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A B S T R A C T   

Recent increased application of optical imaging devices have facilitated efficient capture of plankton abundance 
and community composition, enabling the study of plankton distribution in situ and at a high spatio-temporal 
resolution. In this study, we aim to investigate how the abundances and distribution patterns of plankton taxa 
relate over 24-h periods, covering tidal and diel cycles, in the southern North Sea using data from a WP2 net and 
a Video Plankton Recorder. In the highly dynamic southern North Sea, we document diel vertical migration 
patterns in the pelagic zone of both pelagic and hyperbenthic taxa, including Calanoida (Copepoda), Amphipoda, 
Annelida, and Cumacea. In addition, the densities of plankton taxa showed significant small-scale geographical 
variation over a 24-h period for which tidal currents played an important role, a source of considerable variation 
that is typically not accounted for. This study adds to the current understanding of plankton distribution and 
behaviour, particularly in the context of coastal areas characterised by strong tidal cycles and currents, by using 
in situ imaging techniques.   

1. Introduction 

Plankton are passive drifters in the water, subject to the effects of 
wind, waves, and currents. While they lack the ability to swim against 
these forces, some exhibit limited mobility that allows them to deter
mine their vertical position in the water column. Plankton plays a crucial 
role in the marine food web by contributing to organic matter flux and 
nutrient recycling (Steinberg and Landry, 2017). Vertical migration can 
therefore lead to the mobilisation of a considerable biomass through the 
water column and acts as a vehicle for carbon export in the marine 
carbon cycle (Steinberg and Landry, 2017). This flux of organic matter is 
estimated to account for 4–34% of the total particulate organic carbon 
flux in various regions worldwide (reviewed in Ducklow et al., 2001). 

Both plankton and its predators respond to sunlight. While autotro
phic phytoplankton (primary producers) try to maximise sunlight 
exposure for photosynthesis (Vernet, 2000), fish predators (secondary 
consumers) often require light to detect their zooplanktonic prey 
(Guthrie, 1986). Fish, and to some extent also phytoplankton, migrate 
vertically in response to light availability (Gerbersdorf and Schubert, 

2011; Kaartvedt et al., 2012; Solberg and Kaartvedt, 2017; Wirtz and 
Smith, 2020). The movements of zooplankton (primary consumers) in 
the water column therefore often relate to the vertical distribution of 
phytoplankton (their prey) and fish (their predator; Reichwaldt and 
Stibor, 2005; Haupt et al., 2009). Many zooplankton species perform 
diel vertical migration (DVM; Bandara et al., 2021) which can be cat
egorised in three general migration patterns (Hutchinson, 1957): 
nocturnal, twilight, and reversed vertical migration, with zooplankton 
rising from deeper waters towards the surface during night, at twilight, 
and during daytime, respectively. Nocturnal or twilight migration is the 
most common behaviour observed among plankton. The underlying 
mechanisms driving DVM can be behavioural responses to exogenous 
factors such as light, gravity, temperature, salinity, oxygen, hydrostatic 
pressure, the availability of food, and potential mates, or endogenous 
changes in behaviour and physiology (Cohen and Forward, 2016). 
Various hypotheses were proposed to explain why these organisms 
perform DVM, but it is commonly assumed to be primarily driven by a 
trade-off between predator avoidance and foraging opportunities (Loose 
and Dawidowicz, 1994). Gut fullness plays a significant role in this 
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trade-off and studies observed that fatter or fuller individuals prioritise 
predator avoidance in deeper waters over risky feeding in upper waters 
(Hays, 2001) and that DVM behaviour in organisms co-occurred with 
higher feeding rates at night (Daro, 1985). Furthermore, the 
size-dependent predation risk caused by visual predators led to a hy
pothesis suggesting that larger copepods predominantly engage in DVM 
due to their increased susceptibility to visual predation (Hays, 1995). 

The vertical distribution of plankton is traditionally studied with 
nets. Often, systems consisting of multiple nets that can open and close 
during a vertical haul (e.g., MultiNet, MOCNESS) are deployed within 
different depth ranges of the water column (Luo et al., 2000; Keskinen 
et al., 2004). One limitation of this approach is that organisms are in 
many cases pooled within depth intervals, resulting in a loss of precision 
regarding their depth and diminishing statistical power when investi
gating differences in depth distributions between day and night (Pine
l-Alloul, 1995; Pearre, 2003). Advancements in technology to collect in 
situ data led to the development of optical imaging devices such as the 
Video Plankton Recorder (VPR; Davis et al., 1992). These devices 
photograph plankton and other particles within the water column and 
simultaneously collect depth and environmental data, allowing a tight 
coupling between the environment and plankton community. As a 
result, a VPR can efficiently capture variation in zooplankton abundance 
and community composition in 3D and through time, allowing to study 
the plankton and hyperbenthic taxa distribution with a high vertical 
spatial resolution. Due to its capabilities, the VPR proved to be very 
useful to detect small-scale plankton aggregations (Jacobsen and Norr
bin, 2009; Möller et al., 2012). 

In this study, we use the VPR technology to investigate the re
lationships between abundances and distribution patterns of several 
plankton taxa over 24-h periods, a timescale covering two tidal and one 
diel cycle, during two seasons, in a shallow coastal region with a (nearly) 
permanently mixed water column (here: the Belgian part of the North 
Sea; van Leeuwen et al., 2015). These areas experience strong tidal cy
cles and currents, resulting in a water column with a very weak salinity 
and temperature stratification (Fettweis and Nechad, 2010). While in 
certain areas of the North Sea or neighbouring areas some studies failed 
to detect diel vertical migration of zooplankton (e.g. in the English 
Channel by Daro, 1985), migratory patterns in copepods were observed 

in the Southern Bight of the North Sea (Daro, 1985) and in the retention 
basin of a disused scouring sluice in the harbour of Ostend, Belgium, 
which is only sporadically connected to the sea (Daro, 1974). This study 
utilizes a compelling combination of zooplankton abundance data 
collected throughout the entire water column using a WP2 net processed 
by the ZooScan, alongside zooplankton abundance data obtained by a 
VPR at different depths. These data, along with a comprehensive set of 
(a)biotic variables, allow us to analyze how plankton is distributed 
vertically over fine spatial and temporal scales within the water column. 
By conducting this research, we aim to gain valuable insights into the 
dynamics of planktonic communities in well-mixed water columns over 
24-h periods, thereby enhancing our understanding of diel vertical 
migration and other migratory patterns in the marine environment. 

2. Methodology 

2.1. Study area 

The Belgian part of the North Sea (Fig. 1) is located in the southern 
North Sea and is positioned in the transitional region between the 
Atlantic Ocean and the North Sea. It is a relatively shallow area with 
maximum depths of about 40 m. The strong semi-diel tidal currents and 
the alongshore residual current, flowing towards the northeast, result in 
a well-mixed water column with very weak salinity and temperature 
stratification (Fettweis and Nechad, 2010). The tidal currents are 
dominated by tides ranging from 3 m (neap tide) to 4.5 m (spring tide) 
and have velocities with maxima up to 1.66 m s-1 (Verfaillie, 2008). 
They are mainly driven by tides and wind force, resulting in 
anti-clockwise gyres (Otto et al., 1990). 

2.2. Sample collection 

Data were collected during two 24-h sampling campaigns in May 
2021 (19-05-2021 15:37 to 20-05-2021 14:19) and November 2022 (22- 
11-2022 14:42 to 23-11-2022 09:30) whilst the RV Simon Stevin laid on 
anchor at station 330 (2.8091◦ E; 51.4341◦ N; red point in Fig. 1). In 
May 19, 2021, the moon phase was first quarter which produces mod
erate tides known as neap tides, while on November 22, 2022, the moon 

Fig. 1. Sampling station 330 represented as a red point within the Belgian part of the North Sea (black outline). The depth of the water column [m] is represented by 
the grey lines and values. The X-axis represents longitude [◦E] and the Y-axis latitude [◦N]. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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phase was a waning crescent, resulting in tidal bulges that are increasing 
in size until they reach their maximum during the spring tides at new 
moon phase. Every hour, data on mesoplankton and associated water 
parameters were collected. Mesoplankton were imaged in situ by means 
of a Real Time VPR (Seascan, Inc.), capable of sampling particles ranging 
from 100 μm up to a few centimeters. This said, identification of 
plankton is more efficient for specimen exceeding 400 μm (Ollevier 
et al., 2022). The VPR was deployed each hour for approximately 15 
min, while it was lowered and raised vertically through the water col
umn at a speed 0.15 m s-1. It was deployed 3 m from the seafloor and 3 
m beneath the surface to avoid hitting the seafloor or the ship. 

The image data was manually classified by sorting the mesoplankton 
into the categories: Amphipoda, Annelida, Appendicularia, Appendicu
laria house, Brachyura zoea, Calanoida, Caridea, Chaetognatha, Cirri
pedia cypris, Cirripedia nauplius, Cnidaria, Ctenophora, Cumacea, 
Echinodermata, Harpacticoida, Noctiluca and Phaeocystis. The prymne
siophyte Phaeocystis was counted in numbers of colonies, as the VPR has 
the capacity to detect and observe these collective formations but not 
individual cells. Other particles were classified as detritus, bubbles, fi
bres or unknown. Plankton densities were calculated as the number of 
individuals per sampled volume and then linearly extrapolated to cubic 
metres of water [ind m-3]. 

During the first hours of the cruise in May, the imaged volume of 
every VPR frame was 29.564 mL which was calculated as the field of 
view (magnification setting S1: 20.8 × 15.2 mm) multiplied by focal 
depth. The latter was determined by the parameters used with the VPR 
AutoDeck software: a “segmentation threshold – low” of 0, a “segmen
tation threshold – high” of 131, a “focus – sobel” of 23, and a “focus – std 
dev” of 2. From 3 a.m. (UTC+2) onwards, these parameters were acci
dently changed, resulting in an imaged volume of 26.345 mL for the 
remainder of the cruise (a segmentation threshold – low of 0, a seg
mentation threshold – high of 132, a focus – sobel of 25, and a focus – std 
dev of 2). As a result of the smaller sampling volume, approximately 
10% less organisms were encountered. The second highest magnifica
tion, S1, was chosen as a trade-off between image detail and observation 
chance of particles (Ollevier et al., 2022). In November the imaged 
volume was 23.391 mL for the whole campaign, based on magnification 
setting S1, a segmentation threshold – low of 0, a segmentation 
threshold – high of 135, a focus – sobel of 25, and a focus – std dev of 1. 
Simultaneously, fluorescence, turbidity, salinity, temperature, and 
depth data were collected with the ECO Puck FLNTU fluorometer and 
turbidity sensor (WETLabs), and SBE 49 CTD sensor (Sea-Bird Elec
tronics, Inc.) that was mounted on the VPR, allowing to link plankton 
images with in situ environmental and position data at the moment of 
collection. Salinity was measured using the Practical Salinity Scale. Data 
on average current speed and averaged current direction (Average 
Current Speed TimeSeries - Belgian Coastal Zone - COHERENS UKMO. 
(n.d.); Average Current Direction TimeSeries - Belgian Coastal Zone - 
COHERENS UKMO. (n.d.)) were derived from the ERDDAP data server 
of RBINS (Royal Belgian Institute of Natural Sciences, n.d.). 

Mesoplankton were also sampled with a 200 μm WP2 net, which was 
deployed vertically and equipped with a flowmeter, following the pro
tocol of Mortelmans et al. (2019b). Zooplankton collected in the cod-end 
were sedated by soda water and fixed in 4% formalin. In the lab, the 
fixative was changed to 70% ethanol. The samples were digitised by the 
ZooScan plankton imaging device and processed by ZooProcess and 
Plankton Identifier in order to detect and classify the digitised objects 
(Grosjean, 2004; Gorsky et al., 2010). Images were manually controlled 
and validated to the categories Amphipoda, Annelida, Anomura, 
Appendicularia, Branchiopoda, Brachyura megalopa, Brachyura zoea, 
Calanoida, Chaetognatha, Cirripedia cypris, Cirripedia nauplius, Cni
daria, Ctenophora, Cumacea, Echinodermata larvae, Harpacticoida, 
Mollusca, Mysida, fish egg, artefact, detritus, fibres, and Noctiluca. 

2.3. Data analysis 

Due to adverse weather conditions during the November campaign, 
VPR data could only be gathered from 2 p.m. till 9 a.m. The weather also 
hindered the collection of a continuous series of WP2 net samples. Net 
samples from November are therefore not considered in this study. 
Plankton densities and distributions through the water column were 
visually represented in R v4.0.3 (R Core Team, 2020). The depth under 
which 75% of the community could be found at day and night was 
represented by the 25th percentile. Nighttime was defined as the period 
between sunset and sunrise, specifically, between 21:31 and 05:47 in 
May, and between 16:48 and 08:11 in November. Conversely, obser
vations made outside of these time frames were categorised as daytime. 
To assess the relative influence of environment, tides and diel cycle on 
plankton community composition and species abundances, variation 
partitioning analysis was used. This method allows us to dissect the 
variance in community data attributed to these factors. For this analysis, 
plankton community data, aggregated per VPR deployment, was Hel
linger transformed (Borcard et al., 2011). The Hellinger transformation 
is suitable for compositional data, preserving the Euclidian distance and 
aiding in the analysis of community structure. The model was then built 
as a function of environmental, tidal and diel cycle parameters using 
redundancy analysis (RDA). RDA was chosen for its ability to handle 
complex ecological datasets and is well-suited for modeling relation
ships between the entire plankton community and multivariate predic
tor variables. The environmental dataset contained temperature, 
salinity, turbidity and chlorophyll concentration. The tidal dataset 
consisted of data on maximum sampling depth (which serves as a proxy 
for tide, i.e. the alternate rising and falling of the sea), average current 
direction and average current speed. In the diel effect dataset solar 
altitude (‘sunAngle’ function from the oce v.1.7–2 package; Kelley and 
Richards, 2022) was included. The number of environmental and tidal 
predictors was reduced using a forward selection procedure. These final 
set of predictor variables were used for variation partitioning analysis 
using the vegan v. 2.6–2 package (Oksanen et al., 2022) in R. The role of 
tidal and diel patterns on the depth distribution of taxa was analysed 
using generalized additive models (GAMs) with a log-link function 
assuming a Poisson distribution of the response variables (counts of the 
individual plankton taxa). Unlike generalized linear models, which are 
constrained by the assumption that all explanatory variables are linked 
in a linear combination with the response variable, GAMs can model 
non-linear relationships between predictors and the response variable 
by applying smooth functions and uncover complex patterns and re
lationships in the data (Zuur et al., 2009). However, it is essential to note 
that in the present study, GAMs were primarily employed for visualizing 
underlying patterns within the raw data. The emphasis was placed on 
exploring and understanding complex relationships, as opposed to 
interpreting the significance of the statistical test, given that certain 
assumptions required for conventional model interpretation were not 
met (Zuur et al., 2009). These analyses were carried out with the mgcv 
package (Wood, 2011) in R. The models included ‘depth’, ‘diel’, ‘tides’, 
and ‘detritus’ as predictors and allowed for an interaction term for 
‘depth’, and ‘diel’ (see formulas in Supplementary Table 1). By incor
porating ‘detritus’ in the GAMs of the various taxa, the influence of 
passive particle distribution driven by diel and tidal patterns is taken 
into account, which allows to distinguish and analyze the distribution 
patterns of the taxa itself. 

3. Results 

3.1. Abiotic environment over time 

During the 24-h cycle in May it was high tide at 19:11 and 8:10 and 
low tide at 2:21 and current speed ranged between 0.15 m s-1 and 0.64 
m s-1. The CTD upcasts measured temperatures ranging between 11.2 
and 11.7 ◦C and observed no stratification layers in the water column. In 
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some cases the temperature was homogeneously distributed along the 
entire water column, although in most cases there were slight surface- 
bottom differences where the surface part had a maximally 0.1 ◦C 
higher temperature than the seafloor. The strongest differences between 
top and bottom occurred between high and low tide at the turning of the 
tides, i.e. currents changing direction. Overall, salinity ranged between 
32.8 and 33.8, and was not stratified over the water column. Based on 
the FLNTU and turbidity sensor on the VPR, mean turbidity was 1.43 
NTU (Q1: 0.60 - Q3: 2.00) and mean chlorophyll a concentration 1.71 μg 
L-1 (Q1: 1.2 - Q3: 2.05). In November it was low tide at 18:25 and 6:46, 
and high tide at 0:09, with current speeds ranging between 0.20 and 
1.00 m s-1. CTD upcasts revealed water temperatures between 13.3 and 
13.6 ◦C and salinity values between 34.6 and 34.7. These measurements 
indicated a homogenous water column without stratification. Mean 
turbidity was 1.75 NTU (Q1: 0.8 - Q3: 2.4) and mean chlorophyll a 
concentration was 1.11 μg L-1 (Q1: 0.90 - Q3: 1.30). 

3.2. Species abundance over time 

The densities of plankton taxa, represented in Fig. 2 and in Supple
mentary Tables 2 and 3, showed large variation over the 24-h time 
period, both for the WP2 and VPR data. Although the order of magnitude 
of densities differed, similar abundance patterns were often observed by 
the two methods. The peaks did not coincide with high or low tide, but 
displayed some time lag in relation to high or low tide occurrences, 
approximately peaking or declining approximately 2 h prior to changes 
in tidal patterns. Noctiluca, Calanoida and Echinodermata were observed 
throughout the whole period by both methods and exhibited a pro
nounced pattern in density over time with two peaks for Noctiluca and a 
third peak for Calanoida and Echinodermata. Phaeocystis, only observed 
by the VPR, displayed a similar pattern with two distinct peaks. Nocti
luca and Phaeocystis were most abundant in the VPR dataset with peak 
densities of 1320 ind m-3 and 1818 ind m-3, respectively. Calanoida and 
Echinodermata had maximum densities of 59 and 24 ind m-3, respec
tively, with the VPR. Calanoida and Noctiluca showed the highest peak 
densities in the WP2 dataset with densities of 14,650 ind m-3 and 12,623 
ind m-3, respectively. 

In both observation methods Amphipoda, Annelida, and Cumacea 
were mainly observed during night-time. Other taxa such as Appendi
cularia, Caridea, Chaetognatha, Cirripedia cypris, Cirripedia nauplius, 
Cnidaria, Harpacticoida, and fish egg were sporadically observed with 
the VPR during the day (Supplementary Table 2). For most of these taxa 
this was also the case for the WP2 data (Supplementary Table 3), except 

for the taxa Cirripedia nauplius, Cirripedia cypris, and Harpacticoida 
which were observed more frequently throughout the day and had two 
peaks with sometimes a third smaller peak. Other species that were 
additionally sporadically observed by the WP2 net were Anomura, 
Brachyura megalopae, Brachyura zoeae, Mollusca, and Porcellanidae. 

3.3. Effect of environmental conditions on species abundances and 
community composition 

The results from the variation partitioning analysis shown in Fig. 3 
An indicated that environmental, tidal, and diel predictors together 
explained 41.4 % (calculated by subtracting the residuals from 1) of the 
variation in taxa abundances of the plankton community. The selected 
predictors were chlorophyll concentration (environmental), maximum 
sampling depth (tidal), and altitude of the sun (diel). The environmental 
predictors explained 18.0 % (p < 0.001). Tidal predictors explained the 
largest part of the variation and accounted for 28.3 % of which 21.7 % 
(p < 0.001) could be attributed purely to the tidal effect. Diel predictors 
explained 13.8 %, of which nearly half was shared variation explained 
by both diel cycle and tides. Diel variation alone accounted for 7.2 % of 
the variation (p < 0.05). The RDA biplot (Fig. 3 B) shows that the first 
axis is positively correlated with all parameters, but has the strongest 
association with the tidal parameter. The second axis is positively 
associated with diel and tidal variables, but negatively with environ
mental ones. Distinct taxa are Calanoida, Noctiluca, and Phaeocystis and 
the cluster of Amphipoda, Annelida, and Cumacea. 

3.4. Diel vertical migration 

The vertical distribution of plankton are represented in Fig. 4 and 
reveal that certain taxa in the dataset showed clear displacements 
through the water column over the observed 24-h period in May. The 
taxa Amphipoda, Annelida, and Cumacea (Fig. 4 A, B, D) were not or 
hardly observed during the day, while being observed several times 
during the night. Calanoida (Fig. 4 C), an abundant taxa in the 
zooplankton community, on the other hand, were observed during the 
entire 24-h period, but the majority of calanoids was found in shallower 
water layers at night compared to their position at daytime. During the 
day 75% of the calanoid copepod community was present below 9.2 m 
whereas at night this was at 5.7 m (Supplementary Table 4). In 
November only Cumacea (Fig. 4 H) were sufficiently present for 
meaningful statistical analysis in the VPR data and therefore are the only 
taxa visualised in November. Cumacea were regularly observed at night, 

Fig. 2. Plankton densities [ind m-3] over a 24-h time period [h] in May as observed by a WP2 net (red) and VPR (blue). Taxa that were not observed by a sampling 
method are represented in grey. Note that diffent scales are used for abundance [ind m-3] between the plots. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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but because only a limited number of observations were made during 
daytime in the 17-h period, it is not possible to know if the taxon was 
present or absent during the unsampled times of the day. Hence, 
drawing definitive conclusions about DVM patterns of Cumacea in 
November is challenging. Moreover, the distribution of detritus was 
visualised (Fig. 4 E) as this provides insights into the dispersion of 
passive particles within the water column as they are primarily influ
enced by hydrodynamical forces. Elevated densities were found in the 
deeper layers and density peaks occur approximately 12 h apart from 
each other over the course of the 24-h period. 

The GAMs (see Supplementary Table 1) explained 6.17, 17.2, 28.7, 
and 44.9% of the variation in the distribution of Calanoida, Noctiluca, 
Phaeocystis, and detritus, respectively. For the hyperbenthic taxa 
Amphipoda, Annelida, and Cumacea these numbers were 26.4, 22.1, 
and 21.1% of the variance, respectively. The visualisations of the model 
for the taxa represented in Fig. 5 show that Calanoida (Fig. 5 C) will be 
present in the surface layers at night and in the deeper layers during the 
day and that the hyperbenthic Amphipoda and Cumacea (Fig. 5 A, D) 
will be more present in the water column during night-time. Annelida 
(Fig. 5 B) probably follows the same pattern as the latter two taxa, but 
there is an outlier observation during the day (see Fig. 4 B; between 
14:00 and 15:00) that skews the pattern in the visualisation of the 
predicted distribution. The slightly symmetrical GAM prediction pat
terns of Noctiluca, Phaeocystis, and detritus (Fig. 5 F, G, E) suggest 
semidiurnal changes in densities. 

4. Discussion 

Our study detected DVM patterns for Calanoida and observed an 
upward migration of them at night. This corroborates earlier observa
tions by Daro (1974, 1985) in the southern North Sea which described 
DVM in the following copepod species: Acartia bifilosa, Pseudocalanus 
elongatus, and Temora longicornis. Although DVM rhythms are exten
sively studied for pelagic migrators in the open ocean, they remain 
relatively unexplored in shallow and well-mixed waters. In the open 
ocean, organisms are known to undertake migrations spanning distances 
of tens to hundreds of metres (Ringelberg, 2010). Yet, our study un
veiled that DVM patterns also manifest on a smaller scale, with migra
tions exhibiting only a few metres in amplitude. The results demonstrate 
that individuals engage in DVM even over short distances, with migra
tions as narrow as approximately ±3.5 m, within shallow and 
well-mixed waters. 

Our data shows that DVM rhythms also occur in hyperbenthic taxa. 
So far, DVM of hyperbenthic organisms in the southern North Sea were 
described for Annelida (Polydora ciliata), Gastropda (Crepidula for
nicata), and Bivalvia larvae (Magallana gigas; Daro, 1974). Our study 
confirms DVM for Annelida and extends this list of taxa displaying DVM 
with Amphipoda and Cumacea for which this behaviour was not yet 
reported in the southern North Sea. Due to the limitations in the taxo
nomic resolution of our data, species names cannot be provided for the 
organisms displaying DVM. It is crucial to note that DVM patterns reflect 
attributes unique to certain species or individuals and are not repre
sentative of entire community (Bollens and Frost, 1991). Therefore, 
when discussing e.g. Amphipoda and Cumacea, we are referring to 
specific species or subsets of individuals rather than the entire popula
tion. In our study, the hyperbenthic taxa were predominantly observed 
at night in the VPR and WP2 data, indicating that they actively leave the 
seafloor and enter the pelagic water column at night. They were 
observed throughout the whole water column which is particularly 
useful because being high above the bottom helps their dispersal and 
habitat selection during settlement (Ullberg and Ólafsson, 2003). Other 
hyperbenthic organisms migrate to the surface to reproduce (e.g. 
Annelida; Bartels-Hardege and Zeeck, 1990) or moult (e.g. Cumacea; 
Anger and Valentin, 1976; Gerken et al., 2022). 

Observations over various months within the plankton community 
hint at the plausible existence of temporal variation in DVM patterns, yet 
definitive confirmation remains elusive due to the lack of collected data. 
During the winter months, numerous taxa exhibited low abundances 
hampering research into their vertical migration patterns. Only Cuma
cea were sufficiently abundant for analysis in November. Their obser
vations in November seemed to have the greatest abundance during two 
moments, namely after sunset and before sunrise. Earlier studies, how
ever, did reveal that seasonal changes in DVM patterns in hyperbenthic 
taxa are not uncommon (Brunel, 1979) and can relate to variations in 
free-swimming behaviour between species (Wang and Dauvin, 1994), 
life stages, or sexes (Dauvin and Zouhiri, 1996). This phenomenon 
described in the literature implies potential variations in the timing or 
seasonality of DVM behaviour, introducing complexities that warrant 
further exploration. To gain a deeper understanding of the nuances in 
DVM patterns, it is imperative to consider the potential influence of 
varying environmental conditions and temporal dynamics. Our research 
offers insight into a limited temporal timeframe and observed clear DVM 
behaviour of certain plankton groups, but this might not be represen
tative of the broader migratory behaviour within the study system. 
Additional sampling and research efforts could therefore shed more light 
on the intricacies of DVM patterns under different contexts and temporal 
intervals. 

Plankton and detritus densities exhibited fluctuations within a 24-h 
timeframe, as evidenced by both net samples and the VPR. Densities 
differed for samples of the same location taken just a few hours apart 
from each other. The tidal cycle played a role in this, but peak densities 
did not necessarily coincide with high or low tide and exhibited a time 

Fig. 3. (A) Venn diagram showing the variation partitioning results for 
Hellinger-transformed plankton abundance data explained by unique and joint 
effects of environmental (green), tidal (purple), and diel (pink) factors. Only 
significant effects (p < 0.05) are represented. The overall explained variation in 
taxa abundances of the plankton community are calculated by subtracting the 
residuals from 1 which ensures a more accurate assessment of the unique and 
shared contributions of the explanatory variables, addressing the issue of 
overestimation (e.g., a portion of the shared variation being counted twice) 
caused by collinearity. (B) Biplot of RDA showing the effect of the environ
mental, tidal, and diel variables (red arrows). Species are represented as yellow 
dots, the sampling times as crosses. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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lag. While previous studies reported on copepods and amphipods being 
more abundant in the water column during flood than ebb tides (Hough 
and Naylor, 1991, 1992), we found plankton densities to be generally 
less abundant during flood tides. Due to the observed time lag and dif
ference in the timing of peak densities and tidal cycles in different 
studies, we infer that a plankton patch with higher densities is oscillating 
back and forth with the (anticlockwise) tidal gyres, rather than the tides 
themselves having a direct effect on the plankton community. As the 
tidal currents change direction within the tidal cycle, they usher in new 
water masses over the sampling location. Considering the local aggre
gation and small-scale geographical variations of plankton (Benoit-Bird 
et al., 2013; Robinson et al., 2021), we can observe a distinct waxing and 
waning pattern of a high-density plankton and detritus patch passing 
through the sampling site every 12 h, which corresponds to the duration 
of a tidal cycle. This pattern was observed for most plankton taxa, but 
was the most distinct for passive particles (detritus; Fig. 4 E) and less 
mobile organisms (Noctiluca and Phaeocystis; Fig. 4 F, G). To gain further 
insight into the potential trajectory and potential distance travelled by 
the patch, we conducted a simulation at the moment of sampling (from 
19 to 05–2021 19:00 to 20-05-2021 07:00) using the OSERIT model 
(Legrand et al., 2023). This oil spill model simulates the 

three-dimensional drift of oil on the sea surface and within the water 
column. Acknowledging the disparities in characteristics such as buoy
ancy between plankton and oil, the displacement of both is shaped by 
environmental factors, leading us to posit that the model’s output can 
provide insights into the potential distance and scale of the distribution 
of a plankton patch. The model calculates the independent movement of 
single particles under the combined action of the wind, water current 
and waves. The simulation depicted that the patch follows an 
ellipsoid-shaped trajectory over the course of a tidal cycle, with a major 
axis extending 4.4 km and a total travel distance covering 11.6 km. This 
suggests that plankton and passive floating marine particles may tra
verse considerable distances over several kilometres during tidal cycles 
and that their movements driven by tidal forces may contribute to the 
spatial heterogeneity of coastal marine communities. 

The documented DVM and geographic variation of zooplankton bear 
implications for both the functioning of the food web and the method
ologies employed in plankton sampling. To begin with, zooplankton 
movements in the water column affect the spatial and temporal overlap 
of predators and prey resulting in ecosystem-wide implications through 
changing predator-prey interactions (Reichwaldt and Stibor, 2005; 
Haupt et al., 2009). Furthermore, the migratory patterns are directly 

Fig. 4. Kernel density plots for the depth distribution of individual observations (black dots) of (A) Amphipoda, (B) Annelida, (C) Calanoida, (D) Cumacea, (E) 
detritus, (F) Noctiluca, and (G) Phaeocystis in May and (H) Cumacea in November over time [h] based on Video Plankton Recorder data. The red areas represent 
higher interpolated densities for the group under consideration and the rectangular box represents night-time. Remark: from 3 a.m. onwards (in May) a smaller 
sampled volume was used resulting in ±10% less observed particles. In May there was no data collected at 5 p.m. Note that the depth range varies depending on the 
tides (the area below the maximum sampling depth is represented in grey). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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linked with the ocean carbon cycling as organisms engaged in these 
migrations aid in transporting energy and nutrients across different 
ocean depths (Steinberg and Landry, 2017). Regarding sampling meth
odologies, the timing of plankton sampling emerges as a pivotal 
consideration that can shape the observed composition and abundance 
of plankton communities. Focusing solely on samples taken during 
daylight hours can lead to the oversight of crucial components, partic
ularly the (meroplanktonic larvae of) hyperbenthic organisms, which 
contribute substantially to the pelagic biomass at night. This discrep
ancy could lead to underestimations in biomass and the representation 
of specific marine constituents and is a component that is often over
looked in coastal food web models (Carlotti and Poggiale, 2010). Our 
results thus further emphasise the significance of including these over
looked entities in the overall ecological picture. Moreover, the impact of 
tidal cycles on plankton densities adds another layer of complexity to the 
sampling process. Densities can significantly differ depending on the 
timing of the tidal cycle (and the location of the plankton patch at that 
moment), as our findings suggest that tidal currents can significantly 
alter plankton abundances within hours. These findings bear significant 
implications for samples collected through stationary observations, as 
opposed to Lagrangian observations, and introduce a challenge that 
necessitates careful consideration or appropriate correction methods. 

However, they also unveil a crucial explanatory factor accounting for a 
substantial portion of the variance in plankton densities, distinct from 
the more commonly acknowledged influences like phenological or sea
sonal shifts. 

The occurrence of vertical migration and small-scale patchiness 
among zooplankton is widely acknowledged but rarely quantified, 
particularly in our study region where little knowledge on the influence 
of the physical environment on plankton distribution and DVM behav
iour is available (Daro, 1985; Fransz et al., 1998). Our research dem
onstrates the suitability of the VPR as a tool for studying zooplankton 
DVM and collecting distribution data with high spatio-temporal reso
lution, offering logistical advantages over net samples at depth intervals. 
However, the VPR methodology presents inherent limitations, notably 
the exclusion of the top and bottom 3 m due to safety considerations 
(Ollevier et al., 2022). To address this limitation, we included comple
mentary data from a vertical WP2 net. Although the WP2 net may not 
provide precise depth-specific plankton data, it does yield valuable in
sights into plankton densities across a substantial portion of the water 
column, including the upper layer. The WP2 findings have revealed 
comparable patterns throughout the entire water column, albeit with 
differences in magnitude compared to the VPR. A systematic assessment 
of this difference is currently under investigation. In spite of the VPR’s 

Fig. 5. Visualisation of the predicted distribution of Amphipoda, Annelida, Calanoida, Cumacea, detritus, Noctiluca, and Phaeocystis across different depths [m] and 
times of day based on the fitted GAM. Predicted abundances are shown using a colour gradient (yellow: low abundance; purple: high abundance). The x-axis 
represents the angle of the sun [◦] respective to the horizon as a proxy for a diel variable (Values from − 20 till 0 represent night. Higher values correspond to a higher 
solar position and are closer to noon.). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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missing surface-layer data, its efficacy in capturing similar patterns and 
providing accurate insights into plankton migration and small-scale 
patchiness remains evident, corroborated by the observations from the 
WP2 net. This convergence of findings from both methodologies bolsters 
the reliability of the research approach and highlights the VPR’s ca
pacity to unveil intricate behaviours like DVM and patchiness, while also 
acknowledging the ongoing need for methodological refinement and 
thoughtful consideration of complementary data sources. 

5. Conclusion 

This study investigated how the abundances and distribution pat
terns of plankton taxa relate over 24-h periods, covering tidal and diel 
cycles, in the southern North Sea. The VPR allowed fine-scale tracking of 
individual planktonic taxa through a diel cycle, leading to the obser
vation of their daily migration patterns. Next to the migration behaviour 
at night towards the surface layers of pelagic taxa such as Calanoida, this 
study is the first to describe the migration of Amphipoda and Cumacea 
from the sea bottom to high up into the water column at night in the 
southern North Sea. In addition, samples of the same location taken just 
a few hours apart showed significant differences regarding plankton 
densities over time. The density peak patterns mirrored a tidal cycle’s 
trend, albeit with some time lag, suggesting planktons’ transportation 
with tidal currents and emphasising its small-scale patchy distribution in 
the water column. This study documents the wide variability in plankton 
distribution patterns and highlights that tidal currents can affect 
plankton densities over time which has important consequences for 
samples from stationary observations. 
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