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The North Sea (NS) is changing rapidly. Temporal variations in fishing intensity and eutrophic conditions, along with the ongoing impact of climate
change, act in synergy resulting in modifications in marine communities. Although zooplankton has been extensively investigated, studies
often ignore the large-sized meso- and macro-zooplankton (=500 um), including holoplankton and meroplankton taxa. Here, we examined
changes in abundances and community structure of these organisms between 1975 and 2018, using univariate and multivariate analysis, at
different taxonomic levels. Abrupt changes in the abundances of (sub)communities occurred during different time periods and resulted in a
significant restructuration of the entire community in 2006. These changes were consistent with the regime shifts reported in the NS and were
a consequence of the environmental pressures on the whole community or on specific subcommunities. In the long term, the community shifted
from higher abundances of hydrozoans and holoplankton taxa to an increasing abundance of decapods. Furthermore, we reveal the environmental
variables that most explain the variability in the community dynamics, highlighting the importance of temperature and top-down processes. Our
study underlines the relevance of investigations at different taxonomic levels, which elucidates how distinct responses to environmental changes

ultimately shape the entire community structure.
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Introduction

The North Sea (NS) is one of the marine “hotspots” of cu-
mulative anthropogenic impacts, including fishing, climate
change, and ocean- and land-based stressors (Halpern et al.,
2015), which affect its communities and ecosystem function-
ing. Sea surface temperatures have increased by >1°C since
1960s in the NS (Wiltshire et al., 2008; Hoyer and Karagali,
2016), naturally affecting the whole pelagic ecosystem, from
lower to higher trophic levels (Miiren et al., 2005; du Pon-
tavice et al., 2020). Increasing riverine nutrients loads since
the 1960s led to eutrophic conditions in coastal areas dur-
ing the 1980s, but management policies reversed this trend
and nutrients loads were substantially diminished resulting in
current de-eutrophication (van Beusekom et al., 2019). In the
southern NS (SNS), these climatic and anthropogenic changes
resulted in modifications in the nitrogen to phosphorus (N:P)
ratios (van Beusekom et al., 2019; Balkoni et al., 2023), in
water transparency (McQuatters-Gollop et al., 2007; Dupont
and Aksnes, 2013; Wilson and Heath, 2019) and in primary
productivity (Xu et al., 2020), with contrasting regional trends
due to the complex hydrography conditions in this area (Tett
and Walne, 19935). For instance, at Helgoland Roads, water
transparency and primary productivity, in particular diatoms

abundance, have been increasing since the 1980s (Wiltshire
et al., 2008, 2010, 2015), while N:P ratio have been declin-
ing since the 1990s, due to differing decreasing rates in nu-
trient concentration (Raabe and Wiltshire, 2009; Balkoni et
al., 2023). In parallel with changes at the basis of the NS ma-
rine food webs, fisheries exploitation and management have
affected fish stocks (Blocker et al., 2023). For example, the NS
herring stock collapsed in the 1970s, but fishery management
resulted in increasing biomass since the 1980s (Dickey-Collas,
2016). Considering the central role of herring in the function-
ing of planktonic food webs (Lynam et al.,2017), these tempo-
ral variations at the top of the food web can potentially regu-
late zooplankton communities (Papworth et al., 2016; Lynam
etal., 2017).

These modulations of bottom-up and top-down processes,
induced changes in all marine trophic levels and triggered
the reorganization of the NS marine ecosystems, often called
“regime shifts” (abrupt changes in the structure and func-
tioning of ecosystems, e.g. Mollmann et al., 2015). In the
NS, three main regime shifts have been identified since the
mid-1970s. The first occurred in late 1980s, when the sys-
tem changed from a cold to a warm dynamic regime (Reid
et al., 2001; Beaugrand et al., 2008) causing a reorganiza-
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tion in the phytoplankton community towards higher abun-
dances of dinoflagellates and lower of diatoms (Di Pane et
al.,2022). A concomitant reorganization of the zooplankton
communities occurred, with higher relative contribution of
warm water species, a reduction in the larval abundance of
benthic bivalves as well as increases in jellyfish, echinoderms,
and decapod larvae (Kirby et al., 2008, 2009; Kirby and Beau-
grand, 2009; Lindley and Kirby, 2010; Lindley ez al., 2010).
This regime shift occurred simultaneously with the collapse of
predatory ground fish stocks such as the Atlantic cod (Gadua
morhua) and a growing biomass of forage fish including her-
ring (Dickey-Collas, 2016; Sguotti et al., 2022). The second
regime shift occurred between 1996 and 2003, which was re-
flected in nearly all planktonic groups (Alvarez-Fernandez et
al.,2012; Beaugrand et al., 2014). Diatoms replaced dinoflag-
ellates as the dominating group in the phytoplankton commu-
nity (Wiltshire et al., 2008; Meunier et al., 2018), and in par-
allel most copepod species decreased in abundance (Boersma
et al., 2015). Eventually, when considering the entire trophic
structure, from plankton to predatory fish, a recent regime
shift was identified in 2003, characterized by high diatoms
biomass and an increase in saithe, plaice, sprat, and herring
(Sguotti et al., 2022). The latter author further identified the
period between late 1980s and 2008 as an instable period, af-
ter which the NS community reached a new irreversible stable
state.

While zooplankton play a central role in pelagic systems
and are significantly affected by changing environmental con-
ditions, most of the studies focused on the most common zoo-
plankton organisms, very often copepods (e.g. Beaugrand et
al., 2008; Boersma et al., 2015; Capuzzo et al., 2018). When
studying the entire zooplankton community, large-sized or-
ganisms are usually considered at a low taxonomic resolution
(e.g. Kirby et al.,2009; Beaugrand et al., 2014), due to difficul-
ties in identification, active avoidance of net sampling devices
(e.g. WP2, Skjoldal ef al., 2013) or unsuitable preservation
(i.e. gelatinous zooplankton, Harris et al., 2000). However,
large zooplankton play a critical role in the ecosystem, since
they are not only a link in marine food webs, but also key
players in the bentho—pelagic coupling and in ocean’s biogeo-
chemical cycles (Beaugrand et al., 2010; Cavan et al., 2017).
Communities of large zooplankton comprise a great diver-
sity of species, among which many are life stages of benthic
organisms (i.e. meroplankton), including from economically
important species, such as the edible crab (Cancer pagurus,
Tonk and Rozemeijer, 2019), or gelatinous zooplankton, with
strong impacts on several ecosystem services (Richardson et
al., 2009). Thus, assessing long-term changes in the larger size
component of the zooplankton at high taxonomic resolution
is critical to fully understand how the ongoing environmental
changes affect the zooplankton community and the associated
ecosystem processes (Lomartire et al., 2021; Pitois and Yebra,
2022).

The aim of this study is to assess how the meso- and macro-
zooplankton community responded to the observed long-term
environmental changes in the SNS. Our approach was to (1)
identify if and when step-wise changes in the abundance of
large-sized zooplankton occurred, (2) detect shifts in the com-
munity structure, and (3) uncover the environmental variables
that explain most of the variability in abundances and com-
munity structure over time. To achieve these goals, a combi-
nation of univariate and multivariate statistical analyses was
employed, using a unique 44-year time series of meso- and
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macro-zooplankton community (>500 pwm), monitored in the
SNS. This was performed at different taxonomic resolution,
to disentangle how the distinct responses ultimately shape the
structure of the whole community. These results were then put
into context with the regional described regime shifts, uncov-
ering how the long-term changes in the NS environment af-
fected the large-sized zooplankton community.

Material and methods

Zooplankton data

Zooplankton samples were obtained from a long-term moni-
toring sampling program from 1975 to 2018, at Helgoland
Roads (depth 6-8 m, 54°11'18”N 7°54'E), situated in the
SNS. Zooplankton were collected 2 to 14 times per month by
oblique hauls, using a Hydrobios CalCOFI net (100 cm aper-
ture, 4 m long) with a mesh size of 500 um. Samples were pre-
served with formaldehyde (4 %), counted and identified to the
lowest possible taxonomic level under dissecting microscope
(see also Greve et al., 2004 for further details). Since early
1980s, ctenophores were counted immediately upon arrival
at the laboratory to avoid formaldehyde fixation problems,
which are known to cause the disintegration of the organisms
and bias their abundance values. The sampled community is,
therefore, composed of macro- and meso-zooplankton organ-
isms with sizes > 500 wm, which will hereafter be called “large
zooplankton”.

The taxonomic database was first carefully inspected to ob-
tain the most quantitatively accurate representation of the
large zooplankton community over time. Species with total
length < 500 um can still be collected in the net, but their
abundances are biased, due to incomplete retention (Skjoldal
et al., 2013). To reduce this bias, all taxa with reported min-
imum sizes < 500 pm were eliminated from the database
(e.g. all copepods except adult Calanus sp., echinoderms, bi-
valves, and polychaeta larvae). Species that were not consis-
tently identified during the whole sampling period were elim-
inated or, when possible, merged at higher taxonomic level.
To reduce the effect of differences in the resolution of species
identifications performed by different technicians over time,
all species were merged to genus level. Rare species, i.e. those
that were present in <10% of all samples or those that are not
considered planktonic but sporadically collected in the sam-
ples (e.g. cumaceans), were eliminated. Taxa abundances were
averaged per year to remove the seasonal effect and focus only
on the long-term trends. The final taxonomic database was
composed of 73 taxa and 44 years (Supplementary Table SI).

Environmental data

Sea surface temperature and the NAO (North Atlantic Oscil-
lation) index were used to test for interannual effects of cli-
mate change and, in particular, ocean warming in the SNS.
Sea surface temperature was measured at the Helgoland sam-
pling station (see Wiltshire et al., 2010 for further details) and
averaged by year. The annual NAO index was obtained from
the Climate Data Guide (https://climatedataguide.ucar.edu/cl
imate-data/overview-climate-indices), as the variation in pres-
sure between the Icelandic low area and the Azores high area
in the northern North Atlantic. Copepods (excluding Calanus
sp.) and diatoms abundance (making up 90% of the total
microalgae community at Helgoland, Wiltshire er al., 2015)
were used to test for the impact of availability of zooplank-
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ton and phytoplankton food, respectively. To account for an
additional effect of food quality, the environmental N:P ratio
was used as a proxy. As an indicator of water clarity reflect-
ing the eutrophication status, we used Secchi depth, which was
measured together with diatoms abundance, copepods abun-
dance, and nutrients concentration (NO3 and PO4) as part of
the Helgoland Roads monitoring programme (see Wiltshire
et al., 2010). To test for the impact of predation pressure, the
biomass of the most common zooplanktivorous predators in
the NS was used, namely the herring (Clupea harengus), mack-
erel (Scomber scombrus), and sprat (Sprattus sprattus) (ICES,
2022). Fish biomass of these species was obtained from catch
per unit of effort (CPUE) data from the North Sea Interna-
tional Bottom Trawl Survey, quarter 1, from the ICES area
IVDb, i.e. the SNS (https://www.ices.dk/data/data-portals/Page
s/DATRAS.aspx). For each species, spatially resolved CPUE
data were averaged per year and the biomass of the three
species was summed up to create a proxy of total fish biomass.

Data analysis

The analyses were performed in four main steps: (1) the eval-
uation of gradual or step-wise changes in environmental con-
ditions, (2) the assessment of gradual or step-wise changes in
abundances, (3) the detection of shifts in community struc-
ture, and (4) the identification of environmental variables
most correlated with the observed changes in abundances and
community structure. The overall community was composed
of two main taxonomic groups, i.e. Decapods and Hydro-
zoans, representing 38.4 and 37.0% of all taxa considered,
respectively. Therefore, these analyses were performed for
the whole community (Total) and for three subcommunities
within the whole community: the dominant taxonomic groups
Decapods and Hydrozoans and a group termed the Others,
which represents 24.7% of the analysed taxa and comprises
a mix of different taxa, such as copepods (i.e. Calanus sp.),
chaetognaths, ctenophores, or scyphozoans (Supplementary
Table S1).

To identify if and when abrupt changes in environmental
conditions and abundances occurred over time, a univariate
analysis was used to test for breakpoints, which indicate struc-
tural changes in linear regression models (Zeileis et al., 2002,
2003). We tested for breakpoints in both the mean (i.e. the in-
tercept, Bm) and the trend (i.e. the relationship between the
variable and time, Bt). Breakpoints are estimated by mini-
mizing the residual sum of squares of the regression, with a
minimum segment length of 15% of the time series (ca. 7
years). The best number of breakpoints was selected based
on Bayesian information criterion (BIC). The breakpoint
analysis was performed using the “strucchange” package
(v1.5.2, Zeileis et al., 2002, 2003). Shifts in (sub)community
structure were tested using multivariate regression trees
(MRT), with time (i.e. years) as the constraint for the par-
titioning of the data. The number of clusters was selected
based on the minimum cross-validated relative error (Bor-
card et al., 2011, Supplementary Figure S1). MRT was per-
formed using the “mvpart” package (v1.6.2, Therneau et al.,
2014).

Univariate statistical models were used to uncover the cor-
relation between the environmental variables and the abun-
dances of the whole community (Total) and of each sub-
community (Decapods, Hydrozoans, and Others). General-
ized additive models (GAMs) were used, by modelling their

log-transformed abundances (log (x + 1)) as a smoothing
function of the different environmental variables. We set the
effective degrees of freedom restricted to a maximum of 4,
to extract only the main changes, and temporal autocorrela-
tion of residuals was tested by ACF plots. To achieve the best
fixed terms for the model, we used backwards selection, by
eliminating the least significant covariate until all terms were
significant. The best supported model was selected based on
the Akaike’s information criterion (AIC) and parsimony (Zuur
et al., 2009). Standardized residuals were plotted against
fitted and observed values to validate the models. GAMs
were fitted using the “mgcv” R package (v1.8.40, Wood,
2023).

The relationship between the environmental stressors and
the subcommunity structure was assessed by transformed-
based redundancy analysis (RDA), after applying Hellinger
transformation on the individual taxa abundances to reduce
the influence of double-zeros (Borcard et al., 2011; Legen-
dre and Legendre, 2012). RDA analyses were performed with
the “vegan” package (v2.6-2, Oksanen et al., 2022), after
testing for collinearity among the explanatory variables by
Pearson’s correlation and variance inflation factor (“faraway”
package, v1.0.7, Faraway, 2022). To find the most parsimo-
nious models, RDA model selection was done by the “or-
distep” (backward and forward selection, using the “vegan”
package). The significance of the global model, of the indi-
vidual RDA axis, as well as of the retained explanatory vari-
ables, was examined using permutation tests with 1000 it-
erations. The amount of variance in the response data ex-
plained by the environmental variables was quantified by
the adjusted-R?. These analyses allowed us not only to iden-
tify the main environmental drivers, but also the taxa that
contributed most to the observed changes in subcommunity
structure.

Results

Environmental conditions

The average annual temperature at Helgoland Roads ranged
from 8.3 to 11.9°C, showing an overall increasing trend over
time (Figure 1a), with a significant breakpoint in the mean
(Bm) in 2002 (Table 1), when the temperature increased from
9.7 t0 10.7°C. NAO did not show any significant Bm, fluctuat-
ing from —5.96 to 4.09 (mean of 0.57), but showed a positive
overall trend over time (Figure 1b). An increasing trend in N:P
ratios was observed until 1995 (breakpoint in trend, Bt), de-
creasing thereafter, with higher mean values of 41.4 between
the Bm 1986 and 1995, compared with lower values before
(16.6) and after (19.1) this period (Figure 1c). An increasing
trend was observed for both the Secchi depth and the diatoms
abundance, with one Bm. Secchi depth increased from 3.1 to
3.8 m in 1986 (Figure 1d), while diatom abundance increased
from 11.3 x 10* to 20.5 x 10* ind.L~! in 1998 (Figure 1le).
The abundance of copepods increased until 1990, when a Bt
was identified, decreasing afterwards (Figure 1f, Table 1). This
resulted in four periods with significant differences in their
mean abundance: until 1982 (3.9 x 10° ind.m3), between
1982 and 1990, when their abundance was highest (9.1 x 103
ind.m™3), between 1990 and 2004 (4.4 x 10 ind.m~3), and
during the last years of the survey when their abundance was
lowest (2.2 x 10% ind.m™3). Finally, fish biomass increased
over time without any Bt, from a minimum of 1.14 x 10°
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Figure 1. Temporal interannual variation of the environmental variables (grey lines). Solid red lines represent the mean of the variable per period,
delimited by breakpoints (Bm, vertical black lines), with 95% CIs. Solid blue lines represent the trend of the variable per period, delimited by breakpoints
(Bt, vertical-dashed blue lines, if existent). Dashed black line is the overall linear trend of the whole time series.

Table 1. Timing of identified step-wise changes in the environmental variables.

Variable Breakpoint mean (Bm) Breakpoint trend (Bt)
Temperature 2002 NC
Diatoms abundance 1998 NC
Copepods abundance 1982, 1990, 2004 1990
Secchi depth 1986 NC
NAO NC NC
Fish biomass 1986,2010 NC
N:P 1986, 1995 1995

Changes in the mean (Bm) and trend (Bt) were detected by univariate breakpoint analysis. NC: no changes.

tons in 1979 to a maximum of 19.3 x 10° tons in 2014
(Figure 1g, Table 1). This resulted in three periods of increas-
ing biomass with significant Bm in 1986 and 2010 (means of
2.7,6.2,and 11.1 x 10’ tons, respectively).

Long-term changes in abundances of
(sub)communities of large zooplankton

The overall abundance (Total) of the large zooplankton com-
munity decreased over time with three periods identified by
the breakpoint analysis (Bm) (Figure 2a, Table 2): until 1986
the abundance remained low (mean 27.3 ind.m™3) increasing
then to a mean of 41.6 ind.m™> until 1995, when a Bt was
found, after which the abundance drastically decreased until
the end of the study period (mean of 24.1 ind.m~3). Decapods
was the only subcommunity that did not show any significant
change in mean abundance over time (no Bm), although an
overall increasing trend could be observed (Figure 2b, Table
2). Indeed, decapods abundance showed two periods of in-
creasing trend in abundance, separated by a Bt in 1995. In
the first period, the abundance increased from a minimum

of 0.37 (in 1979) to 22.3 ind.m™3 (in 1995), but it drasti-
cally decreases to 2.2 ind.m™3 in 1996, recovering again in
the second period to the overall maximum abundance of 42.2
ind.m™3 in 2017. For the Hydrozoans, the breakpoint analy-
sis identified two main periods in their mean abundance, be-
fore and after the Bm in 1996 (Figure 2¢). During the first pe-
riod, their abundance fluctuated at higher levels (mean of 8.2
ind.m~3), with two conspicuous peaks in 1981 and 1989 (18.4
and 20.4 ind.m™3, respectively), resulting in two Bt (1983
and 1989). After 1989, hydrozoan abundance decreased to
3.1 ind.m~3 until the end of the study period, resulting in
a significant Bm in 1996, with values below 1.2 ind.m~3 in
the last 5 years of the survey. The abundance of the Others,
also decreased over time (overall trend), especially after 1986,
when a Bt was identified (Figure 2d, Table 2). A Bm was de-
tected in 2007, when the mean abundance decreased from
12.7 to 3.5 ind.m~3 (Figure 2d). Overall, these results indi-
cate that the first shift in Total abundance in 1986 cannot be
attributed to a shift of a single group but rather to an increase
of individual taxa across all three subcommunities, while
the strong decline observed in 1995 represents the cumula-
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Figure 2. Temporal interannual variation of abundance (grey lines, ind.m~2) of large zooplankton community at Helgoland Roads: (a) whole community
(Total), (b) Decapods, (c) Hydrozoans, and (d) Others. Solid red lines represent the mean of abundance per period, delimited by breakpoints (Bm, vertical
black lines, Table 2), with 95% Cls. Solid blue lines represent the trend of abundance per period, delimited by breakpoints (Bt, vertical-dashed blue
lines, Table 2). Dashed black line is the overall linear trend of the whole time series.

Table 2. Timing of identified step-wise changes in abundances and community structure of the community and subcommunities.

(Sub)community Breakpoint mean (Bm) Breakpoint trend (Bt) MRT
Total 1986, 1995 1995 2006
Decapods NC 1995 2002
Hydrozoans 1996 1983, 1989 2001
Otbhers 2007 1986 NC

Changes in the mean (Bm) and trend (Bt) of abundances were detected by univariate breakpoint analysis, while changes in community structure were identified

by MRT analysis. NC: no changes.

tive effect of a general decrease in Decapod and Hydrozoan
taxa.

Long-term changes in (sub)communities structure
of large zooplankton

The MRT analysis identified significant changes in the overall
community structure in 2006, but within each subcommunity,
shifts occurred earlier: in 2001 for Hydrozoans and in 2002
for Decapods (Table 2, Supplementary Figure S1). No signif-
icant changes in community structure were detected for the
Others, indicating that the decline in mean abundanec in 2007
appeared to be widespread among all its members. Given the
timing of this decline, any changes in the overall community
structure reflect the changes in the relative abundances within
the Decapods and Hydrozoans subcommunities, further am-
plified by the decline in the overall abundance of Others.
The most overall abundant taxa were Parasagitta sp., Poly-
biidae, Upogebia sp., Calanus sp., Pleurobrachia sp., Pisidia
sp., Carcinus sp., and Rathkeidae (Supplementary Table S1).
The decapods Upogebia sp. (mud shrimp) and Pisidia sp.
(porcelain crab) showed important increases in the relative
abundance over time, not only within the Decapods subcom-
munity but also for the entire community (Figure 3a and Sup-
plementary Figure S2). These taxa were nearly absent un-
til late 80s, but accounted together for >40% of Total and

30% of Decapods abundance in the last years of the sur-
vey, when their abundances reached maximum values of 12.7
and 9.9 ind.m™3, respectively (both in 2017, Supplementary
Figure S4). In contrast, Carcinus sp. showed the greatest de-
crease in relative abundance within the Decapods, from a
maximum of 60% in 1976 to <10% since 2008. Cancer
sp., Hemigrapsus sp., Crangon sp., and Galathea also showed
conspicuous increase or decrease in abundances over time
(Supplementary Figure S4). Within Hydrozoans subcommu-
nity Rathkeidae (mainly Lizzia blondina and Rathkea octop-
unctata) and Obelia sp. decreased markedly in relative abun-
dance, from maximum of 96 and 55%, respectively, in late
70s to <5% in the last years of the study (Figure 3b). In con-
trast, Clytia sp. and Eucheilota sp. increased their represen-
tation among hydrozoans (up to 71 and 41%, respectively,
after 2000s). However, their abundances also decreased, es-
pecially since early 90s (Supplementary Figure S4), suggesting
that changes in relative abundance among hydrozoans were
a consequence of stronger decreasing trend of the most abun-
dant taxa (i.e. Rathkeidae and Obelia sp.). Calanus sp. (Cope-
poda), Parasagitta sp. (Chaetognatha), and Pleurobrachia sp.
(Ctenophora), were the most abundant taxa within the sub-
community Others, representing for most years > 80% of the
abundance, with no evident long-term changes in community
structure (Table 2).
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Figure 3. Relative abundance of the different taxa within each subcommunity at Helgoland Roads: (a) Decapods, (b) Hydrozoans, and (c) Others. Vertical
black-dashed lines indicate the year of significant changes in community structure identified by MRT.
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Table 3. Overview of the final GAMs fitted to the abundances of the (sub)communities, including the predictors retained in the final model, the associated

AIC, and explained deviance.

(Sub)community Predictors retained AIC Explained deviance (%)
Total Temp* + Cop™t + 19.0 53.0

Secchi® + Fish~
Decapods Diat™ + Secchi~ + Fish* 59.4 60.4
Hydrozoans Cop® + Fish™ + N:P* 70.8 59.9
Others Diat™ + Cop™ + Fish™ 58.7 53.9
Superscripts indicate their partial effect: positive (+), negative (—), nonlinear (o), and not significant (ns). In bold are those with stronger effects (see Supple-

mentary Figure S5).

The relationship between environmental conditions
and large zooplankton dynamics

Relationship with abundances

The univariate statistical models used to uncover the environ-
mental variables most correlated with the abundance of the
different taxonomic groups, revealed that the tested predic-
tors significantly explained >50% of deviances in all cases
(Table 3 and Supplementary Table SII and Figure S5). Tozal
abundance was negatively affected by fish biomass Effective
degrees of freedom (edf) = 1, F = 7.8, p = 0.008), positively
by temperature (edf = 1, F = 7.0, p = 0.012) and copepods
abundance (edf = 1.9, F = 5.8, p = 0.005), and a nonlinear
effect of Secchi disk depth with higher abundances expected at
intermediate levels of water transparency (edf = 2.4, F = 4.4,
p = 0.011). Decapods were the only taxa positively affected
by fish biomass (edf = 3.9, F = 8.0, p < 0.001), particularly at
lower biomass levels (<50 x 10* tons) after which the abun-
dance of decapods appear to be less affected (Supplementary
Figure S5). Decapods abundance was also negatively affected
by Secchi disk depth (edf = 1.3, F = 5.4, p = 0.034) and by
diatoms abundance, although not significantly (but retained
in the final model, edf = 3.0, F = 2.6, p = 0.087). The effect
of the predictors on the Hydrozoans abundance was consis-
tently nonlinear, but while the fish biomass effect was gener-
ally negative (edf = 3.1, F = 3.0, p = 0.034), the N:P ratio
effect was generally positive (edf = 2.0, F = 5.3, p = 0.008).
In contrast, higher hydrozoans abundance is expected to oc-
cur at intermediate levels of copepods abundance (edf = 2.2,
F=4.4,p = 0.013). Finally, the Others appeared to be nega-
tively correlated with diatoms (edf = 1, F = 9.2, p < 0.004)
and positively correlated with copepods abundances (edf = 1,
F = 5.2, p = 0.028, respectively), while fish biomass had a
nonlinear effect (edf = 3.6, F = 4.4, p = 0.005), especially at
higher biomass levels (>50 x 10* tons), when the abundance
of Others is expected to substantially decrease (Supplemen-
tary Figure SS).

Relationship with community structure

The environmental variables considered in this study signif-
icantly affected the structure within Decapods and Hydro-
zoans subcommunities (significant global RDA models, Table
4), but not the Others (F = 0.79, p = 0.711). The environ-
mental variables explained 30.5 and 12.0% of the variability
in the data for Decapods and Hydrozoans, respectively. The
changes within these communities were significantly summa-
rized by only one axis (significant RDA1, Table 4), which rep-
resented most of the explained variability in the data (25.7 and
10.1%, respectively, Table 4). The RDA1 revealed a substan-
tial modification in community structure over time for both
the Decapods and Hydrozoans (Figure 4a and b, respectively).

In both cases, temperature and Secchi depth were selected by
the models. However, Decapods were also affected by the in-
creasing trend in fish biomass and by the decreasing trend in
copepods abundance (Figure 4c). For the Hydrozoans com-
munity, fish biomass was highly correlated with RDA1 but
not retained in the full model (Figure 4d). This apparent con-
tradictory result is a consequence of the model selection pro-
cess. Model selection is based mainly on permutation tests and
the variance explained by the model. When fish biomass is
included in the model, the permutation test indicate that the
overall explained variance only slightly increases in compar-
ison with a model without fish biomass (Adj. R* = 12.6 vs.
12.0%), but this predictor does not significantly explain the
variation in the data (F = 1.28,p = 0.214). In contrast, remov-
ing Secchi depth from the model would result in a noticeable
decrease in the overall variance explained (Adj. R* = 9.1%).
The key taxa identified by the RDA analysis shaping the vari-
ability in subcommunity structure over time were Upogebia
sp., Pisidia sp., and Carcinus sp. for Decapods, and Rathkei-
dae, Obelia sp., Clytia sp., and Eucheilota sp. for Hydrozoans.
Further RDA analysis on the whole community (Supplemen-
tary Figure S6) confirmed the importance of Upogebia sp., Pi-
sidia sp., Rathkeidae, and Obelia sp., as the key taxa driving
the structural changes in the whole large zooplankton com-
munity.

Discussion

Long-term changes in the large zooplankton
community

The NS is one of the most human-impacted marine ecosys-
tems in the world (Halpern ef al., 2015) and its environment
underwent relevant changes over decades. The community of
large zooplankton in the SNS responded to these changes and
experienced a reorganization during the 1990s and 2000s. In
addition to a general decline of the entire community abun-
dance, changes in the relative abundance of each taxa over
time resulted in a different overall community structure after
2006 (Figure 5). In general, the community changed from be-
ing composed by higher abundances of hydrozoans and holo-
planktonic taxa, to an increase in decapods. Here, we were
able to uncover the main environmental factors underpinning
these changes, highlighting the critical role of temperature,
pelagic fish biomass, and water turbidity. However, the final
outcome of these changes is rarely a result of a few parame-
ters, but instead, of the complex interaction of multiple stres-
sors, affecting differently the individual taxa and at different
timings. This underlines the relevance of addressing the im-
pact of environmental changes at different community levels,
which elucidate how the complexity of interactions ultimately
shape the entire community structure.
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Table 4. Main results of the RDA analysis on each subcommunity.
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Adj. R*> (%) F(global)  p-value (global) RDA1 (%) F (RDA1)  p-value (RDA1) Variables retained
Decapods 30.5 5.72 0.001 25.7 19.30 0.001 Temp + Cop + Sec-
chi + Fish
Hydrozoans 12.0 3.92 0.001 10.1 6.64 0.001 Temp + Secchi
Ohers - 0.79 0.711 - - - None

Variables retained in the final selected model: Temp: temperature, Diat: diatoms abundance, Secchi: Secchi depth, Fish: fish biomass, Cop: copepods abundance.
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Figure 4. RDA of Decapods (b, c, e) and Hydrozoans (b, d, f) subcommunities: (a) and (b) temporal variability of RDA1 scores; (c) and (d) taxa that most
contributed to the main changes in the respective subcommunity structure. Only the taxa with high positive and negative RDA1 scores are presented;
(e) and (f) environmental variables that affected the structure of subcommunities, with negative and positive effects. In red are the variables retained in

final selected model.

The described changes in the large zooplankton commu-
nity in this study matched the previously described regime
shifts in the NS (Figure 5). During the first regime shift in
late 80s (Reid et al., 2001; Beaugrand et al., 2008), an overall
increase in the abundance across all taxa reinforced a step-
wise boost in the abundance of the entire community, al-
though with little impact on its structure. Increasing water
temperature along with high abundances of copepods and
low levels of fish predation likely supported these changes.
The simultaneous step-wise increase in water transparency
and N:P ratios suggests that these growth in the large zoo-
plankton abundance was bottom-up driven through the en-
hancement of the productivity of the whole planktonic food
web (Sguotti et al., 2022). In 1995/1996, the abundance of
the whole large zooplankton community decreased drastically
and continue to decline until the end of the study period. This
drastic decline in 1995/1996 immediately preceded the regime
shift identified between 1996 and 2003 (Alvarez-Fernandez
et al., 2012; Beaugrand et al., 2014) and was mainly a con-
sequent of the cumulative step-wise drop in the abundance
of meroplanktonic organisms, i.e. Decapods and Hydrozoans.

Within these two subcommunities, significant changes in their
structure were detected in early 2000s, in conjunction with
the described regime shift. However, significant changes in
the community structure of the whole community were only
detected in 2006, due to the combination of these subcom-
munity changes and the simultaneous step-wise decrease in
the abundance of mainly holoplanktonic taxa (i.e. Others).
This agrees with Di-Pane et al. (2023), who identified a shift
in the structure of the mesozooplankton community (includ-
ing smaller size fractions, >150 um) at Helgoland in 2007
and with the third reported regime shift in the NS (Sguotti et
al., 2022). The distinct timing of changes in abundance and
structure within (sub)communities, highlight the importance
of integrating high taxa diversity and resolution in community
structure analysis (Di Pane et al., 2023). Shifts in the struc-
ture of marine communities occur over a period of change
instead of a single year, due to the variability in life history
strategies among zooplankton organisms. For instance, mero-
plankton species have typically longer (>1 year) life cycles
than holoplankton and the effect of environmental changes
on their growth, maturation, and embryonic development of
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(Neumann et al., 2008; Kroncke et al., 2013).

the benthic stages (e.g. Azra et al., 2020) might induce a time
lag response in the abundance of the pelagic stages. In ad-
dition, mounting evidence of high evolutionary potential of
zooplankton organisms (e.g. Peijnenburg et al., 2006; Yebra
et al., 2011) under environmental changes support the hy-
pothesis that different genetic adaptation capacities and rates
among zooplankton populations might affect their response

time to those changes (Dam, 2013; Peijnenburg and Goetze,
2013). This holds particularly true at a comprehensive ecosys-
tem level, when multiple trophic levels are included. Sguotti
et al. (2022) reviewed and analysed temporal changes of sev-
eral components of the NS marine community, from plankton
to fish, and showed that the NS ecosystem experienced a pe-
riod of instability between late 80s and late 2000s, when an
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apparent “slow regime shift” occurred. These changes resulted
in an irreversible regime shift, with a complete restructuration
of the community after 2003, which only stabilized in a new
state after 2008. The dynamics of the large zooplankton com-
munity in the SNS appeared to match these periods, with inter-
nal changes occurring at different timings during the unstable
period, establishing a distinct community structure after mid-
2000s.

The influence of environmental variables

The described long-term changes in abundances and structure
of the large zooplankton community in the SNS were likely
an outcome of the long-term interaction of multiple stressors.
However, here, we uncover the role of some environmental
variables and the potential effect of their short-term abrupt
variations, particularly in temperature, fish predation, and wa-
ter turbidity. At long-term, the increasing trend in temperature
likely explain the success of Decapods over time. Temperature
has been identified as one of the main regulators of decapods
abundance by affecting their reproductive efficiency (Kirby et
al., 2007, 2008), survival and development (Rumrill, 1990;
Hoegh-Guldberg and Pearse, 1995) at different stages of their
life cycle (Zeiss and Kroncke, 1997; Reiss et al., 2006; Neu-
mann et al., 2008), as well as their distribution (Lindley and
Kirby, 2010). For instance, Pisidia sp., one of the key identi-
fied taxa in our results, is strongly affected by increasing tem-
peratures and expected to increase in the NS (Lindley ef al.,
1993), which was confirmed in our results. Despite the over-
all increasing trend in temperature, severe cold temperatures
might also affect the community. The winter of 1995/1996
was exceptionally cold, which caused an unusual high mor-
tality of benthic macrofauna organisms, including decapods,
and significantly changed the benthic community structure
(Neumann et al., 2008; Kroncke et al., 2013). This mortal-
ity was likely reflected in the abundance of decapods larvae
in the pelagic environment and explain the observed drastic
drop in their abundance. To our knowledge, similar studies
are not available for hydrozoans in the NS, but a similar ef-
fect could be speculated. Indeed, under unfavourable condi-
tions, like cold winters, benthic hydrozoan colonies might be
severely reduced to resting hydrorhizae or produce cysts in or-
der to survive (Bavestrello et al., 2006; Martell et al., 2017),
or they can switch to less effective reproduction strategies,
which ultimately affect the production of medusae (Boero et
al.,2008). Therefore, we speculate that the shift in the commu-
nity structure of these two subcommunities might reflect the
reorganization of the benthic community after the cold winter
in 1995/1996, which after a post disturbance succession stage
(Neumann and Kroncke, 2011), resulted in a significant shift
in their internal structure in early 2000s (Kroncke et al., 2013;
Kroencke et al., 2019).

Top-down pressure was likely one of the major environ-
mental drivers of changes in large zooplankton community in
this study, since the increasing biomass of zooplankton preda-
tors had a widespread negative correlation with the whole
community abundances and structure, except for decapods.
Top-down control of zooplankton communities was pointed
to be one of the main regulators of key NS zooplankton taxa,
such as Calanus sp. For instance, Papworth et al. (2016), did a
comprehensive study that included 86 biological and physical
drivers of C. finmarchicus abundance in the NS, and revealed
that fish predation, in particular from herring, was one of the
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most important drivers. The predation effect on Hydrozoans
is, however, less expected. Gelatinous zooplankton has low
nutritional value (e.g. Lucas ef al., 2011) and are, therefore,
often considered as “dead ends” in the food webs. However,
this paradigm has been recently disputed (Hays et al., 2018)
and recent reports have been showing that these organisms
are a suitable source of food for a variety of fish species (Ay-
ala et al., 2018; Marques et al., 2019; Brodeur erf al., 2021).
Furthermore, the predation on gelatinous zooplankton by fish
appear to be stronger when high quality food is less available,
promoting a shift in fish selectivity towards less nutritional
but more abundant preys (Marques et al., 2016). This might
be the case in our study site, where the decrease in the abun-
dance of copepods might have forced zooplanktivorous fish to
prey on alternative sources of food, like hydrozoans. This de-
crease in Hydrozoans abundance further support the hypothe-
sis that the presumed global increase in jellyfish populations is
biased towards scyphozoans and lack long-term data to sub-
stantiate a widespread trend for all gelatinous zooplankton
(Sanz-Martin et al., 2016). On the other hand, the success of
decapods despite of the high predation pressure, might be, at
least, partially explained by their combination of traits. Kier-
boe (2011) argued that the fitness of a species is highly influ-
enced by the trade-off of its traits associated with predation
mortality and feeding efficiency. Therefore, their short pelagic
larval duration (Anger et al., 2015) and the presence of numer-
ous and longue spines, which is a typical feature of many deca-
pod larvae (Morgan, 1989, 1992), likely reduce their vulnera-
bility to zooplanktivorous predators (Rumrill, 1990; Hoegh-
Guldberg and Pearse, 1995; Kirby et al., 2007). One striking
example is Pisidia sp. larvae, which has exceptionally long
spines, providing them with a superior protection against zoo-
planktivorous predators.

Water turbidity was also found to be highly correlated with
the observed restructuring of the large zooplankton commu-
nity. However, here, we suspect that temporal changes in this
physical environmental condition rather amplifies the impact
top-down and bottom-up pressures. On one hand, low turbid-
ity conditions would theoretically increase the vulnerability of
zooplankton to visual predators, since high water visibility in-
creases the fish euphotic habitat (Dupont and Aksnes, 2013).
This could further endorse the negative impact of fish preda-
tion on the abundance of most taxa (except decapods) and
it was even suggested to affect the competitive trophic rela-
tionship with tactile jellyfish (Aksnes, 2007; Haraldsson et al.,
2012), further sustaining the reduction in Hydrozoans abun-
dance observed in our study. On the other hand, low water
turbidity was one of the main drivers of high diatom abun-
dances and longer bloom periods at Helgoland (Wiltshire et
al.,2015). This likely increased the food availability for deca-
pod larvae, as well as for their newly settled or adult stages,
such as for Upogebia sp. This taxon was shown to feed on
planktonic and sedimented phytoplankton at both the pelagic
(Faleiro and Narciso, 2009; Fileman et al., 2014) and benthic
(Dworschak, 1987; Lindahl and Baden, 1997) stages, respec-
tively, and showed the most conspicuous increase in relative
abundance over time, within the entire community.

Food quality (i.e. N:P ratios), although not identified as crit-
ical in changes in the community structure, it significantly af-
fected the abundance of Hydrozoans, and its step-wise change
in 1986 and 1995, interestingly match those observed in Total
abundance. The impact of food quality on plankton commu-
nities have been extensively demonstrated (e.g. Danielsdottir
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et al., 2007; Meunier et al., 2018) and suggested as an im-
portant driver of herbivorous zooplankton abundance in the
SNS (Meunier et al., 2016). The strong relationship between
N:P ratio and Hydrozoans is, however, unexpected. It could be
speculated that the high nitrogen demand per unit of carbon
of jellyfish, due to the particular composition of their body
tissues (Pitt et al., 2013), could explain these results, but the
few existing studies on the response of jellyfish to nutrient-
limited food sources revealed their tolerance to this stressor
(Malzahn et al., 2010; Schoo et al., 2010; Chen and Li, 2017).
Further studies are, thus, still required to fully understand this
relationship.

Although we included multiple stressors in our analysis,
rarely (if ever) is a study comprehensive enough to fully ad-
dress the complexity of interactions affecting zooplankton
communities. It is, therefore, not surprising that a large pro-
portion of the variation in the statistical results (GAM and
RDA models) remained unexplained. Here, we only investi-
gated the temporal variability of the large zooplankton dy-
namics at one particular area of the SNS. Expansion or con-
traction of species-specific spatial distributions, was recog-
nized as critical in community structural changes, includ-
ing for many organisms considered in this study (e.g. Lind-
ley et al., 1993; Beaugrand et al., 2008; Puce et al., 2009;
Lindley and Kirby, 2010), which was, thus, not considered
in our study. In addition, changes in community structure
are also a consequence of stochastic processes, such as eco-
logical drift that causes species abundance to fluctuate ran-
domly (Vellend, 2010; Gilbert and Levine, 2017). However,
the performed analysis at high taxonomic resolution allow us
to consider taxa-specific ecology and the potential effect of
additional stressors not considered in this study. This is the
case of the impact of beam trawls on some meroplankton
organisms. Upogebia sp., a burrowing shrimp in their adult
stages, live in tunnels that may extend down to 50 cm deep
in the sediment (Dworschak, 1983). This particular trait is
especially important in the NS where beam trawls are fre-
quently used and can have a severe impact on the benthic
community (Bergman and van Santbrink, 2000). The protec-
tion provided by the deep burrows can, therefore, help to ex-
plain the conspicuous increasing trend of Upogebia sp. lar-
vae in our study site (Duineveld et al., 2007; Hinz et al.,
2021).

The implications of changes in large zooplankton commu-
nity to the ecosystem functioning might be important. The
overall low zooplankton abundance might affect fish recruit-
ment (e.g. Beaugrand et al., 2003) and the efficiency of the bi-
ological carbon pump (e.g. Cavan et al., 2017). Furthermore,
the increasing in decapods abundance in the plankton, fol-
lowed by higher recruitment to the benthos, might affect the
trophodynamics of the associated communities, through their
role as predators and prey, and potentially affect ecosystem
services, such as fisheries (e.g. Kirby and Beaugrand, 2009;
Lindley and Kirby, 2010; Boudreau and Worm, 2012). Un-
derstanding and predicting biodiversity changes and their im-
pacts on ecosystem functioning at taxonomic level is, however,
intricate. One possible approach to simplify the complexity
of interactions at multivariate taxonomic level, is trait-based
analysis. This approach not only facilitate our understanding
of how communities respond to changes in the environment,
but also how changes in communities affect ecosystem func-
tioning (de Bello et al., 2021). The complementary knowledge
at both the taxonomic and functional community structures,

"

will provide a better understanding of the responses and the
effects of biodiversity changes over time.

Conclusion

Here, significant changes in the community structure of meso-
and macro-zooplankton in the SNS were reported, likely me-
diated by long-term changes in climatic and anthropogenic
stressors. These changes followed the previously described
regime shifts in the NS, in particular the periods of stable and
unstable states of the ecosystem. Overall, the decrease in abun-
dance of hydrozoans and holoplanktonic taxa, together with
increasing trends in decapods abundance resulted in a signifi-
cant change in the community structure in 2006, after an un-
stable period when internal subcommunity structural changes
were identified. This highlights how internal responses shape
the reorganization of the community and the potential eco-
logical mechanisms sustaining such reconfiguration, in par-
ticular the role of temperature and predation pressure. This
study further uncovers how complex these mechanisms are
due to the variety of life histories among the large zooplank-
ton organisms. Assessing community structure changes at dif-
ferent taxonomic levels allows to disentangle this complexity
and, therefore, better understand how and when changes oc-
cur. Given their ecological importance in marine food webs
and their role in connecting benthic and pelagic populations,
we strongly emphasize the necessity of prioritizing and sus-
taining efforts to study and understand the often-overlooked
large-sized zooplankton community.
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