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ARTICLE INFO ABSTRACT

Keywords: Time-series are crucial to understand the status of zooplankton communities and to anticipate changes that might
Zooplankton affect the entire food web. Long-term time series allow us to understand impacts of multiple environmental and
Copepoda

anthropogenic stressors, such as chemical pollution and ocean warming, on the marine ecosystems. Here, a
recent time series (2018-2022) of abundance data of four dominant calanoid and one harpacticoid copepod
species from the Belgian Part of the North Sea was combined with previously collected (2009-2010, 2015-2016)
datasets for the same study area. The time series reveals a significant decrease (up to two orders of magnitude) in
calanoid copepod abundance (Temora longicornis, Acartia clausi, Centropages spp., Calanus helgolandicus), while
this was not the case for the harpacticoid Euterpina acutifrons. We applied generalized additive models to quantify
the relative contribution of temperature, nutrients, salinity, primary production, turbidity and pollution
(anthropogenic chemicals, i.e., polychlorinated biphenyls and polycyclic aromatic hydrocarbons) to the popu-
lation dynamics of these species. Temperature, turbidity and chlorophyll a concentrations were the only vari-
ables consistently showing a relative high contribution in all models predicting the abundances of the selected
species. The observed heat waves which occurred during the summer periods of the investigated years coincided
with population collapses (versus population densities in non-heatwave years) and are considered the most likely
cause for the observed copepod abundance decreases. Moreover, the recorded water temperatures during these
heatwaves correspond to the physiological thermal limit of some of the studied species. As far as we know, this is
the first study to observe ocean warming and marine heat waves having such a dramatic impact (population
collapse) on the dominant zooplankton species in shallow coastal areas.

Time-series

Belgian part of the North Sea
Climate change

Marine heatwaves

0.06 °C per decade (1.58 + 0.25 °C change; Kessler et al., 2022).
Moreover, in response to past and current greenhouse gas emissions,

1. Introduction

Climate change is affecting our oceans and seas, leading to elevations
in water temperature and changes to ocean chemistry, sea-level, and
oceanographic currents (Stocker et al., 2013). The average temperature
of the global ocean surface increased by 0.88 [0.68 to 1.01] °C (90 %
confidence interval) over the past 150 years (IPCC, 2021). 0.60 °C of this
increase occurred between 1980 and 2020, indicating a recent acceler-
ation of the warming (IPCC, 2021). Recently, the North Sea was
observed to warm the fastest in the entire Atlantic for the period
1980-2020, with a warming of the sea surface temperature of 0.39 +

future ocean warming will continue to be perpetuated for the coming
centuries (Cheng et al., 2019; IPCC, 2021). For example, the IPCC pro-
jects that under representative concentration pathway (RCP) 8.5 in the
period 2017-2100, the ocean heat content in the upper 2000 m of the
water column will increase ~5-7 times as compared to the 1970 to 2017
period (IPCC, 2019). Lately, the increase in the occurrence of extreme
events associated with global climate change, such as summer heat
waves, has attracted more attention from research in both regional and
global earth systems (IPCC, 2021). Consequently, these heatwave events
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cause anomalously warm seawater in relatively short time periods via
local air-sea heat flux exchanges, which are also known as marine
heatwaves (MHWs) (Chen et al., 2022; Hobday et al., 2016). Nearly 70
% of global oceans experienced strong or severe heatwaves in 2016, an
increase from 30 % compared to data from 2012 (Hobday et al., 2018).
So far, few studies have examined the impact of these MHW on marine
biodiversity, but documentation of disturbance by these MHW events to
marine ecosystems and their services is increasing (Smale et al., 2019).

Marine ecosystems provide important ecosystem services on which
man depends (Townsend et al., 2018). While fish and associated fish-
eries provide are well known (Holmlund and Hammer, 1999), other
marine key organisms — which are often overlooked and understudied —
also contribute to these services. The mesozooplankton, for example,
comprise an important connection between phytoplankton and higher
trophic levels (e.g., several (often commercial) pelagic fish and some
marine birds and mammals). It further contribute to the carbon cycle
(and the benthic zone) through formation of marine snow, the sedi-
mentation of dead carcasses and faecal pellets (Wexels Riser et al.,
2002). Hence, zooplankton supply to the role of pelagic ecosystems as
carbon dioxide sources or sinks and other greenhouse gasses as well,
throughout the generation of detritus, i.e., marine snow (Kigrboe, 2001).
Hence, zooplankton responses to changes in environmental variables are
likely to induce elemental changes in the established dynamics of ma-
rine ecosystems, causing fluctuations in primary production and other
environmental conditions that ultimately will translate into the higher
trophic levels (Buttay et al., 2015). Environmental variability is rapidly
reflected in zooplankton population dynamics due to their typically
short life cycles (Bellier et al., 2022; Hays et al., 2005). These organisms
have consequently been suggested as sentinel species for climate change
and ocean warming in particular (Buttay et al., 2015; Hays et al., 2005).
Plankton are recognised to provide important knowledge on the state of
pelagic ecosystems, their dynamics, and the functioning of the marine
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food web (e.g., O'Brien et al., 2011; Castellani and Edwards, 2017).
Although monitoring of zooplankton assemblages (such as the Contin-
uous Plankton Recorder, CPR) has been conducted in the marine envi-
ronment around the world since the early 20th century (e.g., Batten
et al,, 2003; O’Brien et al., 2017), spatiotemporal variations in the
composition of zooplankton assemblages and plankton dynamics in
general remain poorly known, even in well-studies areas like the North
Sea.

The southern Bight of the North Sea, including the Belgian Part of the
North Sea (BPNS, Fig. 1), is a shallow, well-mixed basin, characterised
by subtidal sandbanks that run parallel to the coast. The BPNS is a
eutrophic ecosystem as a result of nutrient inputs via the discharge of the
prominent western European rivers Rhine, Meuse and Scheldt (Lacroix
et al.,, 2004; Daro et al., 2006). The area is heavily influenced by
anthropogenically induced impacts such as dredging and shipping (ac-
cess to the ports of the Hamburg-Le Havre range) incl. The import of
invasive and potentially harmful species, aggregate extraction,
anchorage zones, historical dumping sites, professional bottom trawling,
recreational fisheries, the construction of offshore wind farms and other
infrastructure engineering, and pollution (Lescrauwaet et al., 2013).
Recent mesoscale zooplankton surveys in the BPNS - documenting
species composition and seasonal zooplankton dynamics — have been
carried out by Van Ginderdeuren et al. (2014), Deschutter et al. (2017),
Semmouri et al. (2020a, 2020b, 2021) and the LifeWatch observatory
(Flanders Marine Institute, 2021, 2021b; Mortelmans et al., 2019, 2021;
Ollevier et al., 2021). The zooplankton community is dominated by
copepods, the key group in terms of abundance and biomass. Their
biomass usually surpasses 80 % of the total zooplankton biomass (Wil-
liams et al., 1994). Mortelmans et al. (2021) observed that harpacticoid
and calanoid copepods combined constitute 70.15 % of the total
zooplankton abundance in the BPNS. The copepod species assemblages
in the BPNS are mainly represented by four taxa in terms of abundance:

+
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Fig. 1. Map showing sampling locations and names of sampling stations in the Belgian Part of the North Sea (BPNS) of this study (squares) and stations sampled by
Van Ginderdeuren et al. (2014, closed circles) and Deschutter et al. (2017, open circles). Please note that stations 130 and 330 have been sampled in both this study
and by Deschutter et al. (2017). The nearshore, midshore, offshore and far offshore zones are indicated on the map. The crosses indicate the location of three coastal
cities. Bathymetry reported in meter (m). Modified from Mortelmans et al. (2019) with authorisation from the authors.
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the calanoids Acartia clausi (Giesbrecht, 1889), Temora longicornis
(Miiller, 1785), Centropages spp. (Krgyer, 1849) and the harpacticoid
Euterpina acutifrons (Dana, 1847) (Deschutter et al., 2017; Semmouri
et al., 2021; Van Ginderdeuren et al., 2014).

To comprehend population dynamics in the context of higher cli-
matic variability and increasing anthropogenic pressure, long-running
datasets from ocean observation programs are crucial to understand
and to improve predictions about potential changes that might affect the
functioning of marine ecosystems and the services they provide. As
discussed profoundly in Mortelmans et al. (2021), such data from the
Belgian Part of the North Sea (BPNS) is scarce. A notable exception is
recent work of the same authors (Mortelmans et al., 2021), who used the
ZooScan plankton imaging device (Gorsky and Grosjean, 2003; Grosjean
et al., 2004), enabling a rapid and automated assessment of abundance,
size and biomass estimations of preserved plankton samples to investi-
gate copepod population dynamics. However, the taxonomic resolution
of their dataset is rather low, as it provides counts on the level of orders
(i.e., calanoid, harpacticoid copepods), hence, missing important
changes at the species level (as described in Mortelmans et al., 2021).
Yet, information at the species level is crucial, as certain species
contribute more extensively to the food web than other species. For
example, Van Ginderdeuren et al. (2013) reported that the common
calanoid copepod species A. clausi, is barely preyed upon by the pelagic
fish stocks in the BPNS, in contrast to the calanoid T. longicornis, which is
one of the main prey items of sprat, herring and mackerel. Therefore, in
the current study we examined the links between copepod dynamics (at
the species level) and changes in environmental factors by analysing a
long-term zooplankton time series. This time series was established by
pooling data from two published studies and that of a newly generated
dataset in the BPNS, in total covering information of 14 years
(2009-2022). The aim of this study is to delineate the seasonal and
interannual variations in the abundances of five copepod species in the
BPNS and to study the importance of the main environmental factors to
explain the copepod density changes, with a focus on the effects of
temperature and chemical pollution.

2. Material & methods
2.1. Sampling

Zooplankton were sampled with the research vessel (RV) Simon
Stevin during 44 different sampling campaigns performed from 2018
through 2022 (start: 20th February 2018, end: 12th of December 2022)
at four different stations in the BPNS (Fig. 1). In 2018 and 2019, samples
were taken in bimonthly sampling campaigns. Due to the COVID-19
pandemic and the associated restrictions in spring 2020, the sampling
strategy for 2020 till 2022 was adapted to collecting samples monthly,
due to uncertainty of the situation and the prevailing regulations. Two
nearshore and two offshore stations were chosen: the nearshore stations
were stations 130 and 230, situated approximately four and ten km off
the harbour of Ostend, Belgium, respectively (Fig. 1). The two offshore
stations were station 215, situated on the Flemish banks in the western
part of the BPNS, and the more eastern station 330, located approxi-
mately 17 and 24 km from the coast, respectively (Fig. 1). Sampling time
and GPS locations are provided in Supplementary Table 1. In total, 170
zooplankton samples (86 nearshore, 84 offshore) were collected. The
sampling was conducted simultaneously to the long-running sampling
and monitoring efforts by Flanders Marine Institute (VLIZ), Belgium
(2021, 2021b).

Zooplankton was sampled using a vertically towed WP2 net (57 cm
diameter, 200 pm mesh size), fitted with a flow meter that was towed in
an oblique haul from bottom to surface. The zooplankton samples were
fixed and stored in a 70 % ethanol solution and were subsequently used
for species identification. In the lab, the copepodite stages of the cala-
noid copepods Temora longicornis, Acartia clausi, Centropages spp., Cal-
anus helgolandicus (Crustacea, Copepoda, Calanoida) and the pelagic
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harpacticoid copepod Euterpina acutifrons (Crustacea, Copepoda, Har-
pacticoida) were identified and counted using a stereomicroscope (Leica
MZ 10). The species Centropages hamatus and Centropages typicus den-
sities were pooled due to uncertainties identifying the copepodite stages
of both species.

2.2. Measurements of environmental variables

At each sampling station, conductivity (pS/cm), temperature (°C)
and depth (m) profiles were collected with a Seabird SBE25plus CTD
(Flanders Marine Institute (VLIZ), Belgium, 2021). Additionally the
following parameters were quantified at 3 m depth: salinity of the water
body (-), the density of the water body (kg/m>), the pressure of the
water body (decibel; CTD derived), the sound velocity through the water
body (m/s), the optical backscatter (OBS) as turbidity of the water body,
expressed in Nephelometric Turbidity Units (NTU), the concentration of
Suspended Particulate Matter (SPM) in the water body (expressed in
mg/L) and the Secchi Depth (cm) as a proxy for the transparency the
water body.

Water samples, collected at a depth of 3 m, were taken with Teflon-
coated Niskin bottles and were subsequently analysed for nutrient and
pigment concentrations by the LifeWatch observatory as part of the
Flemish contribution to the LifeWatch ESFRI by the Flanders Marine
Institute (Flanders Marine Institute (VLIZ), Belgium, 2021b). Each time,
200 mL of seawater was filtered with a cellulose-acetate filter (pore size
8.0 um, o 47 mm, Cytiva) for nutrient analyses. Nutrients were analysed
using a QuAAtro39 Continuous Segmented Flow Analyzer (SEAL
Analytical GmbH, Norderstedt, Germany): water samples and reagents
were continuously pumped through a heated chemistry manifold
(37 °Q), resulting in a specific colour of which the intensity is propor-
tional to the concentration of the specific nutrient. The following nu-
trients were measured: nitrate (NO3), nitrite (NO3), phosphate (PO%’)
and silicate (SiOf‘f) concentrations.

In regard to the pigment analyses, a vacuum pump and corre-
sponding filter unit, in combination with Whatman GF/F glass fibre
filters (47mm) was applied to filter as much seawater as possible to
saturate the filter (Mortelmans et al., 2019). After the filter ran dry, the
sides of the sample container were flushed clean thoroughly with Milli-Q
water. The filter was stored in a 2mL storage unit in liquid nitrogen.
High Pressure Liquid Chromatography (HPLC) was subsequently used to
determine the identity and quantity of the pigments, according to the
protocols described in Mortelmans et al. (2019).

The concentrations of polychlorinated biphenyls (PCB) and poly-
cyclic aromatic hydrocarbons (PAH) in the seawater, used as proxies for
anthropogenic pollution, were determined at each sampling location, in
samples of 5 L seawater, of which 4 L were retained per sample for the
analyses. The concentration of these compounds was quantified with gas
chromatography-mass spectrometry after liquid extraction of the
filtered (0.7 pm) water samples. To do so, internal standards (deuterated
analogues of parent PAH compounds (Dr. Ehrenstorfer, VWR) and PCB
congeners 14, 112, 143, 155 and 204 (Supelco/Dr. Ehrenstorfer, Sigma-
Aldrich/VWR)) were added to the 4 L volumes of water, which were
extracted three times with dichloromethane. The extract was subse-
quently dried on NaySO4 and concentrated to about 5 mL using a rotary
evaporator, followed by concentration under Ny to 0.2 ml. Anthrac-
ene-djo (Dr. Ehrenstorfer, VWR) was added as recovery standard. The
extracts were concentrated and analysed with a gas chromatogra-
phy-mass spectrometer (GC-MS, Thermoquest, Austin, Texas, USA).
The extracts were injected (1 pL) on a 30 m * 0.25 mm DB5-ms cross-
linked fused silica capillary (0.25 pm film thickness). The carrier gas was
helium (99.999 %) at a linear flow of 1 mL min~". Splitless injection at
an injection temperature of 230 °C was performed. Column initial
temperature was kept at 55 °C during injection and its temperature
increased at 15 °C min~! to 310 °C which was held for 6 min. Via a
transfer line heated to 310 °C, the GC column was directly coupled to the
ion source of the MS mass spectrometer. The quadruple MS operated in
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the selected ion monitoring electron ionization mode with the ion source
at 250 °C. All solvents used were of purity suitable for organic residue
analysis.

As in Deschutter et al. (2017), PAH and PCB concentrations were
multiplied with their corresponding octanol/water partition coefficient
(Kow) and subsequently converted to molar concentrations, before
summation (sum_PCBs, sum_PAHs):

SUMpCRs, SUMpaHs = Z <(concentration,-*Kow.,-) / M,) (@D)]

i

With concentration being the concentration of the PAH/PCB com-
pound i (pg/L), and M representing its molecular weight, expressed in g.
mol ™. The octanol/water partition coefficient (K,yw), a measure of a
compound’s hydrophilicity/lipophilicity, is defined as the equilibrium
ratio of the chemical’s concentrations in octanol over water at a certain
temperature (Cumming and Riicker, 2017). It is an important charac-
teristic of a substance as it influences to a large extent the compound’s
fate both in the environment as well inside a living organism (Cumming
and Riicker, 2017). Compounds with a high K, are more inclined to
adsorb more easily to organic matter and accumulate more readily in
lipid tissue because of their lower affinity for water and thus higher
affinity for lipid-rich matrices (Chiou, 1985; ECHA, 2008). Similar as in
Deschutter et al. (2017), PCB and PAH concentrations were therefore
summed after multiplication with their K, values (Eq. 1), assuming
nonpolar narcosis to be the major mode of action for both categories of
toxicants (McCarty and Mackay, 1993). Toxicant concentrations are
thus expressed as pmol POPs /kg lipid weight.

2.3. Continuous temperature measurements at Thornton bank

Additionally, temperature data (air temperature (°C) and seawater
temperature at approximately 1.1 m depth (°C)) was collected every
hour for the period 2018-2022 from an offshore buoy situated at sam-
pling station W07 at the Thornton bank (51.58 Lat. 2.993 Long.),
approximately at 30 km off the Belgian coast (Zeebrugge) (Flanders
Marine Institute, 2022).

2.4. Data series and data integration

Zooplankton abundance and environmental data in this study is
derived from three different datasets: (1) data obtained from the current
study (2018-2022, see Sections 2.1 and 2.2), (2) a dataset previously
generated by our laboratory in 2015 and published by Deschutter et al.
(2017) and (3) a zooplankton dataset collected by Van Ginderdeuren
et al. (2014) between 2009 and 2010. The datasets cover 4, 6, and 7
stations in the BPNS, respectively (Fig. 1). Nearshore station 130 and
offshore station 330 have been sampled in both this study and in the
study of Deschutter et al. (2017). The far offshore samples collected by
Van Ginderdeuren et al. (2014) were not included in this study, as the
zooplankton community is relatively different and no comparable
sampling stations in proximity were visited in the recent sampling
campaigns. Both Deschutter et al. (2017) and Van Ginderdeuren et al.
(2014) used the same sampling protocol as used in this study, hence,
yielding a comparable time series. In total, data are derived from 376
different samples.

2.5. Statistics

All statistical tests were executed in R Studio. Prior to all analyses,
outliers were detected by means of Cleveland dotplots and withdrawn
from further analyses. The Shapiro-Wilk test of normality and Levene’s
test of homogeneity of variances were applied as pre-tests to all data.
Differences between densities collected at different years, seasons or
locations were statistically analysed using the non-parametric Kruskal-
Wallis test, followed by a pairwise Wilcoxon test. Differences were
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considered statistically significant if the Benjamini-Hochberg (BH)
adjusted p-value was smaller than 0.05. Spearman rank correlation an-
alyses were applied to determine the correlations among the environ-
mental variables and copepod abundances.

The seasonal variability as well the spatial distribution in the
copepod community composition (i.e., the 5 investigated species) was
visualised using a Principal Component analysis (PCA) and a corre-
sponding correlation circle, after log-transformation of the abundance
data using the Factoextra, FactoMineR v.2.0, corrplot and ggplot pack-
ages in R v.4.1.1. In the correlation circle, each recorded species is
represented as a vector, which signals the combined strength of the re-
lationships between the taxon and the two PCs (i.e., the vector length)
and whether these associations are positive or negative (i.e., the vector
direction). The angle between two vectors signals the degree of corre-
lation between two taxa (0° = indicates a complete positive correlation,
an adjacent angle indicates a highly positive correlation, an orthogonal
angle (90°) indicates that the two variables are completely uncorrelated,
and opposite angles (180°) indicate a completely negative correlation).

The Bray-Curtis distance on log transformed abundance data was
used to estimate the degree of dissimilarity between the samples. To test
the hypothesis that copepod communities differ in time and/or space,
the Bray—Curtis dissimilarity matrices were ordinated by Multidimen-
sional Scaling (MDS) and the stress level, or measure of the goodness of
fit, was computed for the ordination. We tested the difference between
community states by applying a Permutational Multivariate Analysis of
Variance (PERMANOVA) with 999 permutations (Anderson, 2001),
implemented by the ‘adonis’ function in the vegan package v.2.5.2
(Oksanen et al., 2015). Here, a Bray—Curtis dissimilarity matrix, calcu-
lated from log transformed copepod abundance data, was used to be
representative of the community composition. Timing of sampling (both
month and year), as well as sampling location, were used as predictor
variables.

2.6. GAM modelling and covariate selection

Generalized additive models (GAMs) were applied to identify and
quantify the main drivers of the abundance of four of the five investi-
gated copepod taxa in the BPNS. Densities of C. helgolandicus were not
suited for this kind of models as this species was mostly absent in our
samples (Fig. 2), causing a considerable discrepancy among the esti-
mates of the basic functions composing the smoothers for this taxon. In
contrast to generalized linear models, who are restricted to the
assumption that all explanatory variables are linked in a linear combi-
nation with the response variable, GAMs can handle nonlinear, non-
monotonic relationships between the assortment of explanatory
variables and the response variable by applying nonparametric smooth
functions of the explanatory variables (Zuur et al., 2009). GAMs were
fitted using the “mgcv” package v. 1.8.36 (Wood and Wood, 2016) in R
v4.1.1. For each particular model, we modelled the log10 (abundance.
m~> + 1) as a function of the environmental predictors. In the current
study, the general form of the GAM is proposed by the following
equation:

Ely] =a+s(Vi)+ - +5s(V,) +¢ (2)

with E[y] representing the response (dependent) variable y, a repre-
senting the intercept of the parametric term that represents the mean of
the response variable, s representing the smoothing function based on
the thin plate regression spline, V; representing the independent vari-
ables, and ¢ constitutes the error term.

To assess which parameters would be selected for constructing the
GAMs, we first investigated the correlation between the variables
(Spearman). To avoid collinearity, variables with a concurvity >0.7
were removed from the analyses after evaluation of their possible
ecological significance in the model. Concurvity refers to the general-
ization of collinearity, referring to the situation where a smooth term
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Fig. 2. Log transformed abundances for the calanoid copepods Temora longicornis, Acartia clausi, Centropages spp., and Calanus helgolandicus, the harpacticoid
Euterpina acutifrons and total copepod abundances (bottom row), expressed in ind/m?, for the periods 2009-2010, 2015 and 2018-2022 in the Belgian Part of the
North Sea (white circles). All available samples were included. Mean monthly values are represented by a black dot. Data gaps of four and two years are present

between the two periods.

can be estimated by a combination of the other smooths. So far, no
universal criteria for concurvity have been defined, but one study dis-
cussing the effects of concurvity proposes that values higher than 0.5
start to introduce noticeable errors (He, 2004). The parameters that
were selected to construct the GAMs include water temperature, salinity,
Secchi depth, chlorophyll a concentrations, and the sum of PCB and PAH
concentrations.

All GAMs were based on a Gaussian error distribution with
smoothing parameters estimated by restricted maximum likelihood
(REML) maximization, as described in Wood (2010). Models containing
all potential combinations of the selected variables were assembled and
were then ranked following Akaike’s information criterion (AIC) (Cav-
anaugh and Neath, 2019). In other words, variables were selected to
minimize the AIC and maximize the Spearman rank correlation coeffi-
cient. Based on the AIC, the Akaike weight (w;) of each model, a value
between 0 and 1, was calculated as the probability of each model being
the best model, given the data and the set of candidate models (e.g.,
Burnham and Anderson, 2003):

exp(~18)
> ew(—14)

where A; is equal to the AIC of the best model — AIC of the model of
interest i, Ay is the AIC of the best model - the AIC of model x, and where
the denominator is the sum of A4 of all X models that have been tested
(Symonds and Moussalli, 2011). The strength of evidence in favour of
one model over the other is acquired by dividing their Akaike weights.
Therefore, the evidence ratio (ER = wj/Wim) was determined to
examine whether the model with the highest w; (wj ) was truly a better

3

w; =

model relative to the models with a lower wi (Wj,) (Burnham and
Anderson, 2003; Symonds and Moussalli, 2011). Any model with an ER
> 2 was considered as negligible with respect to the best model (cf.
Symonds and Moussalli, 2011).

The residuals of the best fitted model were subsequently used to test
for underlying assumptions of normality and homogeneity (Zuur et al.,
2009). Homogeneity was concluded, when the variability of the re-
siduals was similar across the range of fitted values. Graphical di-
agnostics were used to evaluate normality. Normality was assumed if the
QQplot displayed a straight line of residuals and when the histogram of
the residuals displayed a bell-shaped curve (Wood, 2006; Zuur et al.,
2009). The explained deviance was utilised to estimate how much of the
variability in the data was explained by the selected models (Zuur et al.,
2009). Variables occurring in the best models (ER <2) were chosen as
they contribute in explaining the variability of the dependent variable.
The proportion of variance explained by a variable was quantified by
calculating the reduction in deviance after fitting an alternative model
without the variable respectively.

3. Results
3.1. Trends in population densities

T. longicornis was the most commonly found species, occurring in
almost all samples (98 %), followed by A. clausi (present in 98 % of the
samples), Centropages spp. (93 %), E. acutifrons (91 %) and
C. helgolandicus (35 %) (Table S1). T. longicornis and Acartia clausi can be
regarded as wide spread, abundant species in the BPNS all year round
and occurring at all stations, reaching high densities (up to 7616 ind.
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m~ in July 2010 at station WO1 and up to 3735 ind. m > in September
2010 at station WO7, respectively). Centropages spp. abundances dis-
played a similar pattern with densities found up to 4498 ind m~ in July
2010 at station WO1. Densities of C. helgolandicus remained very low
throughout the years with maximum abundances of 96.8 ind m~> (June
2010 at station WO7). E. acutifrons densities typically peaked from
August to December with densities found up to 4250 ind m~2 in
September 2009 at station W04. Total copepod densities reached a
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maximum in late spring and early summer, with a second smaller peak
in late summer/early autumn in some years (Fig. 2, S1). T. longicornis
and A. clausi both contributed most to the spring peak of copepod
abundance, while the autumn peak was associated with increased den-
sities of T. longicornis and E. acutifrons. There were no significant dif-
ferences in the densities of E. acutifrons between the sampled stations,
regardless of time (Kruskal-Wallis, p > 0.05), while densities of the
calanoid species collected in two nearshore stations (120,130) were

[
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O' L ] L ]
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Fig. 3. Boxplot of the log transformed abundances of the copepods Temora longicornis (A), Acartia clausi (B), Centropages spp. (C), Calanus helgolandicus (D), and
Euterpina acutifrons (E) in the BPNS in the last 10 years. The thick black horizontal line represents the median, the box constitutes the upper and lower (25 % and 75
%) quartiles, while the bars represent the data range.
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significantly lower compared to the other stations (Pairwise Wilcox test,
BH adjusted p < 0.05).

Average recorded copepod densities are reported in Table S4. A
Kruskal-Wallis test showed that there is a statistically significant dif-
ference in average T. longicornis densities between the years (X2(7) =
101.1, p < 0.01), with densities from years 2015 and 2018-2022 being
significantly lower compared to the period 2009-2010 (Pairwise Wilcox
test, BH adjusted p < 0.05; Fig. 3). In 2018 and 2022, T. longicornis
densities were significantly lower than in any other sampling year.
Densities in 2021 were significantly higher than in 2018 and 2019, but
not significantly different from 2020 (BH adjusted p < 0.05; Fig. 3). The
average density of T. longicornis in the BPNS in 2020 was 39.4 % lower
compared to the average annual from 2010 (Table S4). Except for the
densities of the harpacticoid copepod E. acutifrons (Kruskal-Wallis, p >
0.05), the densities of the other investigated copepod species were
significantly different over the sampling years as well (Kruskal Wallis
¥2(7) of 99.7, 94.9 and 38.4 for A. clausi, Centropages spp. and
C. helgolandicus, respectively; p < 0.01). A. clausi and Centropages spp.
densities were significantly higher in 2009 and 2010 compared to more
recent sampling years (Pairwise Wilcox test, BH adjusted p < 0.05;
Fig. 3). There is no significant difference in abundance in the years
2019-2022 for Centropages spp., while A. clausi densities were signifi-
cantly higher in 2020 (p < 0.05; Fig. 3). The average densities of A. clausi
and Centropages spp. in the BPNS in 2020 were 14.1 and 79.8 % lower,
respectively, compared to the average annual from 2010 (Table S4).
C. helgolandicus densities in the period 2015-2021 were significantly
lower compared to 2009, but there were no significant density increases
or decreases in 2015-2022 (Fig. 3).

3.2. Copepod community analyses

First, the seasonal variability and spatial distribution in the copepod
community composition was visualised using a PCA analysis. 50.2 % and
21.6 % of the variance is explained by the first and second axis of the
PCA analysis, respectively (Fig. 4). The first axis is most strongly
correlated to calanoid densities, while the second axis mainly is asso-
ciated with E. acutifrons densities (Fig. 4). T. longicornis densities were
significantly correlated with Centropages spp., A. clausi and
C. helgolandicus densities (Spearman Rho of 0.61, 0.65 and 0.42,
respectively, p < 0.01), but not with E. acutifrons densities (p > 0.05).
Only, A. clausi abundances correlated significantly with E. acutifrons
abundances (Spearman Rho of 0.21, p value <0.01). The copepod den-
sities clearly show clustering according to sampling time (sampling
season, i.e., month), while this was not the case for sampling location or
year (Fig. 4).

To enhance our understanding of changes in the structure of the
copepod community over time/per location, we applied Multidimen-
sional Scaling (MDS) to the calculated Bray—Curtis dissimilarity matrix,
as a measure of Beta-diversity. The Nonmetric MDS ordination desig-
nated a certain level of separation in the plankton samples, predomi-
nantly based on differences in sampling month (Stress = 0.131; Fig. 5).
The subsequent PERMANOVA analysis indicated as well that the
copepod community composition of the samples differs significantly
over time (sampling month: R? = 0.362, p-value = 0.001; sampling year:
R? = 0.160, p-value = 0.001), as well as over space (p-value = 0.001;
Table 1).

3.3. Correlation between copepod densities and environmental variables

Tables S1 and S2 provide an overview of the recorded copepod
abundances and the measured environmental parameters per sampled
location for every sampling campaign. As expected, we detected sea-
sonal variation in the environmental parameters (Table S2; Fig. S2).
Water temperatures, sampled simultaneously with the zooplankton
samples (measured at 3 m depth), ranged between 2.8 and 22.5 °C
(Table S2), with the lowest temperatures recorded in February and the
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highest in August. Water temperatures, recorded during the same sam-
pling campaign, were comparable among the stations, but tended to be
more extreme in the nearshore stations (yet not significant; p > 0.05;
Fig. S2, S3). Irrespective of seasonality, there was no significant tem-
perature difference in the sea water over the years (Kruskal Wallis, p >
0.05). However, water temperatures were significantly higher in the
summer months of 2022 compared to previous summer periods (Fig. 6).
Similarly, the winter period of 2020 was significantly warmer than the
winter months from the other studied years, except for 2019 (pairwise
Wilcoxon test, p < 0.05; Fig. 6). All copepod species correlated positively
with sea water temperatures (Spearman Rho; p < 0.05), but this corre-
lation was most profound in A. clausi and Centropages (Fig. 7). However,
when investigating these correlations for each sampling season, we
found a negative correlation (Spearman Rho, p < 0.01) between cala-
noid densities and water temperatures (Fig. 6, S4).

During the five years of sampling (2018-2022), Belgium experienced
seven different heat waves, resulting in remarkably higher seawater
temperatures, as measured continuously by the buoy situated at the
Thornton Bank since 2016 (Fig. S5, Table 2). The Royal Meteorological
Institute of Belgium (RMI) defines a national heatwave as a period of at
least 5 consecutive days when the maximum temperature measured at
their institute in Brussels (Uccle) reaches at least 25 °C and > 30 °C for
minimum three days (RMI, 2022). These increases in water temperature
coincided with sharp decreases in calanoid copepod abundances (Fig. 6,
S4).

Chlorophyll a concentrations typically peaked in March and April,
and generally reduced along a nearshore — offshore gradient (Table S2).
Regardless of time, we did not find a significant spatial difference in
chlorophyll a concentrations (Fig. S3). We did not find a significant
correlation between chlorophyll a concentrations and copepod abun-
dances, regardless of time (Spearman Rho, p > 0.05; Fig. 7). However,
only considering the spring season, we found a negative correlation
between chlorophyll a concentrations and T. longicornis, A. clausi and
Centropages spp. abundances (Spearman Rho of —0.46, —0.28 and —
0.36, respectively; p < 0.05). This negative correlation was also found in
the summer months for T. longicornis (Spearman Rho of —0.3; p < 0.05).
A. clausi and Centropages spp. densities exhibited a significant positive
correlation with Beta carotene concentrations, regardless of time
(Fig. 7).

In terms of nutrient concentrations, nitrates represent the most
abundant nutrient with concentrations ranging between 0.06 and 57.33
pmol/L (Fig. S2, Table S2). Calanoid copepod densities correlated
negatively (p < 0.05) with all measured nutrient concentrations, while
for the harpacticoid E. acutifrons this was only the case for nitrate con-
centrations (Fig. 7).

Turbidity was significantly different among the sampling stations,
with seawater being significantly more clear in the offshore stations 215
and 330 (Pairwise Wilcox test, BH adjusted p < 0.05; Fig. S3). Calanoid
copepod densities correlated positively with Secchi depth (more clear
sea water; Fig. 7), while was not the case for E. acutifrons.

In terms of pollutants, the quantified PAH concentrations kept below
the Environmental Quality Standards (EQS) of the Water Framework
Directive (WFD; 2000/60/EC) set by the European commission (EC,
2008) and the Flemish government (Vlaamse regering, 2010) (Table S2,
S3), while the measured PCB concentrations regularly surpassed these
norms (Table S2, S3). We did not find a significant correlation between
summed PCB or PAH concentrations and copepod abundances in our
dataset (p > 0.05).

3.4. Models on copepod species abundances

For each species one model was selected based on the AIC (Table 3;
Fig. S6-S9). The models had an overall fit explaining between 45.8 %
(T. longicornis) and 59.6 % (Centropages spp.) of the variability (Table 3).
Temperature, Secchi depth and chlorophyll concentrations are the only
environmental variables incorporated in the GAM models for all
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Fig. 4. Principal component analyses (PCA) and correlation circle plot generated for the log transformed copepod densities for every sample in the 2009-2022
period. (A,C,E) PCA plots focusing on clustering patterns for sampling month, station or sampling year. Single points refer to an individual plankton sample taken at a
specific time (month, year) and sampling station, as indicated in the legend. (B) correlation circle plot. Vectors are the loadings on PC1 (x-axis) and PC2 (y-axis). The
quality of representation of the variables (taxa) is indicated by the squared cosine (cos2). A high cos2 value indicates a good representation of the taxon on the
principal component. Vector length indicates the strength of the relationship and the angle between two vectors gives the degree of correlation (adjacent = highly
correlated taxa, orthogonal (90°) = uncorrelated taxa, and opposite (180°) = negatively correlated taxa). (D) Bar plot of variables cos2 for the first two principal
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Fig. 5. Beta diversity (Bray—Curtis dissimilarity) ordinated with MDS of copepod communities. Each dot represents one individual plankton sample and each colour
either constitutes either a sampling station or a sampling month, as depicted in the legend.

Table 1

Permutational multivariate analysis of variance (PERMANOVA) among the
zooplankton communities of the different sampled stations and seasons. An
asterisk denotes a statistically significant difference (p < 0.01).

DF SS F. Model R? P-value
Station 13 1.73 2.04 0.036 0.001*
Month 11 17.44 24.3 0.362 0.001*
Year 7 7.70 16.81 0.160 0.001*
Residuals 325 21.268 - 0.415 -
Total 356 48.142 - 1.00000 -

copepod species. Salinity is incorporated in the models of three copepod
taxa (T. longicornis, Centropages spp. and E. acutifrons), while sum of PAH
concentrations is included in three of the four models, yet only signifi-
cant in one of the two T. longicornis models. Summed PCB concentrations
were not significantly contributing to any model. Chlorophyll a con-
centrations were included in all models, but smooth terms were never
significant.

The different variables have a different relative importance in
explaining the observed variation in copepod abundances, and this was
observed to be species-dependent (Fig. 8). Temperature, Secchi depth
and chlorophyll concentrations consistently show high importance in
the GAM models predicting the densities of the selected calanoid
copepod taxa with relative contributions between 3.5 and 7.6 %. Tem-
perature smoothers exhibit a conspicuous effect of the seawater tem-
perature on the abundance of the different copepod species (Fig. 9, S10-
$12). An optimal seawater temperature of 15-16 °C, alongside negative
effects for higher water temperatures, can be found for T. longicornis,
Centropages spp., and A. clausi. The shape of the effect of temperature on
A. clausi is more complex compared to the other two species, with a
temperature optimum found around 15 °C and a smaller second peak at
approximately 7.5 °C (Fig. S10).

Salinity is a significant predictor, but negligible in terms of impor-
tance for the calanoid copepods T. longicornis (0.1 %) and Centropages
spp. (1.8 %), and was not included in the A. clausi model. In contrast,
E. acutifrons densities show a linear effect of salinity with positive effects

at higher salinities (4.3 %), while this is the opposite for T. longicornis
and Centropages densities (Fig. 9, S10, S12). E. acutifrons densities show a
linear decreasing effect with increasing Secchi depth (less turbid), while
exactly the opposite (and significant) trend visible for calanoid densities
(Table 3, Fig. 9, S10-S12). Year is the only significant predictor for
calanoid densities that was not included in the E. acutifrons model.
Finally, the contribution of toxicant concentrations (summed PAH or
PCB concentrations) is species-specific as well, with relative contribu-
tions of 0.1 and 3.3 %, but no significant trends for E. acutifrons.

4. Discussion
4.1. Spatiotemporal trends in the pelagic copepod community

Lengthy plankton data series allow to distinguish peculiar changes in
species abundance and how they are affected by environmental changes
such as climatic change (Kane and Prezioso, 2008). Our findings suggest
that calanoid copepod abundances have significantly decreased
compared to those reported 10 years ago. They reached an absolute
minimum in 2018, and have been slowly recovering since then, only to
collapse again in 2022 (Fig. 3). This decrease in abundance did not occur
in densities of the harpacticoid Euterpina, as there were no significant
increases or decreases of population abundances in the BPNS over time.
Capuzzo et al. (2017) also reported decreasing abundance trends of the
smaller copepods (four predominant taxa, i.e., Temora, Acartia, Pseu-
docalanus and Paracalanus) in the entire North Sea, using collated time-
series from the Continuous Plankton Recorder (CPR) surveys that were
run from 1988 to 2013. Moreover, the decreasing abundances of these
copepods were accompanied by decreasing primary production,
particularly at the transitional east region of the North Sea. Capuzzo
et al. (2017) reported significant correlations among the observed
changes in primary production and the higher trophic level dynamics,
including (small) copepods and commercial fish stocks. However, the
authors reported on a gradual decrease in the entire North Sea
(including the Atlantic component), while, here we suggest a cata-
strophic effect of the heatwaves being at play in the nearshore/coastal
part of the North Sea, ultimately also resulting in a decrease of the



1. Semmouri et al.

Season = Autumn =% Spring -~

Water temperature (°C)

Marine Pollution Bulletin 193 (2023) 115159

Summer =# Winter

B
"
[ ]
R=-012,p=0.31 i .
R=013,p=022 N
R=-0674=58¢-15 ® ¢ \ oo
R=-0.26,p=0.02
L ]

w

no

|og(T. longicornis abundance (#.m=))

L * *
11 0® * & N .o Py . 4
° N ¢ o *
*
* .. * ' -
* * .
L)
® Y .O
* 01 L] . e o .
2012 2016 2020 0 5 10 15 20
Year Water temperature (°C)

Fig. 6. (A) Trends in sea water temperature (°C) in the Belgian Part of the North Sea over the years, according to sampling season. (B) Relationship between log
transformed Temora longicornis abundances and water temperatures. Shading shows the 95 % confidence level interval for model predictions. Spearman Rho values
and p-values of the linear models are also shown. Relationship between water temperatures and other copepod abundances are visualised in Supplementary fig. S5.

remperstre [N0BGR 02+ [NOBEAN To4st T 0.42r [Tos

sum_PCBs 0.23 0.01 0.2 -0.01 0.07 0.13
sum_PAHs 0.14 -0.07 0.09 0.05 0.02 0.11
SPI -0.23* -0.27* -017* -0.18 -0.05* 011
Sound_Velocity NS 0.40%
Silicate_Si04 Spearman
Secchi_Depth Cor"':?"gi“‘o‘“
@ Salinity
3 N.
= Pressure -0.16 0.04 -0.08 -0.05* -0.04 -0.14
> Phosphate_PO4 ).38 0.37 s
0BS I -0.5
Mitrite_MNO2 -1.0
Nitrate_NO3 -0.29*
Density -0.27*
Conductivity 0.11=
Chlorophyll_a 0.1 -0.12 017 -0.2 0.04 0.06
Beta_Carotene  0.12* 0.1 0.04 0.17 029
Acartia Calanus Centropages Euterpina Temora Total
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Asterisks indicate significant correlations with a p-value smaller than 0.05.

copepod stocks. In contrast to our findings, Capuzzo et al. (2017) did not
find significant decreases in the abundances of the larger copepod spe-
cies (Calanus spp.) in the North Sea. Mortelmans et al. (2021), with their
analysis at the copepod order level (Calanoida, Cyclopoida, Harpacti-
coida), also did not find any important changes in the average monthly
abundances or total biomass estimates for the study period 2014-2020.

10

This might be explained by a potential population size increase of other
species that were not investigated in this study (e.g., Paracalanus parvus,
Pseudocalanus elongatus or the recently invading Pseudodiaptomus mar-
inus), compensating/replacing the losses in the population stocks of the
studied taxa. Additionally, we have not investigated the dynamics of the
naupliar stages of these species, as they are too small to be quantitatively
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Table 2
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The number of (official) heat waves affecting Belgium and the Belgian Part of the North Sea in the investigated time period. Start and end dates are reported, as well as
the average maximal (daily) air temperature during the heatwave in Uccle and if possible at the buoy situated at the Thornton Bank (51.58 Lat., 2.993 Long.),
approximately at 30 km off the Belgian coast (Sea Bruges). Additionally, maximal (daily) seawater temperatures at the beginning and the end of the heat wave are
reported, the percentual change in temperature between these two values, as well as the average covering the entire heat wave. NA: written abbreviation for not

applicable.
Start date End date Duration Average maximum  Average maximum  Average maximum Maximum water T at Maximum water T at % increase
(days) air T in Uccle (°C) air T at buoy (°C) water T at buoy buoy (°C) at start of buoy (°C) at end of in water T
(O] heat wave heat wave

30 June 05 July 6 30.5 NA NA 17.63 NA NA
2015 2015

13 July 27 July 15 29.9 NA 20.66 19.46 21.35 9.7
2018 2018

29 July 07 August 10 30.1 NA 22.05 21.35 22.67 6.2
2018 2018

23 June 30 June 8 28.4 NA NA NA NA NA
2019 2019

22 July 26 July 5 33.8 NA 20.27 19.52 20.63 5.7
2019 2019

23 August 28 August 6 30.2 NA 19.97 20.05 19.85 -1.0
2019 2019

05 August 16 August 12 31.3 22.54 20.53 19.42 21.05 8.4
2020 2020

09 August 16 August 8 30.2 22.78 21.3 21.09 21.51 1.9
2022 2022

Table 3 4.2. Impact of environmental variables on copepod abundance and
able

GAM models relating the densities of Temora longicornis, Acartia clausi, Centro-
pages spp. and Euterpina acutifrons to the environmental parameters. The envi-
ronmental parameters that were chosen for the construction of the GAM models
encompass water temperature (Temp), Secchi depth (Secchi), salinity (Sal),
chlorophyll a concentrations (chl a) and summed PCB and/or PAH concentra-
tions, respectively (sum_PAHs, sum_PCBs). Smooth terms with a significance
<0.05 are denoted in bold. W; = Akaike weight (Eq. 3), ER = evidence ratio (w;
best model/w; model). Models most likely to be the best fitted model have an ER
<2

Model Deviance AIC ER

explained
(%)

W;

Temora 45.8 259.2034 0.42 1.39

longicornis

Year + Temp + Sal
+ Secchi + chl a +
sum_PAHs +
sum_PCBs

Year 4 Temp +
Secchi + chla +
sum_PAHs +
sum_PCBs

Year 4 Temp +
Secchi + chla +
sum_PAHs +
sum_PCBs

Year + Temp + Sal
+ Secchi + chl a +
sum_PAHs +
sum_PCBs

Temp + Sal +
Secchi + chla +
sum_PCBs

47.7 258.8726

Acartia clausi 58.9 204.3812 0.95 1

Centropages 59.6 198.4973 0.76 1

Spp.

Euterpina
acutifrons

337.6838

sampled with the 200 pm net used in the study. Outside the North Sea, in
the offshore shelf waters of the Atlantic, Kane and Prezioso (2008)
observed significant increases in T. longicornis abundance in the early
1990s until 2001, followed by a significant decline from 2002 till the
remainder of the monitored time series (2006). Similarly, based on ob-
servations in the period 1958-2014 from the global ocean Continuous
Plankton Recorder surveys in the North Atlantic and the Arctic, Edwards
et al. (2016) reported more or less stable copepod abundances in
offshore regions, while finding a decrease in abundance, particularly in
the southern North Sea.
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distribution

In order to better understand the impact of the measured environ-
mental factors and changes on the observed population trends, we
applied generalized additive models to untangle the relative contribu-
tion of water temperature, turbidity, nutrient concentrations, salinity
and persistent organic pollutants to the dynamics of these species in the
BPNS. Importantly, in the current study, the generated GAM models did
not consider any interactions between the abiotic variables and/or any
biotic effects resulting from species interactions such as predation and
competition. Similarly, other indirect effects, namely the impact on
phytoplankton and protozooplankton (as food resources for copepods),
the impact on microplankton (as a possible source of toxins and me-
tabolites that might suppress copepod growth and development), the
rapid increase of bacteria and viruses (as potential infection agents)
have not been taken into account in the current study. We recognize
these interactions should be taken into account when further inter-
preting the results, especially as we found significant correlations among
the abundances of the studied calanoid species, but not with the har-
pacticoid species.

Temperature appears to be a key predictor for copepod abundance
and diversity. This is in line with temperature being a major determinant
for metabolic rates, body size, hatching success, development rate and/
or fecundity of copepods (e.g., Devreker et al., 2005; Halsband-Lenk
et al.,, 2002; Sahota et al., 2022), translating into the high relative
importance that was found for this predictor for the abundances of the
studied taxa (Fig. 8). The importance of temperature has also been re-
ported as one of the main environmental drivers explaining zooplankton
seasonality (e.g., in Fanjul et al., 2018a, 2018b). In general, the
smoother predicted negative effects with increasing temperatures above
15-16 °C. The negative impact of higher sea water temperatures on
calanoid copepods have already been reported in literature. For
example, a zooplankton community analysis in Lake Baikal indicated
significant increases in water temperature and corresponding subtle
declines in copepod abundances (Hampton et al., 2008; Izmest’eva
et al.,, 2016). Analysis of copepod time-series data from the eastern
North Atlantic (Bay of Biscay and the Kattegat Sea) and the Mediterra-
nean Sea (Gulf of Saronikos) revealed a high temporal turnover in the
community composition and decreased similarity (‘decay’) over 3 de-
cades (Villarino et al., 2020). According to the authors, these findings
result from both environmental conditions and stochastic processes,



1. Semmouri et al.

Temora
vear- [ < -
Sum_PCBs - - 15
Sum_PAHs- (04

Secchi_depth -

I - -

Salinity- § 0.2
Chlorophylla- -3,5
0 2 4

-

Marine Pollution Bulletin 193 (2023) 115159

Euterpina

Centropages

|o.1 -
lo.1

M
IE I - -
- m I - -
0 2 4 6 0 2 4 8

Relative importance (%)

Fig. 8. Relative importance of the different parameters for the abundances of Temora longicornis, Acartia clausi, Centropages spp. and Euterpina acutifrons for the best
fitted GAM model. Values of relative importance of each parameter are reported on the bar charts.
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Fig. 9. Generalized additive model (GAM) plots showing the partial effects of selected explanatory variables on the log transformed abundances of Temora longicornis
in the surveyed parts of the Belgian Part of the North Sea. The tick marks on the x-axis represent observed data points. The y-axis represents the partial effect of each
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with stronger associations observed in areas experiencing higher ocean
warming rates. Kane and Prezioso (2008) observed lower abundances of
T. longicornis in the southern part of the US Northeast continental shelf in
warmer and found sharp declines in the mean abundance as temperature
rose in summer. T. longicornis abundance in the Middle Atlantic Bight
was observed to be negatively correlated to surface temperature (Kane
and Prezioso, 2008).

Surprisingly, we found negative correlations between phosphate and
nitrate concentrations and calanoid copepod abundances (Fig. 7). This is
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most likely the result of changing phytoplankton conditions (changes in
community composition and, by consequence, changes in the
biochemical composition of the community as well), associated with
fluctuations in the nutrient composition of the sea water. Future
research should aim to associate these changes in the phytoplankton
community with nutrient changes. Except for Centropages spp. and
A. clausi, we did not find a significant positive correlation between
copepod abundance and chlorophyll a or f§ carotene concentrations.
However, the smoothers for chlorophyll a concentrations were not



1. Semmouri et al.

significant in the GAM models and could not predict decreases in den-
sities with increasing chlorophyll a levels.

Except for A. clausi, salinity contributed significantly to copepod
dynamics, albeit of low importance (Fig. 8; cf. the findings of Deschutter
et al., 2017). This is most likely due to the facts that salinities in general
were generally stable and stayed within the preferred range for these
species. The smoothers predict in general a decrease in densities with
increasing salinity for the calanoid copepods, while the smoothers pre-
dict exactly the opposite for E. acutifrons. Based on the 2015 dataset,
Deschutter et al. (2017) found a similar trend for the calanoid copepods.
In contrast, Kane and Prezioso (2008) found through correlation anal-
ysis that the interannual variability of T. longicornis densities showed a
significant negative relationship with surface salinity anomalies in the
southern part of the US Northeast continental shelf.

Finally, our study aimed at confirming whether mixtures of PCB and
PAH concentrations significantly contributed to the copepod’s densities.
We did not find significant correlations between summed PCB/PAH
concentrations and population size. Except for E. acutifrons, both sum-
med PCB and PAH concentrations were included in the best GAM model,
yet only the sum_PAH smoother contributed significantly in predicting
densities. The models suggest a decrease in copepod abundances with
increasing concentrations of the PAH mixture present in the BPNS. Yet,
the left part of the smoother for the summed PAH concentrations ac-
commodates the majority of the data points and displays decreased
copepod abundances up to intermediate toxicant concentrations (except
for A. clausi). The right section of the smoother is based on far fewer data
points, so we have to be cautious to interpret this smoother, as we should
emphasize on the zone holding most of the data. As more ‘extreme’ data
points can steer the shape of the smoother, the effects of the mixed
toxicants on copepods should be studied in a laboratory context with a
dedicated experiment. Nevertheless, both in the current dataset and the
dataset collected by Deschutter et al. (2017) the quantified PAH con-
centrations stayed below the EQS thresholds (Table S3), while PCB
concentrations often exceeded the EQS values in both studies. Based on
our results, there was no significant impact of exposure to these PCB
concentrations to any studied copepod species. Applying GAMs to this
dataset increased our comprehension on the effects of multiple drivers
on the plankton community and the pelagic ecosystem, and, hence,
might encourage the facilitation of future risk characterisation of
chemicals, as it will allow a prioritisation of monitoring needs in terms
of pollution. However, it is important to note that based on these results,
we cannot exclude out potential effects of other toxicants in the BPNS.

4.3. Climate change impacting copepod populations through marine heat
waves

This is, as far as we know, the first study to describe the impact of
temperature increases on copepod populations in shallow, coastal areas,
the North Sea or the Atlantic Ocean in general. Significantly higher
summer surface temperatures were observed to coincide with a collapse
in the populations of the dominant calanoid copepod species, i.e.,
T. longicornis, Centropages spp. and A. clausi. During the summers of
2018, 2019, 2020 and 2022 heat waves were recorded in this region,
resulting in exceptionally warm seawater temperatures (Table 2). For
example, temperatures in August 2020 and 2022 in the more nearshore
situated stations reached 22-22.5 °C during the sampling campaign.
Also, more offshore, at the Thorntonbank, a maximum temperature of
22.67 °C was recorded during a MHW event (July 2018; Table 2). These
temperature values are close to/already exceeding the thermal tolerance
limits of the calanoid species investigated (Table 4). In the case of
T. longicornis, this means that the water temperatures have already
reached the thermal physiological threshold of 22.5 °C (Halsband-Lenk
et al., 2002), coinciding with a collapse of the populations at these lo-
cations (e.g., with resulting densities as low as 0.57-2.25 ind.m~> in
August 2020, or 0-0.55 ind. m~> in August 2022, whereas August
densities in the period 2009-2015 reached on average at least 226 ind.
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Table 4
Thermal tolerance for the studies copepod species, obtained from literature.
Species Observation Reference
Acartia clausi Upper lethal temperature between 27 and Gonzélez, 1974
34 °C (depending on acclimatization period)
Calanus Thermal niche ranging from 3 to 22 °C Bonnet et al.,
helgolandicus 2008
Centropages Upper thermal limit 25 °C (female); thermal =~ Halsband-Lenk
hamatus tolerance range between 2 and 25 °C et al., 2002
Centropages Upper thermal limit 30 °C (female); thermal ~ Halsband-Lenk
typicus tolerance range between 2 and 30 °C et al., 2002
Euterpina Upper thermal limit of 31 °C; Optimal Amatus et al.,
acutifrons growth rate between 25 and 27 °C 2020
Temora Upper thermal limit 22.5 °C (female); Halsband-Lenk
longicornis thermal tolerance range between 0 and et al., 2002

22.5°C

Significant decrease in survival rate (22.5 +
14.7 %) after exposure to 23 °C for 6 days;
rapid depletion of fatty acid content

Sahota et al.,
2022

m~3, with a minimum of 26.25 ind.m™3; Table S1). Despite decreasing
temperatures in the succeeding months, densities remained low or ab-
sent, probably as the populations require more time to recover, causing
an absence of the typical autumn peak for this species (e.g., in 2018,
2022; Fig. 2). For example, in September 2022, T. longicornis was still
completely absent in all collected zooplankton samples, although the
seawater temperature had by then dropped to a non-critical 17.3 °C
(station 330). This recovery period extended to December 2022,
impacting the observed (negative) correlation between water tempera-
ture and T. longicornis densities in winter (Fig. 6B). Excluding the 2022
event, this correlation is no longer significant.

These observations are relevant in the global change framework, as
sea water temperatures are expected to continue to rise (Bindoff et al.,
2007; Levitus et al., 2000). Using the Institut Pierre Simon Laplace
(IPSL) Earth System Model, Chust et al. (2014) estimated that, by the
end of this century, an increase in ocean temperature of 2.29 + 0.05 °C
will cause global phytoplankton and zooplankton biomass to decrease
by 6 % and 11 %, respectively. Their results indicate that both globally,
as well as in the Atlantic Margin and the North Sea, an elevated ocean
stratification will cause primary production and, consequently,
zooplankton biomass to decrease in regards to a warming climate,
whereas primary production and zooplankton biomass will expand in
both the Barents and Baltic Sea (Chust et al., 2014). However, concur-
rent with the long-term persistent warming of our oceans and seas,
discrete periods of extreme regional ocean warming (termed marine
heatwaves, MHWs) have grown in frequency (Coumou and Rahmstorf,
2012; Perkins et al., 2012). Projections indicate these MHWSs will occur
more frequently, intensively and for longer periods throughout the
twenty-first century (Meehl and Tebaldi, 2004). In Belgium, since 1900,
46 heatwaves have been registered, of which 16 have occurred since the
year 2000 (RMI, 2022). Marine heat waves are known to potentially
impact marine ecosystems and their services, by causing a redistribution
of marine biogeography, with anomalous appearances/absences of
species outside of their known geographical range (McKinstry et al.,
2022; Suryan et al., 2021). The deleterious impacts of prominent heat-
waves across a range of biological processes and taxa, mainly corals,
seagrasses and kelps (Smale et al., 2019), have been reported, but the
impact of MHWSs on zooplankton has been understudied. In the Gulf of
Alaska (Pacific Ocean), Batten et al. (2022) did observe a few rare taxa
from the zooplankton community being absent during a MHW event in
2015-2016, while no common taxa disappeared from the community
(although some fluctuations in relative abundance were observed).

Our results demonstrate that the pelagic copepod community in the
North Sea is affected by significant warming of the sea water, to which
heatwave events are contributing. Not only directly affecting the co-
pepod’s physiology, copepod predators such as the dinoflagellate Noc-
tiluca scintillans, as well as cnidarians and ctenophores, are known to be
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favored by warmer seawater temperatures, which both can significantly
impact copepod populations, as discussed in Wright et al. (2021) and
Mortelmans et al. (2021). Blooms of these gelatinous taxa have already
been recorded at several occasions in the BPNS in 2018, 2019 and 2020
(Ollevier et al., 2021). So far, we do not know the additional impact of
these events on the copepod community in the BPNS. Finally, it will also
be important to study how these changes in the zooplankton community
are affecting other trophic levels in the benthopelagic food web, such as
phytoplankton and pelagic fish stocks. As has been shown by Van Gin-
derdeuren et al. (2013), the pelagic fish stocks in the BPNS, tend to select
for a few, larger copepod species, such as T. longicornis, regardless of
abundance of prey item. How will pelagic fish populations react to shifts
in zooplankton composition and availability? Beaugrand et al. (2003)
have already described how the virtual absence of C. finmarchicus due to
rising water temperatures (and its replacement by the smaller
C. helgolandicus) resulted in a lower copepod biomass leading to an all-
time low in cod recruitment in the North Sea (bottom-up control).
Regardless, this study is a valuable first step in improving our appre-
hension of the impact of warming and MHW events on the entire pelagic
community in the North Sea and its consequences for the carbon sink.

5. Conclusion

Our study provides evidence that climate change related and other
anthropogenic processes are altering North Sea ecosystems today. The
studied time series revealed a significant decrease (up to 2-fold) in four
of the dominant zooplankton species in the BPNS, i.e., the calanoid co-
pepods Temora longicornis, Acartia clausi, Centropages spp., and Calanus
helgolandicus. Temperature was one of the predictors consistently man-
ifesting a major importance in all GAM models predicting the densities
of the selected copepod taxa, while summed PAH or PCB concentrations
were not able to explain the observed spatiotemporal trends. The several
heat waves during the summer months of the monitored years, and the
resulting increased water temperatures, are most likely the cause for the
calanoid copepod declines, as they corresponded to the physiological
thermal limit of some of the studied species. In essence, our study em-
phasizes the importance of long-term time series in key oceanographic
characteristics, including zooplankton abundances, as they are known to
ultimately affect other components of the pelagic and benthic
ecosystems.
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