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ABSTRACT: Plankton dynamics in temperate ecosystems have mainly been studied during pro-
ductive seasons, with comparatively less research conducted during the winter, particularly on
microplankton. We implemented plankton sampling during a reqular fishery cruise to investigate
North Sea micro- and mesozooplankton community composition, abundance, and size structure
(55—2000 pm) during autumn (Buchan/Banks area) and winter (Downs area) between 2013 and
2019. Samples were analyzed using image-based techniques. Community diversity (broad taxa)
was relatively similar across years in both areas, with diatoms and tripos taxa sets dominating the
microplankton community and gastropods and copepods dominating the mesozooplankton group.
The average micro- to mesozooplankton ratio (in abundance) was 90:1 for Buchan/Banks, resulting
in an average (=SD) normalized abundance size spectra (NASS) slope of —1.45 = 0.18. For Downs,
the micro- to mesozooplankton ratio was 235:1 with a steeper NASS slope of —1.67 = 0.20 due to
fewer large organisms. Interannual changes in the planktonic community for each area and their
potential environmental drivers were examined using redundancy analysis (including taxonomy
and size) and correlation analysis using NASS slopes (size only). Both approaches highlighted the
importance of water mass properties (e.g. salinity, temperature, turbidity) in shaping plankton
dynamics, although the amount of explained variance differed between approaches (11 vs. 46%).
Our results contribute to a better understanding of standing stocks of plankton and their environ-
mental drivers. Specifically, novel insights were gained into microplankton dynamics, which play
an important role in supporting the growth and survival of winter-spawned fish larvae in the North
Sea.

KEY WORDS: Plankton dynamics - Microplankton - Mesozooplankton - Size spectra : Image-based
analysis * FlowCAM ‘- ZooSCAN

1. INTRODUCTION plankton communities can result in cascading effects

on the entire ecosystem (e.g. Sguotti et al. 2022). In

Plankton is the foundation of the marine food webs, temperate marine ecosystems, a considerable amount

supporting the productivity of all higher trophic of research has focused on exploring changes in

levels (Ryther 1969); thus, climate-related changes in plankton phenology, abundance, and community
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composition during the productive season (i.e. spring
bloom) due to its importance to key life cycle events
for higher trophic levels (e.g. Capuzzo et al. 2018). By
contrast, the low-productivity season (i.e. winter) has
been comparatively poorly studied (e.g. Nohe et al.
2020). This is particularly the case for microzooplank-
ton, including both protists (ciliates and dinoflagel-
lates) and small metazoans (e.g. copepod nauplii,
meroplanktonic larvae) between 20 and 200 pm in
size. This small size fraction of plankton plays a
significant role in the ecosystem as key consumers of
primary production, as important players in the
microbial loop, and as a potential prey source for
mesozooplankton and fish larvae (e.g. Calbet 2008,
Montagnes et al. 2010). During periods of low light
intensity and nutrient limitation, the trophodynamic
importance of protists and other microbial loop com-
ponents can be enhanced (Fileman et al. 2011). Thus,
monitoring of plankton dynamics during fall and
winter is important to understand the dynamics of
temperate marine ecosystems during times of low
productivity.

The majority of broad-scale zooplankton monitor-
ing programs worldwide focus on mesozooplankton
(the size fraction between 200 and 2000 pm) (e.g.
Richardson et al. 2006). For example, the Continuous
Plankton Recorder (CPR) provides large-scale cover-
age on the abundance (semi-quantitative) and distri-
bution of zooplankton (>270 pm) in surface waters
year-round (Richardson et al. 2006, Dippner & Krause
2013). In contrast, microplankton (the size-fraction
20—200 pum) is mainly sampled either at fixed mon-
itoring stations (e.g. Eloire et al. 2010) or during spo-
radic cruises, mainly for understanding processes
that occur during productive seasons (e.g. Dolan et al.
2021, Yang et al. 2021). The reason behind the lack of
long-term, large-scale microplankton data collection
is likely due to logistical challenges in sampling
(i.e. size range between water samples and regular
plankton nets) and sample preservation (i.e. Lugol-
preserved samples have a shelf life of 6—12 mo; Gif-
ford & Caron 2000, Calbet et al. 2001). Implementing
recent methods (e.g. image analysis, metabarcoding)
to track changes in the composition and abundance of
the entire planktonic community is now the goal of
many monitoring programs embracing ecosystem-
based management (Lombard et al. 2019, Garcia-
Vazquez et al. 2021). Automatic processing of plank-
ton samples using image analysis technologies and
machine-learning algorithms is one of the cost-
efficient alternatives to traditional time-consuming
and costly microscopy (Goodwin et al. 2022, Irisson et
al. 2022). These methods allow the processing of a

larger number of samples, albeit at a lower taxonomic
resolution than microscopy currently allows (i.e.
rarely to species level). The outcomes of these
methods (e.g. Flow Cytometer and Microscope [Flow-
CAM] or ZooSCAN) in terms of abundance, biomass,
and seasonal variability of phyto- and zooplankton
have been reported to compare well with traditional
microscope counts, especially for the most abundant
classes (e.g. Alvarez et al. 2014).

Given the functional complexity of the zooplankton
community and the methodological difficulties
involved with estimating its diversity, alternative met-
rics have been developed. A size-spectra approach,
introduced by Sheldon et al. (1972), is a widely used
approach to investigate the spatiotemporal variability
of zooplankton, predator—prey interactions (e.g.
Huebert & Peck 2014, Akimova et al. 2023), and to
model the productivity of the higher trophic levels
feeding on zooplankton (e.g. Blanchard et al. 2017,
Serra-Pompei et al. 2022). The zooplankton size spec-
tra is often reported in terms of the normalized abun-
dance size spectra (NASS) or normalized biomass size
spectra (NBSS) (Sprules & Barth 2016). The slope of
NASS is believed to reflect the efficiency of the
energy flux between trophic levels, whereas its inter-
cept reflects the productivity of a given ecosystem
(Zhou 2006, Ye et al. 2013).

The North Sea is a temperate shelf ecosystem with
pronounced seasonal changes in primary and second-
ary productivity (Krause et al. 2003). The variability in
oceanographic conditions and ecosystem processes is
mainly linked to the North Atlantic influence at its
open northern and southern boundaries, terrestrial
influences along its shores, and Baltic Sea outflow in
the east. Many components of the North Sea ecosys-
tem have been measured extensively over the past
decades. In terms of plankton, weekly time series
spanning several decades are available for phyto-,
micro-, and zooplankton at some fixed stations, such
as Plymouth L4 (e.g. Eloire et al. 2010) or Helgoland
Roads (e.g. Pitois et al. 2009). Additionally, CPR time
series with a broader spatial scale are available for
mesozooplankton groups, such as copepods, euphau-
siids, and meroplankton (e.g. Richardson et al. 20006,
Dippner & Krause 2013). These time-series have
revealed a number of regime shifts in the North Sea;
the most recent one was associated with a decline in
primary productivity and holoplankton, a northward
shift in the distribution of cold-water copepod species
such as Calanus finmarchicus, and an increased pres-
ence of small-sized, warm-water copepod species like
C. helgolandicus (e.g. Capuzzo et al. 2018, Sguotti et
al. 2022). However, as with other temperate ecosys-
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tems, comparatively less is known about the micro-
zooplankton community and its recent changes in the
North Sea. Such information is relevant to provide a
better understanding of the dynamics of lower trophic
levels but also to shed light on prey fields available to
higher trophic levels, such as early life stages of
commercially important winter-spawning fishes like
Atlantic herring Clupea harengus (Alvarez-Fernandez
et al. 2015, Akimova et al. 2023). This knowledge is
particularly relevant to exploring potential food limi-
tations for fish early stages, which has been suggested
as a potential driver (together with warming) of the
relatively low recruitment success that has occurred
in North Sea herring during the most recent dec-
ade (Alvarez-Fernandez et al. 2015 and references
therein).

In this study, we investigated the North Sea micro-
and mesozooplankton community during autumn
and winter between 2013 and 2019 using image-
based analysis (FlowCAM and ZooSCAN). Samples
were obtained during a routine fisheries survey,
which covered the traditional spawning grounds of
Atlantic herring in the western (Buchan and Banks
in September, autumn) and southern North Sea
(Downs in late December, winter).

2. MATERIALS AND METHODS
2.1. Sample collection

The plankton samples were taken on board the
Dutch research vessel 'Tridens' within the framework
of the International Herring Larval Survey (IHLS),
coordinated by the International Council for the
Exploration of the Sea. The Dutch surveys cover the
3 spawning grounds of the North Sea autumn-spawn-
ing herring: the Buchan and Banks region (hereafter
Buchan/Banks) in September and Downs in late
December (Fig. 1). At each station, ichthyo- and
mesozooplankton were sampled using a modified
GULF VII net (280 pm mesh size; Nash et al. 1998),
which included a PUP-net (55 pm mesh size) for
microplankton sampling (Fig. 2). This gear was towed
in double oblique hauls at 5 knots down to 5 m above
the sea floor to sample the whole water column.
Although the pressure conditions differed between
the 2 nets due to their different mesh sizes, the differ-
ence in cone openings (200 vs. 40 mm) but similar
length played a crucial role in decreasing the in-net
pressure on the organisms. Once onboard, plankton

Our objectives were to (1) describe

plankton community composition and

abundance in both sampling areas, (2) 58 —
describe plankton size structure and
size spectra metrics (NASS slopes and
intercepts) for both sampling areas,
and (3) identify spatial and interan-
nual trends in the plankton commu-
nity for each sampling site and link
them to environmental variables using
either diversity (i.e. broad taxonomic
groups and size) or size composition
only (NASS). Our results provide
essential information on the standing
stock of plankton in the 2 observed
areas and its environmental drivers
during the low-productivity season in
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sampling methods and statistical ap-
proaches, as well as provide recom-
mendations for future zooplankton
monitoring in the North Sea and other
temperate coastal systems.

Fig. 1. Selected transects from the International Herring Larval Survey in the

Buchan/Banks (September, autumn; red dots) and Downs spawning grounds

(December, winter; cyan dots) analyzed in this study. Black arrows: the 2 sub-

areas in the Downs spawning grounds (English Channel and Southern Bight);

light arrows: path of the Atlantic water inflows through the English Channel

and the northern boundary of the North Sea. See Fig. S1 for stations sampled
each year
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for the particles analyzed). The amount
of sample to process was set according
to the particle concentration, aiming at
approx. 10 000 pictures per sample con-
taining @ minimum of 10 % living organ-
isms (generally >30%). Subsequently,
images were classified using the dy-
namic optimization cycle workflow
principle described by Conradt et al.
(2022), which involves an automated
updating of the training data set based
on manual-validation results to stream-
line the model adaptation process. Pic-
tures of living organisms were grouped
into 11 taxa sets: bivalves, tripos, cili-
ates, copepods, diatoms, dinoflagellates,
dinophysis, foraminiferans, gastropods,
protoperidinium, and silicoflagellates,

which included species, genus, or
families, with class as the lowest tax-

Correlation Analysis

onomic resolution (Fig. S2). Note that
the metazoan groups from the PUP
net samples (bivalves, gastropods, and
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Fig. 2. Methodology for field sampling and data analyses. Numbers refer to

section numbers

samples from both nets were preserved in 4% formal-
dehyde. Out of the sampling grid, 6 transects in
Buchan/Banks and 3 transects in Downs were chosen
for plankton analysis in this study (Fig. 1), represent-
ing the onshore—offshore and north—south gradients.
Typically, 25—35 samples per season were analyzed,
although in 3 Downs surveys, <10 samples were col-
lected along the predefined transects (Fig. S1 in the
Supplement at www.int-res.com/articles/suppl/m753
p001_supp.pdf).

2.2. Sample analysis
2.2.1. Microplankton samples: FlowCAM

In the laboratory, the microplankton samples from
the PUP net were rinsed and sieved through a 300 pm
mesh. The fraction below 300 pm was retained and
diluted (to approx. 4000 particles ml~!; 50—500 ml, de-
pending on the plankton concentration of the sample).
Subsequently, the samples were analyzed using the
FlowCAM (Yokagawa Fluid Imaging; Sieracki et al.
1998) with a 300 pm flow chamber (i.e. upper size limit

copepods) refer to their larval stages
(e.g. nauplii in the case of copepods).
The groups tripos, dinophysis, and
protoperidinium correspond to dino-
physids-, protoperidiniacean-, and tri-
posids-dinoflagellates, respectively, but
due to the distinct differences in shapes, these genus-
sets were considered separately from the general dino-
flagellate class (and are therefore referred to as 'tripos’,
'dinophysis', and 'protoperidinium' throughout this ar-
ticle). Appendicularians from the PUP net samples
were excluded from the analysis due to size measure-
ment issues related to their transparency. Likewise,
pictures of unknown organisms and non-living par-
ticles (such as detritus, sand, fibers, etc.) were ex-
cluded from further analysis. Note that the relative
amount of detritus within each sample was calculated
per station and used as an index of turbidity (in %).

2.2.2. Mesozooplankton samples: ZooSCAN

Mesozooplankton samples were subsampled using
1/16™ to 1/1024™ of the original sample following
Motoda (1967), and one subsample per station was
placed into ZooSCAN (v.2) (Gorsky et al. 2010). The
images captured by ZooSCAN were classified auto-
matically using ImageJ software (v.1.410; https://
imagej.net/ij/) with ZooProcess (v.7.19; Jalabert et
al. 2024) and the Plankton Identifier software (v.1.3.4;
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http://www.obs-vlfr.fr/~gaspari/Plankton_ Identifier/
index.php). The Plankton Identifier library was created
in-house with images from the IHLS surveys and
other North Sea cruises, and with about 200—300
vignettes per group as proposed by Gorsky et al.
(2010). The automatic classification was followed
by a final manual validation step. Organisms were
grouped into 10 taxa sets: appendicularians, chaetog-
nathans, cladocerans, copepods, diatoms, echino-
derms, gastropods, jellies, malacostracans, and poly-
chaetes (Fig. S2). The metazoan groups echinoderms,
malacostracans, and gastropods refer to their larval
stages. For microplankton, we treated classes that
were easily distinguishable due to their shape as sep-
arate taxa sets. For instance, we pooled all gelatinous
zooplankton except chaetognathans and appendicu-
larians into the jellies taxa (mainly ctenophores). To
ensure accurate size measurements across various
taxonomic groups, we compared the measured sizes
with values directly reported in the literature (e.g.
Beaulieu et al. 1999, Dudeck et al. 2021) and with cal-
culated metrics such as biovolume (BV) and carbon
content (e.g. Kigrboe 2013, Menden-Deuer et al.
2001, Lehette & Herndndez-Leon 2009). During man-
ual validation, any multiples or clumps were re-
moved, as their contribution to the total number of
living organisms was less than 5%.

2.2.3. Environmental data and larval fish

Environmental variables (water temperature and
salinity) were recorded by a CTD profiler (Seabird
SBE 911) attached to the Gulf VII net. For further
analysis, temperature and salinity were averaged over
the upper 20 m of the water column. Turbidity was
calculated based on the amount of detritus contained
in each sample (see Section 2.2.1). Herring larvae in
the GULF VII net were counted and measured to the
nearest 1 mm. The larval number in each size class
was then transformed into the larval abundance
(ind. m~?), using the volume of water filtered by the
GULF net and the observed depth. Further technical
and methodological details regarding larval handling
and the survey can be found in Schmidt et al. (2009)
and references therein.

2.2.4. Data analysis and statistics
Micro- and mesozooplankton data sets were com-

bined for each sampling area to analyze the plank-
tonic community between 55 and 2000 pm. Classes

that were present in samples from both methods
(copepods, gastropods, and diatoms) were merged to-
gether (Fig. S2). To avoid overlapping in size classes
and double counts, taxa images in which the object
size (equivalent spherical diameter) was <300 pm
were excluded from the mesozooplankton data set.

The BV (um?® of each planktonic organism was
calculated using a modified version of the formula
proposed by Sacca (2016):

BV(pm3)=%x,/n—1xARxA3 (1)

where AR is the aspect ratio (ratio between the width
and the length of individual organisms) and A is the
area (um?) of each organism. Both values were deter-
mined using FlowCAM and ZooSCAN. The BV was
then used to calculate the carbon biomass for the dif-
ferent plankton taxa using taxa-specific equations
(Table S1) (Menden-Deuer et al. 2001, Kigrboe 2013).
Note that sizes (width and length) were not corrected
by the potential effect of fixation. We are aware that
fixation can cause swelling, shrinking, or even the
loss of certain organisms (e.g. Calbet & Saiz 2005),
and we discuss this topic below (see Section 4.1).

The number of organisms counted per sample and
per taxa set was recalculated in plankton concentra-
tion (ind. m~3) using information about the volume of
water sampled by a net and the dilutional factor
described above. Although the plankton concentra-
tion was used in the statistical analyses below, we
followed the common terminology in the plankton
literature (Sprules & Barth 2016) and refer to it as
‘abundance’, meaning the abundance of the observed
organisms in one cubic meter.

Hierarchical cluster analysis (HCA) was applied to
detect changes in the plankton community across
seasons and areas. To assess normality, the Anderson-
Darling test (Nelson 1998) was performed on the
abundance data, which indicated a significant devi-
ation from normality (A = 3940.1, p < 0.001). As a
result, the data was scaled using the triple-square-
root transformation to reduce skewness (Legendre &
Gallagher 2001) and ensure that the assumptions for
the subsequent analyses were met. After transforma-
tion, the Euclidean distance was calculated, and the
Ward linkage was applied to the abundance data per
species of the taxonomic groups and surveys (Butti-
gieg & Ramette 2014, Murtagh & Legendre 2014). To
investigate the changes in plankton size structure,
NASS were constructed for each station. Slopes based
on abundance (i.e. NASS) rather than biomass or BV
were selected due to the higher adjusted R? of the lin-
ear fit to the normalized abundance data in compari-
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son to biomass or BV and the fact that NASS relied
only on the size parameters directly measured with
FlowCAM and ZooSCAN (Fig. S3). All zooplankton
organisms were grouped into size classes based on
their BV (irrespective of taxa), using a doubling or
octave scale (Sheldon et al. 1972, Blanco et al. 1994).
Size classes with low counts (0.01% of all records) were
excluded, leading to classes ranging between size 14
(BV ~1.6 x 10° um?) and 33 (BV ~8.5 x 10° um?). The
total abundance of each size class was divided by its
width (in terms of BV) to normalize the size spectra. A
linear weighted regression was fit to these data:

log,B(BV) = alog,(BV) + b 2)

where a and b are the slope and the intercept of the
NASS B (BV), respectively. Weights of the regression
were proportional to the zooplankton abundance in
the corresponding BV classes.

The influence of environmental drivers on the
plankton community was explored using 2 approa-
ches: a correlation analysis on the size-resolved data
set (NASS slopes) and a redundancy analysis (RDA)
which used the taxa- and size-resolved plankton com-
munity structure (Legendre 2001). The RDA was
selected because an initial detrended correspon-
dence analysis of the species abundance indicated
that the length of the first axis was short (1.4 SD), sug-
gesting that linear ordination techniques were most
appropriate (Leps & Smilauer 2003). We assessed
variance homogeneity for the RDA using Levene's
test. Initially, significant variance differences across
groups were detected (F = 18.391, p < 0.001). How-
ever, following the Hellinger transformation (Legendre
& Gallagher 2001), the test indicated no significant
variance differences (F = 0.4976, p = 1.0), satisfying
the assumption of homoscedasticity required for
further analysis. For each sampling area, an RDA was
performed on a matrix of the transformed abundance
of size classes X taxa sets in columns and hauls (or
stations) in rows.

Therefore, we understand the variability in the
planktonic community as the among-station variations
in concentrations of the different taxa sets within dif-
ferent size classes.

The environmental variables used in the RDA and
correlation analysis included water temperature and
salinity averaged over the upper 20 m, distance to
shore (m), depth (m), and turbidity (%). We chose to
average temperature and salinity over the upper 20 m
as the majority of plankton biomass is concentrated in
the upper mixed layer (Mikaelyan et al. 2021). We
repeated the analyses using depth-averaged tem-
perature and salinity, and the results were similar to

those using the average of the upper 20 m (data not
shown). Moreover, we used the larval herring abun-
dance (ind. m~?) for each station as an additional ex-
planatory variable. In the size-based approach, Pear-
son correlation (Pearson 1896) was used to identify
the relations between the potential environmental
drivers and NASS slopes. The significance of the RDA
results was assessed for both the complete RDA and
for each RDA axis using the marginal method (Legen-
dre et al. 2011) with the 'anova.cca' function in the
‘'vegan' R package (Oksanen et al. 2022), employing
999 permutations. We applied the 'pcaiv' function in
the 'ade4' package (Dray & Dufour 2007) for the
RDAs, as it is optimal for visualization of the fitted
scores on the constrained RDA axes. The significance
of each explanatory variable on the principle compo-
nents (RDA-PCs) was additionally tested using the
'ANOVA' test in the 'ade4' package.

All analyses and graphical representations were
performed using the R software (R Core Team 2022).
The RDA was performed using the 'ade4' package
(Bougeard & Dray 2018) and the HCA was performed
with the 'gplots’ package (Warnes et al. 2022). All
data sets and corresponding code can be accessed
through the Zenodo repository (Boerner et al. 2024).

3. RESULTS
3.1. Plankton community composition

In total, 18 taxonomic groups of plankton were iden-
tified across both areas. Most taxa were present in all
surveys, except 2 Downs surveys in 2013 and 2018
with reduced spatial coverage (Fig. 3, Fig. S4, Tables S2
& S3). The HCA clearly separated the planktonic com-
munities in Buchan/Banks and Downs (Fig. 3). Tripos,
diatoms, dinophysis, silicoflagellates, ciliates, proto-
peridinium, and gastropod larvae showed the highest
abundances in Buchan/Banks (>5% contribution to
the total abundance; Table S2). Diatoms and copepod
nauplii dominated the planktonic community in
Downs in terms of abundance (>4% relative contrib-
ution; Table S3).

Overall, microplankton taxa (including copepod
nauplii) contributed >98 % to the total plankton abun-
dance, of which diatoms and tripos dominated (>50%
in Buchan/Banks and 90% in Downs) (Tables S2 &
S3). Copepod nauplii were less abundant (approx. 4—
5% of the total microplankton abundance; Tables S2 &
S3) but they dominated in terms of biomass (27 % of
the total microplankton biomass in Buchan/Banks vs.
41% in Downs; Tables S4 & S5). For the mesozoo-
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Fig. 3. Clustering and associated heatmap of the abundance of different micro-
and mesozooplankton taxa (x-axis) for each of the analyzed North Sea cruises
(y-axis indicates location [Downs or Buchan/Banks] and year). Colors indicate
the strength of association by showing the frequency of triple-square-root
transformed abundance (ind.!”® m~3) per taxa in each year and area. The den-
drogram clusters together cruises from each area. Asterisks indicate years with

while small silicoflagellates, dinophy-
sis, and jellies (size class 14—17) had
the highest negative scores (Fig. 4A,B).
Larger size classes (26—33) did not
show any pattern and their RDA-PC1
scores ranged between —0.1 and 0.1
(Fig. 4B). The observed spatial pattern
in the Buchan/Banks area (Fig. 4C)
was consistent over the sampled years,
except for 2016, which exhibited neg-
ative scores at most stations (Fig. 4D).
These negative scores were likely in-
fluenced by the higher contribution of
silicoflagellates, dinophysis, and jellies,
which could be attributed to the ex-
ceptionally low salinity observed in
the entire Buchan/Banks region in
2016. All 6 explanatory variables were
significant (ANOVA, p < 0.05); specifi-
cally, depth (F; 59 = 42.96, p < 0.001),
salinity (Fj g9 = 1320.00, p < 0.001),
turbidity (Fj 159 = 141.70, p < 0.001),

reduced spatial coverage (see Fig. S1)

plankton, gastropods and larger copepods dominated
the community in both areas in terms of both abun-
dance and biomass, contributing on average 10%
(30%) of total mesozooplankton abundance and 38 %
(43%) of total biomass in Buchan/Banks (Downs). The
average abundance ratio of microplankton to meso-
zooplankton was 90:1 for Buchan/Banks and 235:1 for
Downs (Tables S3 & S4).

3.2. Environmental drivers of plankton abundance
and distribution

Environmental conditions were distinct and showed
clear spatial patterns in both studied areas and sea-
sons. We provide more details on the environmental
conditions in Fig. S5 and focus here only on their rela-
tions with the planktonic community.

In the Buchan/Banks area, the 6 explanatory vari-
ables used in the RDA explained 11.4% of the varia-
tion in plankton community composition, whereby
half of this variation (6 %) was summarized in the first
principal component (RDA-PC1) (Fig. 4A). Although
the total explained variance was relatively low, this
component was deemed significant following the con-
ducted statistical test. Therefore, in what follows we
focus only on the leading RDA-PC1. Medium-sized
gastropods, ciliates, and chaetognathans (size classes
18—22) had the highest positive scores in RDA-PC1,

temperature (Fj 159 = 6.12, p = 0.014),

distance (F; 159 = 18.26, p < 0.001), and
herring larvae (Fj 39 = 5.85, p = 0.017). Salinity, tur-
bidity, and depth had the highest positive scores,
mainly in northern stations (Fig. 4C,E). Note that the
RDA repeated based on BV (rather than on abun-
dance) reported similar spatial patterns and relation-
ships with the environmental variables (Fig. S6).

In the Downs area, the RDA explained 10.6% of the
variability in plankton community composition of
which 33.5% (3.6% of total variation) was explained
by the first principal component (RDA-PC1; Fig. 5A).
Similarly, to the Buchan/Banks area, this component
was found to be significant. Large chaetognathans
(size class 30—31), tripos, and dinoflagellates were
more abundant in the English Channel, while medium-
to large-sized copepods (size class 26—28), polychaetes,
and jellies were more prevalent in the Southern Bight
stations and had the highest positive scores (Fig. 5A,B).
Most of the distribution of scores per size class crossed
zero (except classes 14, 15, 19, and 22), and the abso-
lute value of the median score per size class was be-
tween —0.2 and 0.2; hence, there was no pronounced
effect of most size classes on RDA-PC1 (Fig. 5B). The
described west—east pattern was detected in all
years with full spatial coverage (2016, 2017, and 2019)
(Fig. 5C,D). Four of the 6 explanatory variables (tem-
perature, salinity, depth, and turbidity) had a sig-
nificant effect on RDA-PC1 (Fig. 5E). Specifically,
depth (ANOVA, F, g = 97.14, p < 0.001), temperature
(ANOVA, F; gg = 342.50, p < 0.001), salinity (ANOVA,
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Fig. 4. Redundancy analysis (RDA) examining the effect of 5 environmental drivers (distance to shore [dist], turbidity [turb],
salinity [sal], temperature [temp], and bottom depth [depth]) and herring larvae abundance (her.larv) on the zooplankton com-
munity composition and distribution during the Buchan/Banks surveys (September, autumn). Scores of the (A) Principal Com-
ponent 1 (PC1) among taxonomic groups and the explained variability and (B) size classes, with the different types indicated in
dark blue (FlowCAM), light blue (ZooSCAN), and purple (both). (C) Station scores and spatial variation; station coordinates
are jittered to avoid overlap among years. (D) Temporal variation of station scores. Bold black line: median; dark grey shading:
interquartile range; light grey shading: 95% quantiles. (E) Pearson correlation coefficient between the PC1 and the 6 explana-
tory variables. Color intensity is proportional to the correlation coefficients (brown: negative; cyan: positive) and shows the
impact on the respective station. Asterisks indicate significance: *p < 0.05; ***p < 0.001

F) g9 = 69.06, p <0.001), and turbidity (ANOVA, F; g9 =
16.17, p = 0.0001) were significant. Overall, tempera-
ture, salinity, and depth had the highest negative
scores. Stations with negative scores were generally
located in the deeper, southwestern part of the Downs
area and were associated with higher temperature
and higher salinity than the northeastern stations
(Fig. 5E). Similarly, to the Buchan/Banks area, the
RDA repeated based on BV (rather than on abun-
dance) resulted in similar spatial patterns and rela-
tionships with the environmental variables (Fig. S7).

Larval herring abundance, used as a predation index,
had a significant effect on the RDA-PC1 in Buchan/
Banks (ANOVA, F; g9 = 5.849, p = 0.017) and Downs
(ANOVA, F,g9 = 4.074, p = 0.047). However, the
score of herring larvae consistently exhibited values
close to zero, suggesting a minimal effect on larval
predation on the plankton community (Pearson's cor-
relation coefficient, r > —0.2). These correlation coef-
ficients were similar when the analysis was repeated
only with suitable prey items of herring larval forag-
ing as described in Akimova et al. (2023) (Fig. S8).
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Fig. 5. Same as Fig. 4, but for the Downs surveys (December, winter). In (D), © indicates incomplete sampling. Asterisks indicate
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3.3. Plankton size structure and
environmental drivers

The total mean NASS slope for Buchan/Banks was
—1.45 (Fig. 6A), with most frequent values ranging
between —1.2 and —1.6 (Fig. 6B). Linear fits for the
NASS slopes had the adjusted R? ranging between
0.86 and 0.98, typically >0.95 (Fig. S9). NASS was
positively correlated with turbidity and salinity and
negatively correlated with temperature (Fig. 6E),
indicating a tendency towards flatter slopes (i.e. a
higher relative abundance of larger organisms) at
stations with higher turbidity and salinity and lower
temperature. Mean NASS slope was steeper in 2014
and 2016 (<—1.6) thanin 2017, 2018, and 2019 (>—1.4)
(Fig. 6D). Similarly, these 2 years (2014 and 2016)
showed slightly distinct spatial patterns as the

north—south spatial gradient in the slopes was not
apparent (Fig. S10). The NASS slopes in Buchan/
Banks showed the strongest correlations with salin-
ity and turbidity (r = 0.57 and 0.58, respectively, p <
0.001), but correlations with all other environmental
variables except herring larval abundance were
found to be significant at p < 0.05 as well (Fig. 6E).

In Downs, the mean NASS slope was —1.67 (Fig. 7A),
with the highest frequencies between —1.9 and —1.6
(Fig. 7B). The NASS slopes in Downs showed a spatial
gradient with flatter size spectra (>—1.4) in the north-
eastern stations and steeper slopes (<—1.6) in the
southwestern stations (Fig. 7C,D). This pattern was
present in all years with full spatial coverage (2016,
2017, 2019) (Fig. S11). The NASS slopes in this area
showed a high negative correlation with tempera-
ture, salinity, and depth (r = —0.52, —0.49, and —0.34,
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Fig. 6. (A) Mean normalized abundance size spectra (NASS) calculated for all stations in the Buchan/Banks survey in Sep-
tember (autumn). Dot sizes represent the relative abundance of the size class used in the weighted linear regression to derive
the slope of the size spectra. R% goodness of fit; Sl: slope; In: intercept. (B) Histogram showing the distribution of individual
slopes. (C) NASS slope depicted in colors showing its spatial variation; station coordinates are jittered to avoid overlap. (D)
Temporal variation of the NASS slope. Bold black line: median; dark grey area: interquartile range; light grey area: 95% quan-
tiles. (E) Pearson correlation coefficient between the slope and the 6 explanatory variables (see Fig. 4 for abbreviations). Color
intensity is proportional to the correlation coefficients (purple: negative; orange: positive). Asterisks indicate significance:
**p<0.01; ***p <0.001

respectively, p < 0.001) (Fig. 7E), while turbidity plankton in the western North Sea (autumn) and the
showed the highest positive correlation (r = 0.58, southern North Sea (winter) over 7 consecutive years.
p <0.001) (Fig. 7E). The planktonic community was found to be homoge-
neous in terms of the relative contribution of the dif-
ferent broad taxonomic groups across years in each

4. DISCUSSION sampling area and season. Generally, the observed

broad range in mesozooplankton abundance was con-

4.1. Community composition in Buchan/Banks sistent with other studies in these areas (Table S6).
and Downs areas For example, the mean abundance of copepod nauplii

in autumn and winter (55 and 38.1 ind. -1 respec-

The present study provides broad-scale information tively) was similar to values reported at the Dove sta-

about the standing stocks of micro- and mesozoo- tion (4.0—20.0 ind. 1=!in autumn, 15.0—43.0ind. 1"!in
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winter; Pitois et al. 2009). However, note that the
average mesozooplankton abundance tended to be
slightly higher in coastal monitoring stations (e.g. L4,
Dove station) compared to cruises with larger spatial
coverage (as in this study). For example, the observed
total plankton abundance in the English Channel
during winter was within the range of previously
reported values (354.9 vs. 266.6 ind. m—2 in Dudeck et
al. 2021), but slightly lower than winter averages in
the L4 station (1500.0 ind. m~ in Eloire et al. 2010)
(Table S6).

Additionally, the observed low plankton abundance
in particular years (see e.g. 2013 and 2019; Table S3)
could have also contributed to those slightly lower
overall abundances. The relative abundance of var-
ious groups such as copepods (60—80%) agrees well
with other studies (e.g. Morse et al. 2017; Table S6).

The sampling method presented here, using 2
plankton nets simultaneously (mesh sizes 55 and
280 pm), has already been proposed as the most
adequate approach to capture the entire mesozoo-
plankton assemblage, including small copepods (e.g.
Oithona spp.) and other small metazoans (Calbet et al.
2001). In this study, on average, 11% more of the
copepodites and adult copepods (>200 pum) were cap-
tured in the 55 pm plankton net compared to the
280 pm GULF VII alone. The abundance of mesozoo-
plankton caught in the GULF net alone was 7.2 times
lower when using only a traditional 280 pm net ver-
sus a combination with a 55 pm net, similar to a pre-
vious study (8.1 times lower; Calbet et al. 2001). This
finding advocates for the combined use of different
mesh-sized nets in large-scale routine monitoring
programs to gain a more realistic estimate of large
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microzooplankton and the entire mesozooplankton
community.

The mean abundance of protists (dinoflagellates
and ciliates) obtained in this study within each sam-
pling area was between 2 and 6 orders of magnitude
lower than previously reported for the North Sea
(Bresnan et al. 2015, Bils et al. 2019; Table S6). The dif-
ference in findings can be attributed to variations in
sampling and preservation approaches employed.
Previous studies utilized Niskin bottles for sampling
and preserved the samples in Lugol, whereas in the
current study, a PUP net was used for sampling and
the samples were fixed with formaldehyde. Mesh {il-
tering of plankton nets can result in up to a 60%
reduction in protist abundance (Gifford & Caron
2000), which here may be further intensified by dam-
age from clogging or the drag induced by the small
mesh size. Additionally, the use of formaldehyde fixa-
tion can result in the dissolution of soft-bodied
dinoflagellates and ciliates (Calbet & Saiz 2005).
Therefore, it is important to interpret our results for
protozoa with caution, as our method may underesti-
mate their abundance. Among the ciliates, tintinnids
are the only group able to better withstand various
types of preservation and filtration (Modigh & Cas-
taldo 20095). For this group, the abundances reported
here were comparable with a previous study in the
North Sea (Bils et al. 2019; Table S6).

4.2. Plankton size structure in Buchan/Banks
and Downs areas

Body size is an important ecological trait that is rel-
atively easy to measure in plankton samples, espe-
cially via automatic image analysis, and these body
sizes can be used to build zooplankton size spectra
(either NASS or NBSS), which can serve as indicators
of ecosystem status (Blanchard et al. 2017, Atkinson
et al. 2021) and are helpful tools for identifying alter-
ations in the food-web structure (Gorokhova et al.
2016). Zooplankton size spectra has been widely used
as an alternative metric to analyze the structure and
the dynamics of marine ecosystems without having to
address their species composition (Blanco et al. 1994,
Zhou 2006). Following Atkinson et al. (2021), we
argue in our study that sampling plankton abundance
over a broad size range is essential for obtaining a reli-
able estimate of the size spectra. Utilizing partial size
spectra (e.g. exclusively micro- or mesoplankton
data) can introduce either a positive or negative bias
into derived size-spectrum slopes (as demonstrated in
Fig. S12). However, caveats are required with respect

to the limitations of each individual sampling me-
thod. In our study, the employed method likely
underestimated the abundance of microplankton
organisms due to formalin preservation and net selec-
tivity, as mentioned above. This can potentially lead
to steeper NASS slopes than those reported here.
Unfortunately, we are not aware of any prior study
reporting the magnitude of such underestimation in
microplankton abundance.

The NASS slopes reported in our study appear
shallower than the theoretical value of —2.0 (Blanco
et al. 1994). However, making a direct comparison
of our findings with previous studies is challenging
due to variations in variables, units, and axis scaling
within size-spectra approaches (Blanco et al. 1994,
Sprules & Barth 2016). Additionally, the plankton
size spectrum can be influenced by sampling, count-
ing, and preservation methodologies (Alvarez et al.
2014). Due to these methodological differences,
only a comparison of spatial and temporal variability
in slopes is feasible here. Clear variations in the
slope have been previously demonstrated across
inshore and offshore areas or across seasons (Zhang
et al. 2019). For instance, steeper slopes were ob-
served offshore for nano- and microplankton in the
South China Sea (Liu et al. 2021), whereas slopes of
mesoplankton size spectra were found to decrease
from nearshore to offshore in the subarctic North
Pacific (Kwong et al. 2022). Seasonal variations,
with steeper slopes during the winter, have been
reported in temperate seas (Atkinson et al. 2021).
These findings are consistent with the steeper
slopes observed in winter in Downs (mean =+ SD:
—1.67 £ 0.18) in comparison to those observed in
autumn in Buchan/Banks (—1.45 = 0.20). NASS
intercepts were similar in both sampling areas and
seasons, although Buchan/Banks in autumn had a
wider range in intercepts (5—30) compared to
Downs in winter (15—30). If we consider the inter-
cept as a reflection of the primary production (Ye et
al. 2013), production levels were comparable across
the different seasons and areas.

4.3. Spatial gradients and environmental drivers
of the plankton taxonomic composition and
size structure in Buchan/Banks

Among the environmental factors tested here, salin-
ity, turbidity, depth, and distance to the coast were
found to be the main drivers of the plankton commu-
nity and size composition in Buchan/Banks in
autumn (Figs. 4E & 6E). Temperature and salinity are
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known to be related to the water masses and their
dynamics, whereas turbidity (defined here as percent-
age of detritus) is mainly driven by processes such as
river runoff, dust deposition, and resuspension of
seabed sediments. No clear temperature gradient was
observed between these 2 water masses during our
sampling in autumn (Fig. S3), and temperature
explained only a small part of the variance in both
RDA (r = —0.17) and correlation analysis (r = —0.25)
applied to the zooplankton data in this region
(Figs. 4E & 6E).

The studied area is strongly influenced by the
inflow of highly saline Atlantic water and river runoff
(Lee 1980). The Atlantic water flows southward and
mixes gradually with the less saline North Sea coastal
waters influenced by freshwater discharge from the
Tyne, Tees, and Humber rivers (Emeis et al. 2015).
Previous research has highlighted the impacts of
water mass dynamics and Atlantic inflow on the
planktonic community's variability in the North Sea
(e.g. Krause et al. 2003, Taylor et al. 2021).

In our study, gastropod larvae and chaetognaths
were found in higher abundances at the northern sta-
tions of Buchan/Banks, in an area strongly influenced
by the Atlantic inflow. This agrees with previous find-
ings of the gastropods Spiratella retroversa, Clione
limancina, and the chaetognath Sagitta elegans being
characteristic taxa in the northwestern North Sea
(Vane 1961, Bone et al. 1987). Tintinnids (the major
group in the ciliate taxa set in this study) were found
to be abundant at the northern stations in Buchan/
Banks as well, whereas they have previously been
reported to be more abundant in the southern North
Sea during wintertime (Bils et al. 2019). This discrep-
ancy may be related to the different environmental
preferences of different tintinnid species (e.g. salin-
ity; Cordeiro et al. 1997), which were not accounted
for in our broad taxa sets. Silicoflagellates, dinofla-
gellates (such as Dinophysis spp.), and gelatinous
plankton (pooled as ‘jellies’ here) were more abun-
dant in the fresher and shallower waters in the south.
Although nutrients were not measured, we speculate
that those taxa sets were more abundant there due to
an elevated nutrient concentration associated with
the river runoff as suggested by Jochem & Babenerd
(1989) and Purcell et al. (2001). Turbidity was identi-
fied as another factor significantly related to the vari-
ability of the zooplankton community and its size
structure. However, turbidity in this area was posi-
tively correlated to salinity and, therefore, high turbi-
dity cannot be ascribed to the river inflow there.
Further investigations will be required to understand
the source of the elevated turbidity in the northern

part of the Buchan/Banks area associated with the
Atlantic Water Inflow.

The percentage of variance in the plankton commu-
nity explained by the RDA with environmental con-
straints was relatively low (11.4% in Buchan/Banks
and 10.6% in Downs). While the leading RDA-PC1
component was deemed significant in both areas, the
overall findings should be approached with caution,
as they accounted only for a small portion of the vari-
ation in the taxonomical and size structure of plank-
ton (6% in Buchan/Banks and 3.6 % in Downs). Poten-
tial explanations for this are discussed in Section 4.5.

Changes in the NASS slope in Buchan/Banks were
consistent with the observed community composition
and the distribution of the water masses, and a similar
north—south gradient was apparent. Turbidity and
salinity were also the environmental variables with a
higher correlation (r > 0.55). NASS slopes did not
show a clear north—south gradient in 2014 and 2016,
years that had steeper average slopes (<—1.6) com-
pared to the others. The reasons behind these differ-
ences remain unclear. For 2016, this may be related to
the exceptionally low salinity registered across the
whole sampling area. This was probably linked to a
relatively low salinity of the Atlantic Water Inflow in
the North Sea, caused by a strong Subpolar Gyre
phase (Taylor et al. 2021).

The abundance of herring larvae had a weak effect
in the RDA-PC1 (r > —0.2) and appeared as a non-
significant effect in the correlation analysis (r <—0.1).
This is in line with other studies that also observed no
significant effects of larval predation on zooplankton
biomass in the Newfoundland coastal waters (Pepin &
Penney 2000). Our approach of combining planktonic
organisms into broad taxonomic groups did not allow
an elaboration of the complex food-web dynamics
within the zooplankton community, but it provided
relevant data sets for exploring larval fish feeding in
the area. Using the present zooplankton data set, a
recent work explored potential food limitation in both
sampling areas by employing an individual-based
model of larval herring foraging and growth (Aki-
mova et al. 2023). This study by Akimova et al. (2023)
suggested that the amount of available zooplankton
and its size composition was adequate to support the
survival of elder herring larvae (>11 mm), whereas it
severely limited growth and survival of the first-feed-
ing larvae smaller than 8 mm. The model results sug-
gested that first-feeding larvae were at a larger risk of
starvation (74% of the stations for 8 mm larvae) in
Buchan/Banks, but that this risk decreased to 5—10%
of the stations for larvae >11 mm. For larvae >15 mm,
more than half of the stations supported ad libitum
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larval growth. Their results contribute to increase our
understanding of the role of starvation mortality in
the recruitment success of autumn-spawning North
Sea herring.

4.4. Spatial gradients and environmental drivers
of the plankton taxonomic composition and
size structure in Downs

The Downs region during winter consistently en-
countered a prominent southwest—northeast gra-
dient from warmer, more saline and less turbid waters
of Atlantic origin flowing through the English Chan-
nel to colder, fresher and more turbid coastal waters
in the Southern Bight (Fig. S3). Chaetognaths, dino-
flagellates, and tripos were dominant taxa in the cen-
tral English Channel, whereas large copepods, jellies,
and echinoderm larvae were more abundant in the
Southern Bight. These results agree with the reported
higher winter abundance of copepods near the Bel-
gium and Dutch coasts compared to the English
Channel (Dudeck et al. 2021). Although small gelati-
nous organisms are generally known to thrive in
warmer waters, high abundances of these organisms
have been previously observed during colder months
across the North Sea and in the Celtic Sea (Purcell
2005, Haberlin et al. 2019). Similar to the Buchan and
Banks area, we presume that a nutrient flux from the
Rhine-Meuse-Scheldt delta can potentially explain
the elevated jellyfish abundance in the Southern
Bight (Purcell et al. 2001). Furthermore, the river dis-
charge seems to cause the observed elevated turbi-
dity in low saline waters in the Southern Bight.

Turbidity was found to be positively correlated with
the NASS slope. This suggests that elevated turbidity
was associated with a higher relative abundance of
larger size classes, like mesozooplankton, while
smaller categories (microplankton) may display a
contrasting reaction, similar to trends observed in
estuarine settings such as Chesapeake Bay (Roman et
al. 2001, Keller et al. 2014). Turbidity seems to also
influence the extent of diel vertical migrations in
copepods, which has been reported to be size-
dependent (Ohman & Romagnan 2016). The latter
study suggested that increased light attenuation may
reduce diel vertical migrations of medium-sized
copepods, which are the ones exhibiting larger verti-
cal migrations compared to small- and large-sized
copepods. Given the increased turbidity and dark-
ening projected for the North Sea (Capuzzo et al.
2018 and references therein), it is important to con-
tinue exploring how the distribution and behavior of

different zooplankton organisms change in response
to the different climate change factors (and their
interactions).

Similar to the Buchan/Banks area, herring larval
predation was not significantly correlated with zoo-
plankton community and size structure in Downs.
Results from the above-mentioned individual-based
model for larval herring from Akimova et al. (2023)
showed that herring larvae between 6 and 26 mm in
length experienced substantial starvation in these
areas in winter, albeit starvation mortality was higher
in smaller larvae (>80%) than in larger ones (ca. 35%).
As the authors highlighted in that study, it is difficult
to reconcile the high starvation potential with current
trends in the autumn-spawning North Sea herring
population, where the contribution of the Downs
component is increasing. Therefore, further investi-
gation of the interplay between larval starvation and
predation is required in the future. Simultaneous
sampling of zooplankton and herring larvae during
the THLS as performed here is helpful to assess realis-
tic larval foraging success and separate integrated
larval mortality into its starvation and predation
components.

4.5. Taxonomic information versus size spectra

Plankton time-series are increasingly used to in-
form policy and management about the state and pro-
ductivity of marine ecosystems (Bedford et al. 2018,
2020b). In particular, fisheries management is inter-
ested in zooplankton data, given that fish early life
stages and recruitment success often depend on zoo-
plankton stock and productivity (Garrido et al. 2024).
In this regard, it is important to generate data at an
adequate spatial and temporal resolution that can
reveal changes in ecosystem functioning under vari-
able environmental conditions (Scott et al. 2023). The
development of easy and time- and cost-effective
tools to provide key data on plankton groups and
their abundance or biomass is thus gaining increased
attention (e.g. Pollina et al. 2022). The state-of-the-
art automated image processing, although time-
effective, currently allows the identification of zoo-
plankton organisms to rather broad taxonomical
groups (e.g. copepods, chaetognaths, dinoflagel-
lates) and barely to the species level. However, such
analysis seems to be adequate to provide the abun-
dance and biomass of certain zooplankton groups,
which have been used to detect large-scale, long-
term changes in the planktonic community in re-
sponse to climate-related processes (e.g. Bedford et
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al. 2020a, Scott et al. 2023) or to assess prey availabil-
ity to study foraging of fish larvae (Akimova et al.
2023). However, this broad taxonomical resolution
precludes a thorough exploration of the environmen-
tal drivers affecting the community composition. For
instance, the copepod taxa set was likely composed of
a mixture of several species common in the North Sea
(e.g. Calanus finmarchicus, C. helgolandicus, Oithona
atlantica, and O. similis), each of them having a dis-
tinct affinity for temperature and salinity (Lindegren
et al. 2020). In our study, the environmental variables
accounted for a small proportion (ca. 11%) of the
overall spatial and interannual variability of the
planktonic community (see Section 3.5). The limited
explanatory power of the environmental variables
could be attributed to the general inherent variability
associated with plankton sampling and the restricted
scope of the environmental variables used, which did
not include conditions preceding sampling. Internal
biological interactions and small-scale dynamics
may be responsible for a significant variance in the
data sets that cannot be explained by environmental
variability.

Using a size-spectra approach allows us to focus
only on the size structure of the zooplankton commu-
nity and reduces the amount of noise in the data stem-
ming from such small-scale species interactions or
limitations of the taxa identification methods. The
environmental variables used in this study explained
between 34 and 52% of the variability in the size-spec-
tra slope in both areas (see Section 4.3). It is worth
noting that the most important environmental drivers
identified in the correlation analyses with NASS slope
were consistent with those identified in the RDA
using species- and size-resolved data. This points out
the usefulness of the size-spectrum approach as a sim-
plistic metric to describe ecosystem status and envi-
ronmentally driven changes in food-web structure
and ecosystem productivity (Sprules & Munawar
1986, Petchey & Belgrano 2010). Thorough explora-
tions of the plankton community should encompass a
broad range of organismal weights. Atkinson et al.
(2021) suggested that data to construct a reliable size
spectrum should cover at least 7 orders of magnitude
to include small phytoplankton and zooplankton. In
addition, spatial and temporal integration should be
incorporated to avoid short-term snapshots that
could be misleading.

The results from our study highlight the benefits
and limitations of using taxonomically and size-
resolved plankton data sets compared to solely
size-resolved ones alone. The choice of a suitable
methodology not only needs to consider the level of

community and spatial resolution required to answer
a particular research question but also practical
aspects such as available effort and expertise. Ideally,
both taxonomically and size-resolved approaches
should be used in parallel to explore different aspects
of the planktonic community.

4.6. Conclusions and outlook

The present study provides a thorough explora-
tion of the plankton standing stocks and spatial—
interannual changes in micro- and mesozooplankton
abundance in the temperate North Sea during low
productivity seasons. The planktonic community
was shaped along environmental gradients, pri-
marily salinity, temperature, and turbidity, which
are related to inflows of North Atlantic waters in
the western and southern North Sea. These gra-
dients were apparent when analyzing the commu-
nity structure as broad taxa and size spectrum
slopes, suggesting that the latter can be useful to
track environmentally driven changes in the plank-
ton community.

Annual ichthyoplankton surveys, such as IHLS,
offer a unique and low-cost opportunity for sampling
micro- and mesozooplankton. Prior to implementing
our sampling, the IHLS only quantified herring larvae
captured in the Gulf VII samples and a few other
planktonic organisms targeted for specific analyses
(e.g. Dudeck et al. 2021). However, our annual sam-
pling is an example of the way forward to more
holistic sampling, which is needed to support an eco-
system-based approach to fisheries. The combination
of survey instruments such as the PlanktoScope (Pol-
lina et al. 2022) with automated plankton classification
tools (Conradt et al. 2022) can greatly reduce the
effort needed to process zooplankton samples, allow-
ing for higher-frequency spatiotemporal sampling of
lower trophic level organisms building the base of the
marine food web. Ultimately, the combination of both
traditional and novel instruments and procedures will
help optimize survey designs (Scott et al. 2023) to ob-
tain a more complete understanding of the processes
involved. Zooplankton sampling simultaneously with
regular scientific fishery surveys can substantially ex-
pand existing global, publicly accessible plankton
data sets. These data sets can be used to better under-
stand factors affecting ecosystem productivity and to
develop early warning indicators for hydro-climatic
changes in rapidly changing marine ecosystems (Bed-
ford et al. 2018, Taylor et al. 2021). Furthermore, they
can be used to validate nutrient—phytoplankton—
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zooplankton—detritus models (D'Alelio et al. 2016) or
build physiological models of fish larvae (Akimova
et al. 2023).

Data availability. All data sets and corresponding code can
be accessed through the Zenodo repository at https://doi.
0rg/10.5281/zenodo.13616727.
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