation in copepods to evaluate their 
potential effects on copepod grazing.

Microplastic gut passage time and ingestion interval metrics from 
this study provides a critical advance toward transitioning from static 
snapshots to dynamic flux assessments. The data represent a robust 
parameter for refining microplastic flux calculations in ocean systems 
and integration into model studies. However, it is important to 
acknowledge that this approximation was derived from experiments 
conducted at a fixed concentration of 100 microplastics/mL. Environ
mental abundances of the microplastic fraction ingested by copepods 
(up to 100 μm) remain largely unknown [38]. This fraction has been 
estimated to increment by one to two orders of magnitudes with respect 
to the 335 μm to 5 mm fractions normally considered in microplastic 
pollution studies [55]. Thus, it is possible that MP abundances used in 
this study could be higher than those actually found in the marine 
environment for this size fraction, even if potentially comparable to 
hotspot areas and proxime future scenarios. However, the comparability 
of the time to ingestion observed in accidentally second ingestion 
events, where only a few accidental particles were available in the 
exposure medium, and the other ingestion events suggest a limited in
fluence of MP abundances on the time to ingestion. Thus, by assuming 
variability in mean microplastic ingestion, gut passage time, and 
ingestion intervals to be negligible and integrating these with in-field 
abundance data, it becomes possible to estimate copepod-mediated 
microplastic fluxes at both local and global scales.

Applying a mean ingestion of 0.05 microplastics/ind [23], a time to 
ingestion of 17 min, and a gut passage time of 40 min, the microplastics 
flux mediated by C. helgolandicus could be estimated at approximately 
11 microplastics/m³ /hour. This estimate is based on the mean 
C. helgolandicus abundance recorded at the sampling site in the Western 
Channel Observatory temporal series (64 ind/m³; www.westernchanne 
lobservatory.org.uk). This corresponds to 271 microplastics/m³ per 
day. Under peak abundance conditions, considering the highest recor
ded density of C. helgolandicus in the Western Channel Observatory 
(1867 ind/m³), the estimated microplastics flux would reach 329 
microplastics/m³ /hour, amounting to approximately 7907 micro
plastics/m³ per day. Few studies have quantified the flux of micro
plastics in marine environments. Recently, Rowlands et al. [51]
estimated a vertical flux of 306 microplastics/m² per day at a depth of 

50 m. If we convert our copepod-mediated microplastics flux to the 
same units by assuming a cumulative sinking pathway, in which each 
meter of the water column integrates the microplastics incorporated 
within fecal pellets from the meters above, we obtain a mean flux of 
5760 microplastics/m² per day at a depth of 50 m. These estimations are 
a first approximation, as they rely on simplifying assumptions regarding 
the sinking behavior of microplastics egested within fecal pellets, 
without considering the sinking dynamics of fecal pellets themselves, 
remineralization processes, or coprophagy, and simplified 
C. helgolandicus population dynamics. In reality, the properties of fecal 
pellets are also altered by microplastic incorporation [15,17], although 
this has not yet been evaluated under environmentally realistic sce
narios of microplastic integration into fecal pellets. More accurate esti
mations of these alterations, as well as the parameterization and 
inclusion of the different factors governing both copepod population 
dynamics and fecal pellet sinking dynamics in copepod-mediated 
microplastic fluxes, are needed to provide more precise assessments. 
Nevertheless, this study provides preliminary quantitative evidence that 
copepods could act as major drivers of the vertical transport of micro
plastics, potentially surpassing the passive sinking of free microplastics, 
and highlights the urgency of advancing the estimation of these pro
cesses and their inclusion in analyses of the spatial distribution and fate 
of microplastics in marine environments.

5. Conclusion

Finally, for the first time, we provide precise estimates of micro
plastic gut passage times and ingestion intervals in copepods under 
environmentally realistic conditions, introducing a novel real-time 
visualization protocol. By establishing a quantitative framework for 
copepod-mediated fluxes, this study represents an important step to
ward integrating biological processes into large-scale oceanographic 
models to assess microplastic fate, exposure, and ecological risk. Our 
findings highlight the importance of including zooplankton-mediated 
fluxes in global assessments of microplastic transport and their long- 
term ecological impacts.

Environmental implications

The spatial distribution of microplastics is a key determinant of their 
ecological effects, and zooplankton is emerging as a major biological 
pathway for microplastics. This study establishes a quantitative frame
work to evaluate copepod-mediated fluxes by providing robust esti
mates of microplastics gut passage times and ingestion intervals. These 
advances represent an important step toward integrating biological 
processes into large-scale oceanographic models to assess microplastic 
fate, exposure, and ecological risk, with further implications for evalu
ating the effects of microplastics on the biological pump through alter
ations of fecal pellet dynamics.
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