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• The functional diversity of plankton in the
NE Atlantic is changing.

• Regional variation in time-series trajecto-
ries due to anthropogenic pressures

• K-means clustering of abundance time-
series identified spatially coherent pat-
terns.

• Abundance typically increased in the
North Sea and decreased offshore.

• Diatoms and copepods decreased in off-
shore areas, a concern for pelagic
food webs.
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Plankton form the base of marine food webs, making them important indicators of ecosystem status. Changes in the
abundance of plankton functional groups, or lifeforms, can affect higher trophic levels and can indicate important
shifts in ecosystem functioning. Here, we extend this knowledge by combining data from Continuous Plankton Re-
corder and fixed-point stations to provide the most comprehensive analysis of plankton time-series for the North-
East Atlantic and North-West European shelf to date. We analysed 24 phytoplankton and zooplankton datasets from
15 research institutions tomap 60-year abundance trends for 8 planktonic lifeforms. Most lifeforms decreased in abun-
dance (e.g. dinoflagellates: −5 %, holoplankton: −7 % decade−1), except for meroplankton, which increased 12 %
decade−1, reflecting widespread changes in large-scale and localised processes. K-means clustering of assessment
lland).
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Pelagic habitats
Plankton
units according to abundance trends revealed largely opposing trend direction between shelf and oceanic regions for
most lifeforms, with North Sea areas characterised by increasing coastal abundance, while abundance decreased in
North-East Atlantic areas. Individual taxa comprising each phytoplankton lifeformexhibited similar abundance trends,
whereas taxa groupedwithin zooplankton lifeforms weremore variable. These regional contrasts are counterintuitive,
since the North Sea which has undergone major warming, changes in nutrients, and past fisheries perturbation has
changed far less, from phytoplankton to fish larvae, as compared to the more slowly warming North-East Atlantic
with lower nutrient supply and fishing pressure. This more remote oceanic region has shown a major and worrying
decline in the traditional food web. Although the causal mechanisms remain unclear, declining abundance of key
planktonic lifeforms in the North-East Atlantic, including diatoms and copepods, are a cause of major concern for
the future of food webs and should provide a red flag to politicians and policymakers about the prioritisation of future
management and adaptation measures required to ensure future sustainable use of the marine ecosystem.
1. Introduction

Plankton form the base of pelagic food webs and play an integral bio-
geochemical role in carbon cycling and sequestration (Guidi et al., 2016).
Short generational times, small size, dependence on currents/hydrodynam-
ics and, for phytoplankton, direct dependence on dissolved nutrients and
solar energy make themwell-suited for detecting impacts of environmental
change (McQuatters-Gollop et al., 2015). Changes in plankton communities
affect higher trophic levels, including shellfish, fish, and seabirds, which
are supported either directly or indirectly by plankton (Frederiksen et al.,
2006) with consequential impacts for the industries reliant on a healthy
marine ecosystem (Hays et al., 2005).

TheNorth-East Atlantic andNorth-West European shelf are experiencing
rapid warming and other environmental changes attributable to climate
change (Emeis et al., 2015). While warming can be a direct physiological
pressure on plankton (Sarker et al., 2020), it can also drive physical changes
in hydrology, includingwater currents, verticalmixing, and stratification re-
gime (Behrenfeld et al., 2006). At the regional scale, significant changes in
the plankton community have been recorded and strongly linked to changes
in environmental conditions, most notably temperature (Bedford et al.,
2020b), salinity (Edwards et al., 2002), nutrients (Desmit et al., 2020),
and in the dynamics of higher trophic levels (Beaugrand et al., 2003;
Heath and Lough, 2007; Olin et al., 2022). Thesewidespread environmental
changes have occurred alongside shorter-term variation in direct human im-
pacts, including changes in riverine nutrient input (Capuzzo et al., 2018)
and fishing pressure (Murgier et al., 2021) and it is often challenging to dis-
entangle this myriad of impacts on the plankton community. This rapidly
changing marine region supports important fisheries, encompasses a range
of contrasting pelagic habitat types, including river plumes, coastal, shelf,
and oceanic areas, and also benefits from some of the longest and highest
density biological time series in the world (McQuatters-Gollop et al.,
2022), making it a perfect location to investigate how climate change and
variation in anthropogenic pressures have impacted plankton communities.

To detect important changes in ecosystem functioning, complex long-
term plankton monitoring datasets can be summarised into ecologically
meaningful lifeforms (i.e. planktonic organismswhich fulfil the same impor-
tant functional role in their environment) (Margalef, 1978; McQuatters-
Gollop et al., 2019; Smayda and Reynolds, 2003; Tett et al., 2008) and indi-
cators derived from these lifeforms can be useful for informing the location
of critical changes occurring in pelagic ecosystems (McQuatters-Gollop
et al., 2019). Numerous studies have highlighted trends in plankton within
this region (Beaugrand et al., 2010; Bedford et al., 2020b; Schmidt et al.,
2020) and a suite of mechanisms have been proposed to explain these
changes, such as northward range shifts (Chivers et al., 2017), phenology
shifts (Hinder et al., 2012), and changes in stratification and nutrient supply
(Capuzzo et al., 2018). Few studies, however, have examined the regionality
of large scale, long-term trends of multiple phytoplankton and zooplankton
lifeforms by combining both inshore and offshore data (Bedford et al.,
2020b).

The critical role of plankton to ecosystem health and sustainable use
also makes them integral to policy-related reporting (Aubert et al., 2017;
Brander et al., 2003; Rombouts et al., 2019; Tett et al., 2008). The OSPAR
2

Convention is an international agreement among 15 “contracting parties”
(including 14 nation states and the European Union) for protecting this
sharedmarine environment and co-managing human activities sustainably.
To assess the status of pelagic habitat biodiversity, contracting parties rou-
tinely submit plankton monitoring data to OSPAR. Our study summarises
data submitted to OSPAR by eight contracting parties, expanding on spatial
patterns of long-term change described in Bedford et al. (2020b), incorpo-
rating additional plankton datasets over a broader spatial extent, and
using an improved set of ecologically relevant assessment units to divide
the North-East Atlantic. The aims of our study were to perform the most
comprehensive assessment to date, to (1) detect and quantify long-term
changes in the abundance of plankton lifeforms across theNorth-East Atlan-
tic; (2) identify any consistent spatial patterns of change in lifeform abun-
dance; and (3) explore similarities and differences in the way plankton
communities have changed across pelagic habitats.

2. Materials and methods

2.1. Plankton monitoring datasets

Datasets were submitted to OSPAR by contracting parties through a
2021 data call to support OSPAR's Quality Status Report 2023 (QSR
2023), which aims to assess the environmental and biodiversity status of
the North-East Atlantic. Each dataset was subjected to institute-specific
quality control procedures to ensure consistency and accuracy of counting
and methodology (see Supplemental methods: Quality control for plankton
datasets). Once received by OSPAR, datasets were uploaded to the online
Plankton Lifeform Extraction Tool (PLET), allowing for taxa and samples
to be aggregated into monthly-averaged lifeform abundances, as described
inOstle et al. (2021).While biomass can often be amore informativemetric
than abundance for detecting changes in plankton communities, particu-
larly for measuring impacts on the food web, determination of biomass
based on standardised estimates of organism volume or carbon content
were beyond the scope of this paper due to incomplete size information
for the >1800 taxonomic groups assessed. Even so, due to the shared func-
tional role of taxonomic groups within each lifeform it is likely that large
variation in their abundance will still generate important impacts on ma-
rine food webs. The data that support the findings of this study are openly
available from The Archive for Marine Species and Habitats Data (DASSH),
at https://www.dassh.ac.uk/lifeforms/.

Two types of data were used to support this analysis. Spatially extensive
open water surveys, such as the Continuous Plankton Recorder (CPR), are
useful for examining the direction and magnitude of changes in selected
lifeform abundances over time across large pelagic habitats, revealing spa-
tial patterns of change (Bedford et al., 2020b). Additionally, fixed-point,
full depth time-series stations provide complementary information on a
larger fraction of the plankton size spectrum and in the more nearshore
habitats that are particularly valuable for studying anthropogenic pressures
such as eutrophication (McQuatters-Gollop et al., 2019) and pollution
(Serranito et al., 2016).

To use datasets from multiple sources effectively, procedures were
implemented to ensure the comparability of results. Datasets were not

https://www.dassh.ac.uk/lifeforms/


M.M. Holland et al. Science of the Total Environment 898 (2023) 165505
combined due to differences in sampling, analysis, and enumeration
methods. Instead, all datasets were analysed separately, using an identical
set of methods. This way it was possible to compare trends derived
across multiple datasets since each dataset maintained an internally
consistent sampling and enumeration methodology. The analysis was pri-
marily restricted to OSPAR Regions II (Greater North Sea), III (Celtic
Seas) and IV (Bay of Biscay and Iberian Coast). Datasets were required to
contain samples collected during and before a contemporary “assess-
ment period” to represent current conditions. For this analysis, we se-
lected the period between 2015 and 2019. Time-series were limited
to the end of 2019 to maintain consistency among datasets, although
initial date varied. Due to interannual variability in plankton monitor-
ing data, time-series needed to be of sufficient length (i.e. ≥10 years)
to facilitate identifying statistically significant trends. While the CPR
data typically covered 1960 to 2019, many of the coastal time-series
commenced in the 1980s or later. Histograms displaying the distribu-
tion of samples through time for each time-series can be located in the
Supplementary Materials for phytoplankton (Fig. S 1) and for zooplankton
(Fig. S 2).

While 19 institutions from9 contracting parties submitted datasets to be
used for the QSR 2023, analysis was limited to 24 datasets from 15 institu-
tions in 8 countries (Fig. 1; Table S 1). The table in SupplementaryMaterials
contains DOI links to detailedmetadata for each dataset, wherever this was
available. Unused datasets were all determined to be out of scope for this
assessment due to limited length (<10 years) or poor coverage of the assess-
ment period.

2.2. Plankton lifeforms

We selected eight plankton lifeforms (diatoms, dinoflagellates,
holoplankton, meroplankton, large copepods, small copepods, fish larvae
and eggs, gelatinous zooplankton) for their ecological-relevance and the
high confidence in their classification (McQuatters-Gollop et al., 2019).
Diatoms and dinoflagellates represent major components of the larger phy-
toplankton in temperate seas. While both contribute primary productivity
to pelagic food webs, diatoms are exclusively autotrophic and require the
Fig. 1. CPR routes (a) and the locations of samples from all other datasets used in the as
Points are coloured according to the contracting party of the institute that provided th
opacity in (a) and point size in (b).
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nutrient silicate (Raven and Waite, 2004), while dinoflagellates exhibit
broader nutritional modes (i.e. autotrophy, mixotrophy, or heterotrophy)
(Sherr and Sherr, 2007). These lifeforms are functionally distinct due to dif-
ferences in motility (Ross and Sharples, 2007) and sinking rates (Durkin
et al., 2016), and likely contribute in unique ways to trophic pathways
and biogeochemical cycling.

Holoplankton are a diverse non-taxonomic group of zooplankton which
spend their entire lifecycle in the pelagic ecosystem, and include copepods,
appendicularians, cladocerans, chaetognaths and euphausiids. By contrast,
meroplankton (another diverse non-taxonomic group) are zooplankton
which spend only part of their lifecycle in the pelagic ecosystem before
recruiting to benthic habitats. Meroplankton contains organisms including
cirripedes, decapods, echinoderms, bryozoans, some polychaetes and mol-
luscs, and several other groups.

We defined large copepods as any copepod with a total adult
length ≥ 2 mm and small copepods as <2 mm in adult total length. Large
copepods can be nutritionally dense and are an essential component of
the diets of many fish, such as Atlantic mackerel (Scombrus scomber),
in their larval, juvenile and even adult stages (Kvaavik et al., 2019). Small
copepods are typically the most abundant zooplankton lifeform. Their
high abundance and small size makes them readily consumable by larval
fish and they are essential for transferring energy from phytoplankton to
higher trophic levels (Turner, 2004). While copepods also contribute to
holoplankton abundance, the separate lifeforms reveal different aspects of
ecosystem functioning.

Fish larvae and eggs represent the next step in the pelagic food web, as
fish larvae rely heavily on copepods for their growth and survival. For
Atlantic cod (Gadus morhua), a year-class's recruitment success depends
on whether small copepods are in high abundance during the period
when larval fish emerge from their eggs (Platt et al., 2003).

Gelatinous zooplankton are defined here as organisms belonging to
the phyla Cnidaria and Ctenophora. They exert strong predation pressure
on larval fish, eggs, and crustacean zooplankton. Due to their non-
quantitative capture by common sampling methods and poor fixation
in formaldehyde, this group is not counted or underrepresented in some
key zooplankton datasets including the spatially extensive CPR survey
sessment (b). Points are overlaid on the assessment units used to aggregate samples.
e data. The total number of samples taken at each location is proportional to point
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(Aubert et al., 2018; Boero et al., 2008). The limited data available for ge-
latinous zooplankton have been included to highlight their poor representa-
tion in plankton datasets in comparison to other life-forms.

2.3. Spatial and temporal scale of analysis

While pelagic habitats are primarily open systemswith no clearly defin-
able boundaries, they can be roughly delineated according to keywater col-
umn features, such as bathymetry, freshwater influence, and stratification,
and based on spatially consistent patterns in phytoplankton dynamics
(Enserink et al., 2019; van Leeuwen et al., 2015). The analysis of distributed
datasets was performed across distinct pelagic habitats or “assessment
units” (Fig. 2). Discrete fixed-point times series were each analysed sepa-
rately and not extrapolated to any larger spatial scale. To identify regional
variation in lifeform trends we used the “COMP4 assessment units” (Com-
mon Procedure for the Identification of the Eutrophication Status of the
OSPAR Maritime Area, 4th application), an OSPAR data product, to spa-
tially subdivide plankton samples (Enserink et al., 2019). These assessment
units are a geographical representation of the conditions most likely
to drive plankton distribution, dynamics, and community composition.
Fig. 2. COMP4 assessment units developed by JMP-EUNOSAT (Enserink et al., 2019) and
which contain river plumes, and round symbols indicate the locations of the fixed-poin
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For further information, refer to Supplemental methods: Deriving COMP4
assessment units.

2.4. Lifeform abundance trends

All analyses were performed using R-programming language (R Core
Team, 2020). For each dataset and sample, total lifeform abundances
were grouped by assessment unit or fixed-point station to generate a dis-
tinct subset for each lifeform. Each record of a taxon, including very rare
taxa, was classified into lifeforms based on a Masterlist of trait information,
and subsequently the total abundance of each lifeform was summed for
each sample (Ostle et al., 2021). Before total lifeform abundance could be
log10 transformed, a nominal value equivalent to half the minimum non-
zero observed value for each time-series was added to each sample to re-
move zeros (Ives, 2015). Rather than simply adding 1 to every value, this
approach was used to ensure the magnitude of the adjustment matched
the scale of each time-series, particularly for time-series which had many
zeros recorded in winter months. Common time resolution averaging for
both data types was monthly, even when finer temporal resolution was
available. For distributed CPR data, this occasionally resulted in localised
OSPAR as polygons. Triangle symbols highlight the small COMP4 assessment units
t plankton monitoring stations used in this study.



M.M. Holland et al. Science of the Total Environment 898 (2023) 165505
groupings of samples being extrapolated across larger assessment units (see
the distribution of CPR samples in Fig. 1(a)), as was the case for CPR data
along thewest of Scotland (Intermittently Stratified 1) and Ireland (Atlantic
Seasonally Stratified).

For months when there were no distributed samples within an assess-
ment unit, gaps in the time-series constructed from spatially distributed
datasets were filled by extracting a mean value from an inverse distance
weighted (IDW) interpolated surface generated from samples adjacent to
the assessment unit (<250 nmi) from the same dataset. IDW surfaces
were generated across a 0.5° square grid based on monthly binned values
with land areas clipped. Values for cells intersecting each polygon were av-
eragedwith equal-areaweighting. This spatial interpolation step accounted
for 30 % of months in distributed time-series, on average. No spatial inter-
polation was applied to fixed-point station time-series. For all time-series,
years containing fewer than eight distinct months of sampleswere excluded
from the trend analysis (Bedford et al., 2020b). This step removed on aver-
age 11% of years from each time-series. Remaining gaps of threemonths or
less werefilledwith linear interpolation from adjacentmonths. On average,
this final step resulted in an additional 3 % of months being added to each
time-series. The direction of lifeform abundance trends was determined
with the Kendall trend test (see Supplemental methods: Calculating trends
in lifeform abundance). Sen's slope estimates were calculated to determine
the median percent change in abundance per decade for each lifeform
across all assessment units.

Considering the range of start dates among datasets (e.g. 1960 for CPR,
1992 for PML, 1999 for NLWKN; Table S 1), we conducted an additional
analysis to determine whether differences in time-series length affected
the general spatial patterns in trend direction. We truncated all time-
series to the period 2000 to 2019 and re-ran the Kendall trend test on the
shortened time-series.

2.5. Cluster analysis of lifeform abundance trends

Spatially coherent patterns in long-term abundance trends across multi-
ple lifeforms indicate possible changes occurring at the community level.
To identify these patterns, a cluster analysis was conducted using K-
means clustering on the Kendall's S-statistics for the 30 COMP4 assessment
units and the 3 fixed-point stations that contained observations for all seven
lifeforms (excluding gelatinous zooplankton due to limited data availabil-
ity). Kendall's S-statistics were converted to matrix format with assessment
unit and station names as rows and lifeform names as columns. Statistics for
each lifeform (columns in the matrix) were normalised by subtracting their
mean value and dividing by their standard deviation. To determine the op-
timal number of clusters to group the data, silhouette and within sum of
squares (WSS) plots were generated from the matrix using the “factoextra”
package for visualising multivariate data (Kassambara and Mundt, 2020)
(see Supplemental methods: Determining the optimal number of clusters).
Sensitivity analysis was performed to estimate the influence of the random
starting assignments. K-means clustering was conducted with 100 random
sets (nstart = 100) to ensure a more stable result.

2.6. Exploring variability within and among spatial clusters

Once assessment units and fixed-point stations were sorted into spatial
clusters, boxplots were generated, and ANOVA was used to compare the
distribution of Kendall's S-statistics among clusters for each lifeform. This
step was intended to identify how trends in the abundance of plankton
lifeforms varied among clusters. One-sample t-tests were conducted to
determine whether abundance trend distributions within each spatial clus-
ter were net increasing or decreasing. Shapiro-Wilk and Goldfeld-Quandt
tests were also performed to test assumptions of normality and homosce-
dasticity, respectively.

To determine what contributed to similarities in lifeform abundance
trends within clusters and differences among clusters, nonmetric multidi-
mensional scaling (NMDS) was performed on the same matrix used for
the K-means clustering. NMDS generates a nonmetric ordination based on
5

the distance or dissimilarity among samples. The ‘metaMDS’ function
from the ‘vegan’ package for R was used to evaluate Bray-Curtis dissimilar-
ity across the matrix (Oksanen et al., 2019). To use Bray-Curtis as the dis-
similarity metric, negative Kendall statistics were eliminated from the
matrix by adding the minimum value in the matrix to every value. This
causes the smallest value to be zero and all other values to be positive.
The results of the NMDS were plotted and overlaid with 95 % confidence
ellipses for the distribution of points in each cluster.

The direction and magnitude of loading vectors generated using the
‘envfit’ function indicates the direction of increase in Kendall statistics for
each lifeform relative to the axis of separation among clusters (Oksanen
et al., 2019). To determine which lifeforms were important in driving the
separation of data into clusters, the ‘envfit’ function was used to generate
lifeform loadings as projected vectors on the NMDS ordination.

A similar approach was taken to project loading vectors generated from
Kendall statistics at the lowest taxonomic level available in each dataset
onto the same ordination to study the alignment of abundance trends in
taxa with those of the lifeforms they comprised. This approach also indi-
cates which taxa have experienced the greatest change in abundance. In
some cases, this was conducted at a coarser taxonomic resolution than the
species level (e.g. up to phylum level) since this was occasionally the
highest level of classification recorded. Some datasets recorded a mixture
of taxonomic classifications (e.g. Calanus finmarchicus and Calanus spp.).
Where such cases existed, the higher order classification accounted for sam-
ples which could not be identified to species level. Gelatinous zooplankton
andfish larvae/eggswere excluded from this component of the analysis due
to lack of data, and poor taxonomic resolution, respectively. Therefore, only
six lifeforms were considered for this component.

Finally, a matrix of per-taxa Kendall statistics was generated using the
same combination of datasets to represent each assessment unit or fixed-
point station. Due to differences in which taxa were observed and reported
among datasets, only taxa with observations recorded in at least 80% of as-
sessment units and fixed-point stations used in the lifeforms analysis were
retained. The remaining missing values were replaced with the mean Ken-
dall statistic for each taxon before the columns were normalised. Loading
vectors for taxawere generated in the samemanner as for lifeforms. Finally,
the top five taxon loading vectors bymagnitudewere projected onto the or-
dination for each lifeform.

3. Results

3.1. Lifeform abundance trends

Long-term trends (e.g. 1960 to 2019 for CPR; Fig. 3) indicate most
plankton lifeforms, including diatoms, dinoflagellates, holoplankton, large
copepods, and small copepods, have declined in abundance throughout
beyond-shelf regions of the North-East Atlantic from 1960 to 2019. Consid-
ering all assessment units equally, Sen's slope estimates of the median rate
of decrease in abundance per decade were 5 % for dinoflagellates, 7 % for
holoplankton, 9 % for large copepods, and 8 % for small copepods. Diatom
andfish larvae/egg abundance increased 0.1% and 3% per decade, respec-
tively. Conversely, meroplankton demonstrated a very different pattern of
increasing abundance or no change across most assessment units, with a
median increase of 12 % per decade. Transitions from negative to positive
abundance trends across adjacent assessment units generally occurred as
gradients, such as for diatoms and small copepods. Patterns apparent
from the widely distributed CPR data were largely reflected by the fixed-
point stations from adjacent coastal areas, except for dinoflagellates and,
in some cases, diatoms, which demonstrate increasing trends in coastal wa-
ters around Scotland and Northern Europe, and decreasing trends offshore.

Spatial patterns in the direction of change for both small and large cope-
pods closely matched those of diatoms, with coastal areas of the English
Channel and the North Sea often exhibiting abundance trends opposite to
those from more offshore Atlantic assessment units. Due to the low avail-
ability of monitoring data, it was only possible to calculate trends in gelat-
inous zooplankton for three COMP4 assessment units and three fixed-point



Fig. 3. Kendall statistics for eight plankton lifeforms displayed over COMP4 assessment units and fixed-point stations. River plumes are represented as triangles. Assessment
units are coloured by the results of the Kendall trend test, indicating the magnitude of long-term increase (> 0) or decrease (< 0) in abundance over the duration of the time-
series (1960–2019 for CPR and a shorter period for fixed-point stations; see Table S 1). Hatched assessment units,fixed-point stations, and river plumes with an internal black
symbol indicate statistically significant change (p ≤ 0.05). White areas indicate insufficient data to evaluate a trend.
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stations. For fixed-point stations that collect data on this lifeform, one sta-
tion in western Scotland indicated a declining trend (Loch Ewe) while an-
other station in the English Channel indicated an increasing trend (L4).
All other areas showed no trend.
6

The Kendall trend test analysis on the truncated time-series (i.e. 2000
to 2019; Fig. S 4) revealed similar spatial patterns in trend direction
when compared to the full time-series (Fig. 3). Due to the variation in the
lengths of time-series analysed in this study, we encourage readers to
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refer to Fig. S 4 to aid interpretation of more recent trends in plankton
lifeform abundance relative to the longer-term trends displayed in Fig. 3.
Trend direction was mostly maintained with the shortened time-series,
although there were fewer statistically significant trends, likely due to
the reduced statistical power associated with smaller sample size (Yue
et al., 2002). The difference in trend direction for dinoflagellates between
COMP4 areas and fixed-point stations in Scotland and Northern Europe
was also still apparent with the truncated time-series.

3.2. Cluster analysis of lifeform abundance trends

The silhouette plot (Fig. S 1(a)) indicated that the optimal number of
clusters was two, resulting in an average silhouette width of 0.33. The
point of inflexion on the WSS plot (Fig. S 1(b)) also indicated two or
three clusters as optimal. There was a clear spatial separation of the two
clusters, primarily delineating the North-East Atlantic (cluster: NEA) from
the Greater North Sea (cluster: GNS) (Fig. 4). One COMP4 assessment
unit on the east coast of England (East Coast (permanently mixed) 2) one
off the coast of Portugal (Intermediate Waters AI (D5)), and one
fixed-point station (Loch Ewe) diverged from this general spatial pattern,
while the English Channel stood out as a likely area of transition between
Fig. 4. COMP4 assessment units and fixed-point stations are coloured according to the tw
overlaid on top of COMP4 polygons representing river plumes and round symbols indic

7

clusters. The outer Celtic Seas (Atlantic Seasonally Stratified) and Bay
of Biscay shelf also appeared as a transition between GNS (including the
English Channel) and NEA waters. Inconsistencies in the clustering may
have been caused by differences in sampling period, or possibly through
contaminating the east-west gradient with spatially interpolated data
from the adjacent region.

3.3. Exploring variability within and among clusters

When the distributions of Kendall statistics for each lifeform were com-
pared between the two clusters it is apparent that the division of assessment
units was driven by a difference in the strength and direction of abundance
trends between the NEA and GNS clusters (Fig. 5).

Shapiro-Wilk tests showed that distributions were not significantly
different from normal, with the one exception being meroplankton.
Goldfeld–Quandt tests also showed no evidence of heteroscedasticity. The
results of the ANOVAs comparing the distribution of Kendall statistics for
the two clusters indicated significant differences for all other lifeforms
examined (Fig. 6).

One sample t-tests determine whether a Kendall statistic distribution
significantly differs from 0. The results of one-sample tests indicate that
o clusters (NEA: North-East Atlantic, GNS: Greater North Sea). Triangle symbols are
ate locations of fixed-point time-series used in the cluster analysis.



Fig. 5. Heat maps displaying the distribution of Kendall statistics for the 30 COMP4 assessment units and 3 fixed-point stations for each lifeform, categorised according to
cluster. Arrow symbols indicate whether a lifeform abundance time-series was significantly (p ≤ 0.05) increasing (↑) or decreasing (↓).

Fig. 6. Boxplots displaying the distribution of Kendall statistics for the 30 COMP4 assessment units and 3 fixed-point stations for each lifeform, categorised according to
cluster. The red line indicates the point where abundance is neither increasing nor decreasing. The central dark line in each boxplot indicates the median value, while
lower and upper hinges indicate 25th and 75th percentiles, respectively. The significance level of a one-sample t-test (difference from zero change) is indicated above
each boxplot. The significance level of t-tests for each pairwise comparison of clusters is indicated above. Significance level is displayed as follows; ns: p > 0.05,
*: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001.
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diatoms and fish larvae/eggs had opposing abundance trends between
the two clusters (they increased in GNS, whereas a clear decreasing
trend is evident in NEA). Large copepods exhibited decreasing abundance
trends across both clusters, while dinoflagellates, small copepods, and
holoplankton only decreased in NEA. Copepod taxa were largely responsi-
ble for driving changes in holoplankton. Finally, meroplankton increased
in GNS, but not in NEA.

For theNMDS ordination (stress=0.0907; Fig. 7), gelatinous zooplank-
ton andfish larvae/eggswere not analysed due to poor data availability and
taxonomic resolution, respectively. The NMDS indicates a much broader
separation for assessment units in the NEA, while the GNS cluster was
bunched more tightly, indicating more similar trends in the GNS versus
the NEA. Two points representing assessment units in the NEA cluster fell
outside the ellipse (Atlantic, Intermittently Stratified 1). Both showed
strong decreasing trends across the same six lifeforms (Fig. 5), possibly con-
tributing to this separation.

The results of theANOVAwere supported by the lifeform loading vectors,
which were aligned along the axis separating the two clusters and oriented
in the direction of the GNS cluster (Fig. 7). This orientation indicated a
trend of increasing Kendall statistics along a transition from the NEA to the
GNS. The difference in abundance trends between clusters was most preva-
lent for diatoms, small copepods and holoplankton, since these loading
vectors demonstrated greater alignment with the axis separating clusters.

Loading vectors for taxa were all lesser magnitude than their respective
lifeform vectors, indicating stronger abundance trends in lifeforms relative
to taxa. Taxa loading vectors aligned closely with the lifeform loading vec-
tor for dinoflagellates and diatoms, indicating a high degree of cohesion in
trends among taxa comprising phytoplankton lifeforms. For dinoflagellates,
taxa in the thecate genus Ceratium (renamed Tripos, Gómez, 2013) likely
drove the overall pattern in trends. For zooplankton lifeforms there was
less cohesion among trends within lifeforms, as the spread of vectors was
typically much wider than for diatoms and dinoflagellates.
Fig. 7.Nonmetric multidimensional scaling (NMDS) ordination for the 30 COMP4 asses
coloured according to cluster membership and ellipses represent 95 % confidence interv
aration in taxon and lifeform abundance trends. Lifeform loading vectors in each subplot
for each lifeform are shown in grey.
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Across all six lifeforms, none of the top five strongest loading vectors
were oriented in the direction of the North-East Atlantic cluster, indicating
that any abundance trends opposing this broad spatial pattern were likely
weak. The only exception to this was Calanus finmarchicus, which had a
loading vector oriented opposite to that for the large copepod lifeform.

4. Discussion

Our study represents the most comprehensive time-series compilation
achieved for the North-East Atlantic to-date, charting the regionality of
long-term change in key plankton lifeforms, from diatoms up to fish larvae.
Our comparison of lifeform trends allows integration of diverse data sets,
such as those from the CPR and water-bottle samples, which are difficult
to combine directly. This large-scale, long-term integrative approach has
identifiedwidespread and serious declines in most of the assessed lifeforms
over much of the North-East Atlantic, contrasting with less change or even
increases across the North Sea (Fig. 6). This contrast is unexpected and
counter-intuitive, because it is the North Sea that is the exemplar of a
suite of major and well-documented pressure changes over the past
50 years. These include very rapid rates of warming, a regime shift at the
end of the 1980s, major reduction in nutrient inputs from rivers and very
large changes in fishing activity. Here, we review a series of candidate ex-
planations for the differential changes and examine consequences for ma-
rine ecosystems and their services.

4.1. Changes at the species level

A key finding of this study was the spatial coherence in abundance
trends for planktonic lifeforms between adjacent COMP4 assessment units
(Fig. 4). This finding supports (Bedford et al., 2020b), who found high
spatial consistency in the way that diatom and dinoflagellate lifeforms
responded to increasing sea surface temperatures. Similar coherence was
sment units and 3 fixed-point stations for each lifeform (stress = 0.0907). Points are
als for each cluster. Overlaid vectors represent the direction and magnitude of sep-
are indicated in red,while thefive taxon loading vectorswith the greatestmagnitude
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found for phytoplankton, with trends in the individual taxa comprising the
diatom and dinoflagellate lifeforms (Fig. 7); suggesting a common response
to drivers of change (Bedford et al., 2020a).The distribution of trends in the
abundance of dinoflagellates differed on the scale of the COMP4 areas from
those exhibited by other lifeforms. Dinoflagellates showed decreasing
trends across most offshore areas and increasing trends at coastal fixed-
point stations and river plumes. The fact that this pattern was still present
when time-series were truncated to themost recent 20-year period suggests
that this discrepancy may be due to the undersampling of athecate dinofla-
gellates, such as Gyrodinium, by the CPR (CPR Survey Team, 2004),
whereas these organisms are better preserved with bucket, bottle, or hose
sampling methods and Lugol's iodine preservative routinely used for
inshore samples. By contrast, zooplankton lifeforms exhibited a greater
degree of variation in abundance trends among taxa (Fig. 7), indicating
that the taxa comprising phytoplankton lifeforms are more cohesive in
their response to environmental drivers of change (Bedford et al., 2020a).

There were several other important observations for zooplankton at
the taxon level. The ordination (Fig. 7) showed that taxon loading vectors
for C. helgolandicus and C. finmarchicus had opposite orientations. This is
likely due to C. finmarchicus being a cold-water species that is experiencing
a range shift towards higher latitudes, while C. helgolandicus is tolerant
of warmer temperatures and is expanding into the range where
C. finmarchicuswas previously dominant (Bonnet et al., 2005). The ordina-
tion also revealed echinoderms, decapods, and cirripedes were driving the
increase in meroplankton, while bivalve larvae conversely experienced de-
creasing abundance. These findings are supported by Kirby et al. (2007)
which concluded that increased temperature was driving an increase in re-
productive output for decapods and echinoderms in the North Sea, and by
Kirby et al. (2008), which concluded that increased decapod abundance
was suppressing bivalves through an increase in predation pressure from
decapod recruits.

4.2. Contrasting changes in North-East Atlantic and North Sea: potential expla-
nations

Changes in biotic communities, such as those of plankton, typically re-
sult from internal ecological dynamics (Okubo, 1988), environmental
change (Beaugrand, 2004), and population exchanges across spatial bound-
aries or along gradients (Chivers et al., 2017). Internal ecological dynamics
include predator-prey (Reid et al., 2000) and disease-host interactions
(Vezzulli et al., 2016). While these can result in changes at the species
level not only within annual cycles, but also year-on-year, such dynamics
alone would not be expected to cause large-scale, long-term trends at the
level of lifeforms. It is assumed that such trends originate from persistent
environmental change, although links through foodwebsmight be complex
and difficult to disentangle.

Numerous studies have used long-term CPR datasets from the North-
east Atlantic and fringing seas to correlate changes in planktonwith climate
and environmental changes. Beaugrand et al. (2002) related northwards
shifts in copepod assemblages to increasing Northern Hemisphere Temper-
ature (NHT). Alvarez-Fernandez et al. (2012) explained major changes in
phytoplankton and zooplankton abundance and seasonality as associated
with three ecological regime shifts in the North Sea, driven by changes in
air temperature, wind speed and inflow of North Atlantic water. Hinder
et al. (2012) ascribed a marked increase in the relative abundance of dia-
toms versus dinoflagellates to increasing sea surface temperatures com-
bined with more windy conditions in summer. Similarly, our study
revealed increasing diatom abundance within coastal areas where dinofla-
gellate abundance has decreased. Recently, Edwards et al. (2022) related
long-term trends in diatom abundance to the Atlantic Multidecadal Oscilla-
tion (AMO) index and NHT anomalies.

Models provide another method for identifying causal links, albeit sub-
ject to correct formulation of these links within the model. Several studies
have investigated energy flows through North Sea food webs with ‘end-
to-end’ models (Heath and Lough, 2007; Thorpe et al., 2022), calculation
schemes constrained by observations (Frederiksen et al., 2006;
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Greenstreet et al., 1997; Heath, 2005a; Heath, 2005b), or ECOPATH soft-
ware (Lynam and Mackinson, 2015). Most concluded that fish production
depended on phytoplankton production, channelled through zooplankton
in a ‘bottom-up’ fashion. Findings that planktivorous fish (Maar et al.,
2014) or their young (Heath and Lough, 2007) consumed a substantial por-
tion of zooplankton production might suggest that fisheries-related stock
changes could reduce zooplankton abundance, as we observed in the
North-East Atlantic; but Heath (2005a) concluded that the planktivore
niche might be rapidly refilled by other species. Thorpe et al. (2022)
found that simulated warming raised primary productivity; but also in-
creased metabolic rates of omnivorous zooplankton and reduced their
abundance.

In summary, these studies suggest that long-term trends showing forced
changes in plankton might be ascribed with most confidence to: (1) direct
effects of climate change on SST and stratification; (2) indirect effects of cli-
mate change by way of run-off and oceanic circulation; and (3) in some
coastal areas by changes in inputs of anthropogenic N and P. Effects of
changes in fisheries might be harder to identify, and natural inter-annual
and semi-cyclical variability in plankton, as well as in climate features
such as the NAO, can mask long-term trends and lead to false conclusions
about causality. There is a need for wide-area analyses of multi-decadal
and multi-source datasets, such as we have reported here.

In the following sections we examine in turn changes in the physical en-
vironment, nutrients, and fisheries as potential explanations for regional
difference in lifeform abundance trends. Because the clustering of COMP4
assessment units in Fig. 4 resulted in a complex pattern in the MSFD ‘Celtic
Seas’ sub-region (OSPAR Region III; i.e. the waters over the continental
shelves to the west of the island of Britain), we focus here on the MSFD
‘Greater North Sea’ subregion (OSPAR Region II) within our GNS cluster
and the oceanic main part (OSPAR Region V) of the NEA cluster.

4.3. Changes in the physical environment

The North Sea is a largely enclosed shelf sea, deepening towards the
north (∼120m) and strongly influenced by tidal flows and river discharges
in its shallow south. Despite a variety of hydrodynamic regimes (van
Leeuwen et al., 2015), the water column is almost completely mixed during
winter. The main exceptions lie off the west coasts of Sweden and Norway,
where the Norwegian Trench (∼700 m) extends towards the Skagerak and
is overlain by a northward flowing reduced salinity coastal current.

Although the mean flushing time of the North Sea is approximately one
year (Rodhe et al., 2006), the annual heating-cooling cycle is largely locally
controlled. Huthnance et al. (2016) reported an upwards trend of observed
SST in the North Sea, withmodels suggesting increased duration of summer
stratification in offshore waters, which might explain why increasing
lifeform abundance trajectories in the North Sea were mainly restricted to
coastal areas. Salinity variability, however, did not appear related to cli-
mate trends, and changes in oceanic inflow correlated with changes in
the North Atlantic Oscillation (NAO) rather than long-term trends. Temper-
ature and/or stratification trends may be the main drivers of the plankton
changes we have reported from the North Sea. Increased stratification,
however, might be expected to induce a decrease in diatom abundance,
the opposite ofwhat we have found in the North Sea (Edwards et al., 2022).

To the west of the NW European shelf-break, the NEA cluster region in-
cludes oceanic waters ofmoderate depth that are shared between themajor
circulatory features of the Sub-Polar Gyre (SPG) and the Sub-Tropical Gyre
(STG). They exhibit a permanent thermocline that is reached but not
eroded by autumn and winter convective mixing responsible for creating
the winter mixed layer, within which warming during spring and summer
creates a seasonal thermocline. Burmeister et al. (2022) investigated the
present state (1980–2019) of the Atlantic Ocean combining observations
and output from high-resolution ocean models. Their area 02 (47 to 60°
N) corresponds well with the oceanic portion of our NEA cluster, although
not extending to waters west of Iberia: the dominant upper water mass was
Eastern North Atlantic Central Water (EANCW), its exact properties de-
pending on the proportion of ENACW entering area 02 from the south
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versus the water mass entering from the west (Johnson et al., 2013). The
defining feature of observational time-series was a cooling and freshening
event after 2010, ascribed by Holliday et al. (2020) to unusual winter
wind patterns driving major changes in ocean circulation. In contrast to
these changes, however, models predict long-termwarming and salinity in-
crease into the future (Burmeister et al., 2022), continuing trends observed
between 1975 and 2010 in the Rockall Trough (Jones and Holliday, 2020).
The cooling event might relate to the plankton changes we have observed
more as an indicator of changes in water mass than through a direct impact
on metabolism.

4.4. Changes in nutrients

The North Sea is a nutrient sink (Rodhe et al., 2006), supplied from the
north by oceanic exchange and in the south by anthropogenically enriched
rivers. Lowest winter nutrient concentrations occur in the central part,
where we typically observed a contrast in lifeform abundance trends in
comparison to adjacent coastal areas. As the result of management mea-
sures, nutrient loads from river discharge into the North Sea have been re-
duced considerably since 1988 (Desmit et al., 2020). Reduction objectives
have mostly been achieved for phosphate, but nitrate has been more diffi-
cult to mitigate (McQuatters-Gollop et al., 2007; Riemann et al., 2016). Ni-
trate loads have declined much more slowly, particularly for UK rivers
entering the North Sea (Desmit et al., 2020), leading to phosphate limita-
tion (Breton et al., 2022).

Edwards et al. (2022) concluded in southern areas warming has led to
nutrient limitation from increased stratification, driving a decline in diatom
abundance. In contrast, in more northern areas and the North Sea, which
exhibit less nutrient limitation, warming has elevated metabolic rates lead-
ing to greater diatom biomass in the spring bloom. In the case of our study,
there was some evidence of this latitudinal gradient in diatom abundance
trends, however, it may have been partially obscured by the limited latitu-
dinal resolution of the COMP4 assessment areas.

Surface warming and a reduction in nutrient inputs from rivers also con-
tribute to declining primary production across the North Sea (Capuzzo et al.,
2018). Primary production and eutrophication events have been reduced
in the coastal zone, whichmay be associated with a shift from dinoflagellate
to diatom dominance (Spilling et al., 2018; Xiao et al., 2018). Our results
provide evidence for such a shift in dominance throughout coastal and
shelf areas of the North Sea. The decline in the abundance of micro-
Fig. 8. Catches of forage fish in three North Sea regions. Unpublished manuscript, Tett,
Historical Nominal Catches 1950-2010’ from www.ices.dk/marine-data/Documents/Ca
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phytoplankton, including diatoms and dinoflagellates, has been associated
with an increasing proportion of biomass from the pico- and nano-
phytoplankton size fraction across our entire study region (Schmidt et al.,
2020). A major contributor to this shift is the cyanobacteria Synechococcus,
which flourishes under low-nutrient conditions during summer stratifica-
tion (Schmidt et al., 2020). However, its small size and low nutrient content
make it a poor primary producer to sustain shelf food webs. This shift in
dominance, combined with the earlier occurrence of the spring bloom, has
resulted in suboptimal feeding conditions for copepods during summer,
andmay contribute to the declines in copepod abundance documented here.

The NEA oceanic cluster in Fig. 4 spans a north-south gradient of silicate
concentrations in the late-winter mixed layer (LWML), with highest values
in Atlantic Water (AtW) to the north-west of Britain and Ireland (BI), and
lowest values in Subtropical Water (StW) to the SW (Hátún et al., 2017).
During the last 25 years there has been a marked decrease in AtW LWML
silicate, described by Hátún et al. (2017) as the down-phase of a longer
cycle involving changes not only in the depth of winter convection
(which entrains nutrients from deeper water) but also in the balance be-
tween the Sub-Tropical Gyre (and StW) and the Sub-Polar Gyre (and
AtW). Johnson et al. (2013) had earlier associated the weakening of the
Sub-Polar Gyre (SPG) with decreased LWML nitrate and phosphate to the
north-west of BI. Such decreases in nutrients, and especially in silicate,
would be expected to result in lower spring bloom diatom abundance
over the northern part of our NEA cluster, which may contribute to the
downwards trend in annual mean diatom abundance we observed for
that region. Although these changes may have been cyclical in the past
(Hátún et al., 2017; Hátún et al., 2009), the down-phase may continue in
future due to global warming and the long-term weakening of the SPG.

4.5. Changes in fisheries

Due to its proximity to major ports and human population centres, fish-
ing pressure in the North Sea has historically beenmuch greater than in the
North-East Atlantic. Most relevant to our focus on plankton is the harvest-
ing of wholly or partially planktivorous “forage fish”, particularly herring,
Norway pout, sprat, and sand eel. Until 1970 herring made up most land-
ings. Since 1980 landings have been dominated by sand eel (Engelhard
et al., 2014). Greatest biomass was extracted between 1970 and 2000;
subsequent years have decreasing landings, although the exact temporal
pattern varies by North Sea region (Fig. 8).
Englehard& Painting (2019), based on Engelhard et al. (2014) and ICES data: ‘ICES
tchStats/HistoricalLandings1950-2010.zip.

http://www.ices.dk/marine-data/Documents/CatchStats/HistoricalLandings1950-2010.zip
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Increasing abundance of larval fish and eggs we observed in the North
Sea likely relate to recovery of historically overfished populations (Auber
et al., 2022). Alternatively, this increase could be limited to small bodied
species experiencing reduced mortality due to the removal of their preda-
tors (Daan et al., 2005). However, since most zooplankton datasets do not
identify larval fish to species level, it was not possible to conclude whether
the increasing abundance trends in theNorth Sea extended to commercially
exploited species.

In the NEA oceanic and outer shelf waters, Hátún et al. (2009) related
the increase (1995–2005) in the fishery of the pelagic planktivore blue
whiting (Micromesistius poutassou) to richer zooplankton environments, as
sampled by the CPR (Hátún et al., 2009). However, using different time-
series, a longer time-period, a larger area of study, and different numerical
approaches, our analysis detected decreasing zooplankton abundance in
the NEA cluster; this points to a general problem both in making temporal
comparisons and in generalising/extrapolating conclusions.

4.6. Differences between GNS and NEA drivers and plankton trends

Studies often fail to agree on trends and causes of trends in the environ-
ment of the North-East Atlantic and adjoining continental shelf seas, partly
because of the different areas and periods in time across studies, and be-
cause of the complexity and medium-term variability of this environment.
Such high variability overwhelms, for example, the long-term trends of in-
creasing temperature in the upper waters of the sea and the large-scale cir-
culatory changes that are expected to follow warming of the Arctic Ocean
(Jungclaus et al., 2005). Nevertheless, there would seem to be at least mod-
erate confidence in the following potential environmental differences be-
tween North Sea and the North-East Atlantic oceanic waters:

1. The long-term warming trend is more evident in the North Sea than in
the North-East Atlantic Ocean (Beaugrand, 2009).

2. Loading of the southern North Sea with anthropogenic P and (to a lesser
extent) N has been decreasing since 1988 (Breton et al., 2022), without
changing Si inputs, whereas reductions in winter mixing in the North-
East Atlantic Ocean has decreased Si along with N and P (Edwards
et al., 2022).

3. Pelagic fisheries have significantly impacted North Sea stocks of
planktivorous fish since the 1950s; this impact has reduced since
about 2000. In contrast, oceanic fisheries did not start until the mid-
1970s and peaked more recently than in the North Sea (Engelhard
et al., 2014).

The strongest evidence and most parsimonious logic support classical
bottom-up food web effects. Thus, large diatoms and dinoflagellates have
declined strongly in the oceanic area, in turn related to declines in the de-
pendent food chain, including copepods and fish larvae. By contrasts this
decline was not so marked in the North Sea, with more stable or increasing
links in this simplified food chain. Nutrient changes might also favour dia-
toms in the North Sea and constrain them in the North-East Atlantic. How-
ever, the warming trend (and associated extended seasonal stratification)
may further decrease diatom and large copepod abundances in the North
Sea relative to the North-East Atlantic.

Finally, while we aimed to conduct a comprehensive assessment of the
plankton community, there were of course important components, or
lifeforms, which were poorly represented or absent from our datasets, in-
cluding gelatinous zooplankton and small size taxa, pico- to micro- plank-
ton. Until recently gelatinous zooplankton were largely considered a
trophic dead end (Richardson et al., 2009), however, there is growing evi-
dence that this group is an important vector for the transfer of energy from
pico-plankton to higher trophic levels, including fish (Aubert et al., 2022;
Jaspers et al., 2015; Lamb et al., 2017). Similarly, pico- and nano-
plankton, along with micro-zooplankton, are difficult size categories to
measure routinely and are thus absent from most datasets. However, they
also make up a significant proportion of plankton biomass, diversity, and
trophic roles (De Vargas et al., 2015) relevant to marine food webs and
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carbon export (Leblanc et al., 2018). Adoption of improved sampling
methods and new technology (Aubert et al., 2018) will be necessary to im-
prove holistic understanding of the plankton community.

5. Conclusions

Even without fully understanding the pressures acting on plankton
lifeforms, it is possible to draw some conclusions about the consequences
of sustained declines in their abundance. Declining abundance of important
planktonic lifeforms is a cause for concern for the future of productive
herbivory-driven pelagic food webs supported by diatoms and dinoflagel-
lates (Lynam et al., 2017) andmay indicate a shift towards a less productive
food web state, with a greater proportion of production fuelled by microor-
ganisms (Schmidt et al., 2020; Trombetta et al., 2020). This could lead to a
restructuring or regime shift, impacting fisheries and biogeochemical cy-
cling (Cheung et al., 2011). Conversely, increasing abundances of fish lar-
vae and meroplankton throughout the North Sea could indicate an
improved ecological state for a highly disturbed and historically
overexploited marine system. Increasing the abundance of both lifeforms
could benefit fisheries yields, but only if recruitment increases with larval
abundance and the increasing taxa are exploitable.
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