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Abstract

Phytoplankton primary production is at the base of the marine food web; changes in primary
production have direct or indirect effects on higher trophic levels, from zooplankton
organisms to marine mammals and seabirds. Here we present a new time-series on gross
primary production in the North Sea, from 1988 to 2013, estimated using in situ measurements
of chlorophyll and underwater light. This shows that recent decades have seen a significant
decline in primary production in the North Sea. Moreover, primary production differs in
magnitude between six hydrodynamic regions within the North Sea. Sea surface warming and
reduced riverine nutrient inputs are found to be likely contributors to the declining levels of
primary production. In turn, significant correlations are found between observed changes in
primary production and the dynamics of higher trophic levels including (small) copepods and
a standardised index of fish recruitment, averaged over 7 stocks of high commercial
significance in the North Sea. Given positive (bottom-up) associations between primary
production, zooplankton abundance and fish stock recruitment, this study provides strong
evidence that if the decline in primary production continues, knock-on effects upon the
productivity of fisheries are to be expected unless these fisheries are managed effectively and

cautiously.
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Introduction

Phytoplankton primary production is at the base of the marine food web. Primary production
is a key driver of zooplankton and ichthyoplankton dynamics and hence influences small
planktivorous fish and, in turn, larger predatory fish, marine mammals and seabirds that are
dependent on these. Changes in primary production have indirect effects on commercial fish
stocks that help support the world’s human protein requirements (Chassot et al., 2010), and
are relevant to society because of our dependency on marine food products. In fact, worldwide
marine primary production, estimated between 44 and 67 Pg of carbon per year (44—67 x10%°
gC y1; Westberry et al., 2008), has been shown to constrain fisheries catches at a global level,
as well as at regional scales (Chassot et al., 2007; Chassot et al., 2010).

Coastal and shelf seas, such as the North Sea, have higher production than open oceans
and they supply 80% of the world’s wild-captured seafood (Watson et al., 2016). Their
proximity to land also makes coastal and shelf seas more susceptible to human pressures
including fishing, shipping, seabed degradation, and changes in water characteristics. The
impacts of these pressures include nutrient enrichment and ‘darkening’ of water (Roulet &
Moore, 2006; Dupont & Aksnes, 2013).

The North Sea represents a clear demonstration of these pressures. Fish stocks have
shown substantial changes, with declines especially in the 1980s-1990s. Several stocks have
recently recovered, thanks to improved fisheries management especially since 2000
(Engelhard et al., 2015), but levels of recruitment have generally remained low (Pécuchet et
al., 2015). In addition to the effects of sustaining fisheries and other maritime industries
(shipping, oil and gas extraction) for many centuries (Engelhard, 2008), the North Sea
receives inputs from river systems that drain densely populated and intensively farmed areas.
Widespread use of fertilisers led to increased nutrient loads from the 1950s to the 1980s; with

stricter policies this was succeeded by nitrogen and phosphorus input reductions in recent
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decades (Painting et al., 2013; Burson et al., 2016). Water clarity of the North Sea has
decreased during the past half-century driven largely by increased suspended sediment
(Capuzzo et al., 2015; Dupont & Aksnes, 2013). In addition, surface water temperature has
increased by 0.2-0.4 °C decade™ (Dye et al., 2013), particularly from the late 1980s
(Beaugrand, 2004).

Changes in phytoplankton growth and primary production can be driven by various
factors including nutrient and light availability, temperature, and grazing (e.g. Behrenfeld et
al., 2006; Cadée & Hegeman, 2002; Cloern et al., 2014). It is unclear, due to a lack of direct
observations, whether changes in nutrient levels and light availability in the North Sea,
combined with the recent marked temperature increase, have influenced the area’s primary
production.

In spite of the importance of primary production for understanding the dynamics of
higher trophic levels, in situ long-term datasets of primary production are limited and
available for relatively few sites, e.g. the Marsdiep (Cadée & Hegeman, 2002) and
Oosterschelde estuary (Smaal et al., 2013). This is because traditional methods for measuring
primary production, such as the **C method (Steemann Nielsen, 1952) and light/dark bottle
oxygen method (e.g., Williams et al., 1979), have generally been time-consuming and
expensive with limited spatial coverage. Due to this lack of in situ primary production data,
researchers have often relied on models (based on chlorophyll or carbon); proxies, such as
phytoplankton biomass (e.g., Phytoplankton Colour Index, as sampled by the Continuous
Plankton Recorder; McQuatters-Gollop et al., 2015); and satellite remote sensing data, to
obtain insight in spatial and temporal patterns of primary production, particularly at the global
scale (for a review see: Westberry et al., 2008).

In this paper, we reconstruct a time-series of primary production based on an empirical

relationship including in situ measurements of chlorophyll concentration and light climate
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(Kq, light attenuation coefficient, and surface irradiance), from 1988 to 2013. We do so for
the entire North Sea (excluding the deepest parts; see Fig. 1), as well as for six different
hydrodynamic regions (based on van Leeuwen et al., 2015), given expected differences in
primary production between these regions. To our knowledge this is the first primary
production time series of this kind estimated for the North Sea, and it could be used to validate
model predictions and estimates of primary production from satellite ocean colour images.
Specifically, we answer the following questions:

Q1. How has primary production fluctuated in the North Sea’s different hydrodynamic
regions?

Q2. Which environmental drivers may account for observed changes in primary production?
Q3. Do changes in primary production have bottom-up effects on higher trophic levels with

implications for zooplankton dynamics and/or fisheries productivity?
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Materials and methods

Study areas

Primary production was investigated for six hydrodynamic regions within the North Sea,
based on van Leeuwen et al.’s (2015) classification of water masses according to the length
of the mixing/stratification periods. Stratification characteristics of a region are mainly
determined by air temperature (onset and strength of stratification), wind (mixing and break-
up of stratification), local depth and rainfall (determining fresh water flow into the North Sea;
van Leeuwen et al., 2015). While four regions — the seasonally stratified, permanently mixed,
intermittently stratified, and freshwater influence regions (Fig. 1a) — present stable density
stratification characteristics (both in space and time), a part of the North Sea (here termed
‘transitional’) was not classified by van Leeuwen et al. (2015) owing to its interannual
variability in stratification characteristics. This transitional region, although not fully meeting
the assumption of a stable mixing/stratification regime, was included in the present analysis
as it accounts for a substantial proportion of primary production in the North Sea. We
distinguish a ‘transitional east’ and ‘transitional west’ region (separated by 2°E longitude), in
consideration of the different light regimes in these areas, with higher turbidity in the east
compared to the west (Gohin, 2011). The deeper, northeasternmost waters of the North Sea
(permanently stratified region in van Leeuwen et al., 2015) were not included in our study

owing to a lack of data on chlorophyll and light climate.

Collation of data underlying primary production estimates
For each region, time-series of primary production were reconstructed based on collations of
all data available for chlorophyll concentration, light attenuation, and surface irradiance from

1988 to 2013. Only measurements further than 6 nautical miles from the coast were included.



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

Chlorophyll. We collated in situ measurements of chlorophyll concentration
(determined using standard fluorimetric technique) for the upper 20 m of the water column,
collected during ship-based surveys, from databases held at ICES, the NERC North Sea
Project, and Cefas, the Centre for Environment, Fisheries & Aquaculture Science (Capuzzo
et al., 2015; and see Fig. S1 in Supplement). Possible duplicates between these different
databases were checked and eliminated. Measurements collected at the same location on the
same day were averaged, as well as measurements from different depths in the upper 20 m of
the water column. This depth was chosen as it includes the euphotic layer in the southern and
central North Sea (Capuzzo et al., 2013) and broadly coincides with the surface mixed layer
in the seasonally stratified area of the North Sea (Weston et al., 2005). Measurements from
calibrated fluorescence sensors on automated “SmartBuoy” moorings were also included in
the database but were averaged weekly, to reduce temporal autocorrelation of data (Capuzzo
et al., 2015). Potential spatial autocorrelation was addressed averaging observations that were
collected within 0.1 decimal degree in the same day.

Light attenuation. Data on the light attenuation coefficient (Kq4) were estimated using
two approaches: (1) from in situ PAR (photosynthetically available radiation) profiles (1997
to 2013), and (2) from in situ measurements of SPM (suspended particulate materials; 1988
to 2013), which is known to have an empirical relationship with Kq (Devlin et al., 2008). The
PAR profiles were collected during Cefas surveys using a LI-COR LI-192 cosine-corrected
underwater guantum sensor, either mounted on a CTD rosette system or on a solid-state data
logger (ESM-2; Greenwood et al., 2010). Here, Kq was calculated from the linear regression
of natural log-transformed PAR profiles versus depth, between circa 2 m and the depth at
which PAR = 1 umol photons m= st (Capuzzo et al., 2013). Only profiles collected during
full daylight (i.e. excluding the crepuscular periods) were considered in this analysis. The in

situ SPM measurements were obtained from the same sources as the chlorophyll observations
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described above and likewise included the upper 20 m of the water column only. SPM
measurements collected on surveys were determined by gravimetric analysis; measurements
from SmartBuoys were obtained from calibrated backscatter (Capuzzo et al., 2015). As for
chlorophyll, SPM data from SmartBuoys were averaged weekly to reduce temporal (Capuzzo
etal., 2015). Observations within 0.1 decimal degree, collected in the same day, were average
to correct potential spatial autocorrelation. SPM data were converted to estimates of Kg, using
the relationship for coastal and offshore UK waters described by Devlin et al. (2008), and
combined with estimates of Kq calculated from PAR profiles (Fig. S1 in Supplement).
Surface irradiance. To estimate daily surface irradiance (Eo), data on total solar
radiance per day, was obtained from the National Centers for Environmental Prediction
(NCEP, Boulder, Colorado, USA) Reanalysis Il dataset (Kanamitsu et al., 2002), downloaded
from https://www.esrl.noaa.gov/psd/data/gridded/reanalysis/. Daily estimates for the North
Sea area were downloaded on a 2.5° x 2.5° grid and averaged based on the hydrodynamic
regions. Net shortwave radiation flux at surface or surface irradiance, in W m~2, was converted

to mol photons m d, as described in Capuzzo et al. (2013).

Modelling time series of chlorophyll concentration and Kgq

Based on all available observations, daily-averaged values of chlorophyll and Kg were
calculated for each hydrodynamic region (Fig. S2 and S3). However, data were not available
for all days and all years in each region, and in some cases data were missing for longer
periods, particularly for Kq (notably for the seasonally stratified area in the early 1990s, and
transitional east in the late 1990s; Fig. S3). As we aimed to estimate daily values of gross
production for each hydrodynamic region, the following modelling approach was used to
impute missing observations and reconstruct full time-series. For each chlorophyll and Kg

time series a Gaussian kernel smoother has been used to smooth the raw data, as implemented
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in the R function ksmooth() (R Core Team, 2016). A fairly wide bandwidth (1 year) was used,
which means that the interquartile range of the kernel will be 0.5 years. This wide bandwidth
is necessary to span some of the gaps in the data.

For the region of freshwater influence, limited Kq observations were available.
Therefore, the trends were calculated based on observations from neighbouring

hydrodynamic regions.

Calculation of gross annual primary production
The smoothed time series of chlorophyll concentration, Kq, and surface irradiance (Eo) were
used to calculate daily estimates of gross primary production for each hydrodynamic region,

according to the empirical model by Cole & Cloern (1987):
4.61
P=a+b*[chl*K—d*Eo] 1

where P is gross daily primary production (mgC m~2d), and chl is chlorophyll concentration
(mg m~3). The parameters a and b, used for these calculations, were equal to 45.6 and 0.76
respectively; they were estimated from the linear regression of measurements of primary
production obtained using the **C method, versus the corresponding composite term [chl *
(4.61 / Kq) * Eo]. Measurements of carbon fixation were carried out at two sampling stations
(one at Oyster Grounds and one north of the Dogger Bank), in correspondence of two
SmartBuoys, at 5 time points throughout 2007. Further details on the calculation of the
coefficients a and b are given in the Supplementary Materials (Fig. S4, Methods S1 and
Methods S2).

Gross annual primary production (gC m=2 y?) in a given region was calculated
integrating the daily primary production estimates for that region over a year. The total annual
production of the area investigated (tonnes C y) was then estimated by multiplying the (per-

area) annual production estimates with the total area size (in km?) of the region.
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Relationships between primary production and environmental variables

As potential environmental drivers of North Sea primary production, time-series were collated
on climatic variables and proxies for nutrient inputs into the North Sea. As an indicator for
temperature variations within the North Sea, we used the interpolated sea surface temperature
dataset (HadISST) held by the Hadley Centre of the UK Meteorological Office (Rayner et al.,
2003; see www.metoffice.gov.uk/hadobs/hadisst). The dataset was available in a 1° x 1°
latitude-longitude grid on a global scale, and annual mean sea surface temperatures were
calculated for the study area (between 51° and 61°N, and 2°W and 9°E).

As a broad-scale climate indicator, we used the North Atlantic Oscillation (NAO)
winter index (December of the previous year to March of the focal year). The NAO is defined
here as the normalised atmospheric sea level pressure difference between Gibraltar (high) and
Iceland (low). A positive winter index is characterized by stronger westerly winds bringing
relatively warm conditions to western Europe; the NAO has previously been linked with
primary production (Ottersen et al., 2001). Data were obtained from the Climatic Research
Unit of the University of East Anglia (www.cru.uea.ac.uk/cru/data/nao).

As proxies for riverine nutrient inputs into the North Sea, time-series on nutrient loads
in the river Rhine at Lobith, Netherlands, were used (the Dutch Ministry of Infrastructure and
the Environment, Rijkswaterstaat;, http:/live.waterbase.nl.ipaddress.com). The Rhine
represents the major riverine input source of nutrients to the southern and central North Sea
(Painting et al., 2013). Specifically, data on phosphate concentrations (POa, expressed in mg
P I? of river surface water after filtration), and on combined nitrate and nitrite levels (NOs +
NO2, or NOy; expressed in mg N 1% of river surface water after filtration) were collated.

Correlations between the above-mentioned environmental variables and trends in
primary production were tested. Specifically, the Pearson’s cross product-moment correlation

(rp) was used as a one-sample Kolmogorov-Smirnov test did not detect any departures from

10
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normality (P > 0.05). There was moderate temporal autocorrelation within several of the time-
series variables examined. To account for this, the test procedure for significance of
correlations was adjusted conservatively (Pyper & Peterman, 1998) by reducing the effective
degrees of freedom (increasing the P-values) according to the degree of autocorrelation;

adjusted P-values are hereafter referred to as Pag;.

Relationships between primary production and higher trophic levels

To assess possible bottom-up effects of changes in primary production on higher trophic
levels, we collated time-series on zooplankton and fish recruitment dynamics. Zooplankton
data came from the Continuous Plankton Recorder (CPR) survey, which is managed by the
Sir Alister Hardy Foundation for Ocean Science (SAHFOS) and has operated in the North
Atlantic and North Sea since 1931 (McQuatters-Gollop et al., 2015), measuring the
abundance of approximately 500 plankton taxa (Richardson et al., 2006). The collection and
analysis of CPR samples have followed a consistent methodological approach since 1958; full
details have been published extensively elsewhere (e.g. Warner & Hays, 1994; Batten et al.,
2003) but are summarised here. The CPR collects samples using a high-speed plankton
recorder that is towed behind ‘ships of opportunity’ through the surface layer of the ocean
(~10 m depth). Water passes through the recorder, and plankton are filtered by a slow moving
silk layer (mesh size 270 um). A second layer of silk covers the first and both are reeled into
a tank containing 4% formaldehyde, and so preserved for later analysis.

Here primary production is examined in relation to smaller and larger copepods which,
in addition to playing a key trophic role, are among the most ubiquitous of zooplankton taxa.
In the North Sea, the CPR collects 104 copepod taxa, 42 of which are small (<2 mm in length)
and 62 of which are large (> 2 mm in length). Small copepods are identified and counted

during the ‘traverse’ stage of analysis where 1/50 of the CPR sample silk is analysed. Large
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copepods are not subsampled; instead each individual is identified and counted (Richardson
et al., 2006). Here we present copepod abundance as individuals m=2, for the upper 20 m of
the water column.

In addition, we examined primary production in relation to a standardised index of
fish recruitment averaged over 7 stocks of high commercial significance. These were: cod
Gadus morhua, haddock Melanogrammus aeglefinus, whiting Merlangius merlangus,
Norway pout Trisopterus esmarkii, herring Clupea harengus, sprat Sprattus sprattus, and
sandeel Ammodytes marinus. For each species, recruitment time-series were compiled from
the ICES stock assessment reports (ICES, 2016a, 2016b), for the period 1988-2014 (for
sandeel, recruitment was combined for Sandeel Areas 1, 2 and 3). The recruitment time-series
for each species were standardised (i.e. the overall mean was subtracted and the result was
divided by the standard deviation); next, annual scores were averaged across the 7 species,
each of which was thus given equal weighting in the standardised recruitment index.

We examined relationships between primary production and higher trophic levels
(small copepods, large copepods, fish recruitment) using Pearson’s cross product-moment
correlation (rp). As there was evidence for temporal autocorrelation within time-series, all P-
values obtained were adjusted using Pyper & Peterman’s (1998) correction procedure
according to the level of autocorrelation, as described above for the environmental variables

tested against primary production; again, adjusted P-values were reported as Pag;.
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Results

North Sea primary production by hydrodynamic region

Gross annual primary production (PP) in the North Sea was estimated at 97.3 + 6.9 x 10*? gC
y* (mean + SE over period 1988-2013, n = 26 years; range 48.4-180.1 x 102 gC y'). On a
per-area basis, this equated to 234 + 17 gC m~2 y*. There were differences in average annual
primary production between the six hydrodynamic regions examined (Fig. 1). Average
primary production (per-area) was highest in the freshwater influence, transitional east and
intermittently stratified regions; intermediate in the seasonally stratified and transitional west
regions; and considerably lower in the permanently mixed region (Table 1). Given that
regions differed in size, this implied that on average 36% and 28% of North Sea gross primary
production came from the seasonally stratified and transitional east regions, respectively; the
region of freshwater influence, because of its small size, accounted for 9% of total primary

production (Table 1).

Primary production: long-term trend

There was a declining trend in PP in the North Sea over the period 1988-2013, in spite of
substantial annual fluctuations (Fig. 1b); this decline is statistically significant (Table 1; r? =
0.261, P = 0.0076). Whereas in the 1990s PP tended to be in the region of 100-150 x 10*? gC
y 1, since 2000 it has generally been between 50-100 x 10'? gC y*. The decline, however,
was not evenly distributed throughout the North Sea but principally evident for two
hydrodynamic regions: the transitional east (P = 0.0039) and transitional west (P = 0.0057).
Between 1988 and 1999, these two regions together on average accounted for 40% of PP in
the North Sea; since the 2000s this has been substantially lower (mean 24%). In none of the

hydrodynamic regions did primary production increase.
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Environmental drivers and changes in primary production

In the North Sea, sea surface temperatures (SST) have recently warmed, although a few recent
years (2010-2013) were fairly cold (Fig. 2b); in turn, warmer annual SST was associated with
lower levels of gross primary production (Fig. S6a). The negative relationship of the North
Sea PP with annual SST was significant (Table 2: rp = —0.520, Pagj < 0.05); particularly, the
transitional east and the seasonally stratified regions showed a significant negative
relationship with SST (Table S1; rp =-0.581, P < 0.01 for seasonally stratified; r, = —0.493,
P <0.01 for transitional east). The relationship between PP and SST (Table 2) was not evident
for each season: no significant correlations were found with winter or spring SST (Pagj > 0.1),
but those with summer SST (rp = —0.434, Pagj < 0.05) and autumn SST (rp = —0.568, Pagj <
0.005) were found to be significant, and negative.

The North Atlantic Oscillation (NAQO) winter index fluctuated considerably over the
study period with a declining trend and was mainly positive, with strong negative values in
1996 and 2010 (Fig. 2a; Table 2). There was no evidence that the NAO was significantly
associated with levels of PP (Fig. S6b; Table 2; Pagj > 0.5).

Two proxies for riverine nutrient inputs into the North Sea — Rhine PO4 and NOx
concentrations as monitored in Lobith, Netherlands — decreased significantly over the study
period (Fig. 2c, d; Table 2). We did not find a significant correlation between Rhine PO4
levels and PP in the wider North Sea (Fig. S6c; Table 2: r, = 0.325, Pagj > 0.1) and for various
regions, except transitional west (Table S1; rp = 0.466, P < 0.05). Contrarily, the Rhine NOx
levels had a significant, positive correlation with the wider North Sea primary production
(Fig. S6d; Table 2: rp = 0.523, Pagj < 0.05), as well as with transitional east and west regions

(Table S1; r, =0.502, P <0.01 and rp = 0.518, P < 0.01, respectively).

14



342

343

344

345

346

347

348

349

350

351

352

353

354

355

Primary production: relationships with higher trophic levels
Over the study period, a decline in the average annual abundance of small copepods in the
North Sea was observed (Fig. 3), which was significant (Table 2: r?> = 0.673, P < 0.0001).
Small copepod abundance was correlated with PP in the wider North Sea (Fig. S6e, Table 2);
this correlation was significant (Table 2, Pagj < 0.05), and it appears it was driven by the
transitional east region (Table S3). The abundance of large copepods fluctuated, but did not
show a significant trend (Fig. 3, Table 2: P > 0.1); neither was large copepod abundance
significantly correlated with primary production in the winder North Sea or specific
hydrodynamic regions (Table 2: Pagj > 0.1; Table S2: P > 0.1).

There was, moreover, a correlation of PP with the standardised index of fish stock
recruitment in the North Sea. This index, in spite of substantial interannual variability, showed
a significant decline over the study period (Fig. 3, Table 2: P < 0.005). The correlation with

primary production was positive and significant (Fig. S6g, Table 2: Pagj < 0.05).
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Discussion

To our knowledge this was the first large-scale study on long-term trends in primary
production across the North Sea, based on quantitative in situ observations. Since the late
1980s, primary production has not only fluctuated but also shown a statistically significant
decline (Table 1), particularly in two hydrodynamic regions. Correlations with temperature
and riverine nutrient inputs suggest sea surface warming and anthropogenic nutrient inputs as
likely drivers of the decline. There is, moreover, evidence of bottom-up effects of decreasing
primary production on higher trophic levels including (small) copepods and average fish stock

recruitment.

Comparison with other studies

The primary production estimates averaged by hydrodynamic region were in line with in situ
measurements by Joint & Pomroy (1993), done in 1988-1989 in the southern North Sea using
the 24C method: high production in the south-east (freshwater influence and transitional east
regions) and low production in the south-west (permanently mixed region; Fig. S5). Estimates
for the region of freshwater influence (Fig. S5; Table 1) also agreed with in situ measurements
in the Marsdiep (Netherlands), where phytoplankton production in the 1980s and early 1990s
was high (300-450 gC m2 y*: de Jonge et al., 1996; Cadée & Hegeman, 2002). Our primary
production estimates for the whole North Sea (per-area: 234 + 85 gC m2 y'; total: 97 + 35 x
102 gC y*: Table 1) corresponded with estimates from the ERSEM model (gross production
of 200400 gC m2 y*: Varela et al., 1995) and from the coupled GETM-ERSEM-BFM model
(total net production of 90.3 x 10*? gC y*: van Leeuwen et al., 2013; per-area, 259 gC m? y
1. Marshall et al., 2016). A decline in PP was, likewise, reported by Marshall et al. (2016)

based on the GETM-ERSEM-BFM model, but was of considerably smaller magnitude (0.3
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+ 0.02 gC m? y?%; here -5.5 + 1.9 gC m™? y?, see Table 1), which could be partly due to
differences in the time-periods analysed (1980-2008; here 1988-2013).

For the coastal area off East Anglia (permanently mixed region), our results disagreed
with modelled production estimates by Daewel & Schrum (2013), who suggested high levels
of primary production. Contrarily, based on in situ measurements the permanently mixed
region is found to be least productive of the six hydrodynamic regions (Table 1), probably a
consequence of light limitation. This part of the southern North Sea is turbid due to high
concentrations of suspended solids, originating from the Thames estuary and due to coastal
erosion (Fettweis et al., 2012; Gohin, 2011); we suggest that low light availability limits
primary production here (Capuzzo et al., 2013).

There was disagreement, in part, between the decline in primary production reported
here over 1988-2013, and recent studies describing increasing trends in the Phytoplankton
Colour Index (PCI) of the Continuous Plankton Recorder (CPR), from 1948-2007 in the
North Sea (Raitsos et al., 2014) and from 1948-2010 on the Western European shelf
(McQuatters-Gollop et al., 2011). Discrepancies might be due to the PCI being a proxy for
phytoplankton biomass, rather than a direct measure of production. They may also be due to
the much longer time-series of both CPR-based studies (>60 years; and ending slightly
earlier). Notably, the earlier increase in phytoplankton biomass in the North Sea appears to
have been stepwise, around 1988 (Raitsos et al., 2014), and has been characterised as a
‘regime shift’ (Reid et al., 2001; Dippner et al., 2012). If both phytoplankton biomass and
primary production indeed showed a stepwise increase in the late 1980s, then the current study

suggests that in the following, more recent period, levels again declined substantially.
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Considerations on the method adopted for estimating primary production

The semi-empirical algorithm based on chlorophyll and light climate (Equation 1)
explained 86% of variability in primary production (Methods S1), when compared with in
situ estimates collected in 2007. This percentage is comparable with values obtained by Cole
and Cloern (1987; over 80% of variability explained). Chlorophyll concentration on its own
has been shown to explain approximately 70% of the variability in production (see for
example Joint and Pomroy 1993; Gowen and Bloomfield 1996); however, in 2007,
chlorophyll accounted for only 31% of the variability in production (Figure S4b). Instead

surface irradiance (Eo) explained 46% of variation in production (Figure S4c), hence the

inclusion of the ‘light’ term (% * E,) in Equation 1, for estimating production.
d

Although the semi-empirical algorithm seemed producing reliable estimates of
production, Equation 1 presents some limitations. Being estimated from data collected during
a single year (2007) and at two locations (central and southern North Sea), it may not fully
capture the interannual and spatial variability in the photosynthetic capacity of the
phytoplankton community of the wider North Sea. In fact, phytoplankton maximum
photosynthetic rate (Pmax) and photosynthetic efficiency (a) are affected by factors such as
nutrient regime, light history, time of the day, temperature, phytoplankton species
composition, phytoplankton cell size and volume (see review by Coté and Platt 1983). The
temporal and spatial variability of these factors, combined with other potential source of errors
during sampling and analysis of in situ data, is a source of uncertainty; this is not accounted
for in this study and could be the reason for the intercept of Equation 1 being significantly
different from zero (Methods S1). Quantifying the uncertainty around the estimates of
production is an important challenge for future works as it should also include the variations
in the between and within year trends of chlorophyll and Kg, and the variation of the imputed

data from the Gaussian kernel smoother.
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This study may also not account fully for variations in the cellular chlorophyll content
of phytoplankton organisms: in the equation adopted for calculating PP (Equation 1),
chlorophyll concentration is assumed proportional to phytoplankton biomass. The carbon-to-
chlorophyll ratio (0), however, may be affected by nutrient and light stress (Behrenfeld et al.,
2016). Indeed, a mismatch between trends in chlorophyll and phytoplankton biomass has been
observed in coastal and offshore waters off the Netherlands (decreasing chlorophyll but
increasing biomass); this was attributed to changes in the phytoplankton community, and in
the nutrient and light regimes over 20 years (Alvarez-Fernandez & Riegman, 2014). It is not
known whether this trend in 0 is limited to coastal waters of the southern North Sea or
representative of the wider North Sea. However, as our estimates of PP are based on
chlorophyll, an increase in 0 (reduction in chlorophyll but increase in biomass) could result
in our values of PP being underestimated.

Another reason that our analysis could underestimate total primary production is that
it included the upper water layers but did not account for deep chlorophyll maxima, which are
commonly observed in stratified areas of the North Sea during summer. At some locations
during peak season, deep chlorophyll maxima may account for >50% of water column
productivity (Fernand et al., 2013; Weston et al., 2005). Across the North Sea and across the
year, however, simulations by the GETM-ERSEM-BFM model indicated that primary
production below 15 m accounts for only 10% of annual production (van Leeuwen et al.,
2013). Hence our figures may only mildly underestimate total PP, and mainly in the
seasonally stratified region.

One final consideration on the method adopted for calculating production is the
definition of the hydrodynamic regions and their spatial variability between years. While the
permanently mixed region is very well defined spatially, with sharp boundaries, the seasonally

stratified, intermittently stratified and fresh water regions show more spatial variation. These
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regions extend into the transitional areas in different years depending on circumstances (see
van Leeuwen et al., 2015). Consequently, depending on the governing conditions, parts of the
transitional areas may be classified as seasonally stratified one year, but as intermittently
stratified or even as freshwater influence area another year. At the same time, the defined
areas of seasonally stratified, intermittently stratified and freshwater influence areas are
themselves remarkably stable, with a near 100% occurrence (i.e. these areas always classified
as this particular regime over all 51 simulated years; see Fig. 6 and 7 in van Leeuwen et al.,
2015). Thus, some of the changes found in the two transitional areas may be linked to

variability in the hydrodynamic conditions.

Key drivers affecting primary production

The recent decline in primary production was statistically significantly related to a decrease
in riverine dissolved nutrient concentrations (Table 2); this was particularly evident for the
transitional east and west regions (Table S1). As phytoplankton organisms take up nutrients
from water to create macromolecules (organic matter), lower nutrient levels in the water will
restrict their uptake into the cell, in turn limiting cell growth and production (Moore et al.,
2013). The degree of limitation depends on the organism’s size and elemental requirements,
so that phytoplankton populations can differ in their responses to low nutrient availability; in
the long-term, changes in nutrient levels can alter the composition of a phytoplankton
community (Moore et al., 2013).

Since the late 1980s, policy changes with regard to agricultural fertilisers and
detergents, aimed at limiting undesirable effects such as eutrophication, excessive algal
growth and oxygen depletion, have led to reductions in phosphate and nitrogen inputs via the
Rhine and other rivers into the North Sea (Tett et al., 2007; Lenhart et al., 2010). The reduction

in phosphate inputs, however, has been far more effective than that of nitrogen (Burson et al.,
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2016, Lenhart et al., 2010; Passy et al., 2013). As a result, phytoplankton in the North Sea
have not only experienced generally reduced nutrient availability, but also a change in the
stoichiometric ratio of nutrients. Coastal waters of the southern North Sea, previously co-
limited in both N and P, are now severely P limited, while offshore systems are mainly N
limited (Burson et al., 2016). It is of note that the transitional east hydrodynamic region, where
production declined most substantially (Fig. 1, S5), coincides with an area that mainly
receives inputs from the river Rhine (Painting et al., 2013, their Fig. 4), as highlighted by the
highly significant positive correlation between PP and NOx (Table S1). Further work may
shed light on whether reduced nutrient levels per se, or a change in the N:P ratio (and
associated changes in phytoplankton communities) may have contributed to reduced primary
production. Surprisingly, we did not find a significant correlation between NOx and PP at the
fresh water influence region (Table S1); this might be due to limited light climate data for this
region which could have compromised primary production estimates (see Materials and
Methods).

Temperature and light climate can also influence primary production, alongside
nutrient levels. Temperature changes can affect phytoplankton growth (and PP) through direct
physiological changes (Eppley, 1972), and indirectly by influencing the phytoplankton
environment, e.g. through changes in stratification regimes (Behrenfeld et al., 2006). In
laboratory experiments where light and nutrients are not limiting, phytoplankton species show
maximum growth rates at an optimal temperature (which differs between species); above or
below this, growth rates are less (Eppley, 1972). However, when considering the response of
a whole phytoplankton community, interactions between species generally result in an
increase of growth rate with temperature (Eppley, 1972; Edwards et al., 2016). Our results
(decreasing production with increasing temperature: Fig. S6a; Table 2) are in contradiction

with these observations, suggesting that other mechanisms are to be accounted for. Indeed,
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outside ‘ideal’ laboratory conditions, the responses of phytoplankton to temperature changes
were found to depend on the nutrient and light regimes (Edwards et al., 2016). For example,
when light availability was not limiting (~100-200 pmol photons m=2 s), PP of the
phytoplankton community increased with temperature (as observed in the lab; Eppley, 1972);
however, when irradiance was low (< 20 umol photons m s1), production was temperature-
insensitive and warming would not lead to an increase in growth (Edwards et al., 2016).
There is evidence that the light climate of the North Sea has changed in the last
decades, although with regional differences in water clarity trends. At Helgoland Roads in the
German Bight (Wiltshire et al., 2008) and at sampling stations in Dutch waters (Alvarez-
Fernandez & Riegman, 2014), light availability has increased. Contrarily in the wider North
Sea, Dupont & Aksnes (2013) observed a reduction in light climate, also supported by in situ
observations of suspended particulate materials by Capuzzo et al. (2015). We suggest that
phytoplankton growth in the permanently mixed region which is turbid, has been least
affected by temperature increase, compared to the other, clearer, regions (Fig. S3; Capuzzo et
al., 2013); in fact, annual primary production has been fairly constant here (Fig. S5). In the
other coastal regions (freshwater influence and transitional), increased light availability in
conjunction with increased temperature would have been expected to lead to an increase in
phytoplankton community growth, however the primary production estimates show the
opposite trend (Fig. S5). This may well be due to the nutrient reductions in these regions (cf.
Lenhart et al., 2010), which would have negatively impacted on production rates (Table 2).
Indirectly, changes in temperature can affect production through changes in water
column stratification: warming of the surface water causes a greater density difference
between the surface and bottom layers, therefore increasing stratification (Behrenfeld et al.,
2006). With bottom waters higher in nutrients, the increased stratification reduces vertical

nutrient exchange to the surface nutrient-limited layer, therefore reducing phytoplankton
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growth and production (Behrenfeld et al., 2006). This would not only apply to the seasonally
and intermittently stratified regions (where no trends in primary production were observed;
Table 1), but also to both transitional (east and west) regions (where primary production
declined); these regions show high interannual variability in the length of stratification/mixing
periods (hence termed ‘transitional’ by van Lecuwen et al., 2015) and the spatial extent of
stratification within each may have increased with warming (Fig. S5). This is supported by
the statistically significant negative correlation between PP and SST for the seasonally
stratified and transitional east regions (Table S1).

Changes in stratification may also limit vertical phytoplankton movements through
the water column, which can affect the onset of the spring bloom. For the stratified central
North Sea, van Haren et al. (1998) showed that a minimum level of turbulence is required for
the development of the phytoplankton spring bloom, as it maintains fast sinking
phytoplankton organisms in the illuminated upper layer of the water column. During autumn,
a stronger thermocline could also delay the breaking-up of the stratification, therefore
occurring when light levels are lower and resulting in a reduced autumn bloom (van der Molen
et al., 2013). This would also be supported by the particularly strong relationship of PP with
summer/autumn temperature (Table 2).

We conclude that the negative relationship of temperature with primary production is
better explained by indirect effects on the phytoplankton’s environmental conditions (i.e.
nutrient availability, light climate, movement through the water column) than by direct
physiological responses to warming. Further, production takes place at the phytoplankton
community-level, and integrates the interactions of many different species that have different
physiological responses and adaptability to climate change, and that have changed in relative

abundances (McQuatters-Gollop et al., 2011; Alvarez-Fernandez & Riegman, 2014).
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Primary production: bottom-up effects on higher trophic levels
Decreasing primary production was mirrored by decreasing abundance trends of small
copepods (albeit not of large copepods), particularly at the transitional east region (Table S2);
this implies bottom-up control of zooplankton by primary production (Chassot et al., 2007;
Kenny et al. 2009). Likewise, primary production of the wider North Sea was correlated with
trends in average recruitment of seven commercially important fish stocks; again this suggests
bottom-up control of fish stock productivity — in line with work on interactions between
bottom-up and top-down control of the North Sea foodweb (Chassot et al., 2007; Pitois et al.,
2012; Lynam et al., 2017).

The lack of a relationship with large copepods may be surprising, but these only form
a smaller fraction of total copepod biomass in the southern and central North Sea, where the
four predominant taxa — Temora, Acartia, Pseudocalanus and Paracalanus — are all small
(Pitois & Fox, 2006). It is in the northern North Sea where the larger copepods, for example
Calanus finmarchicus, are more abundant (especially in the seasonally stratified region);
though the smaller Temora, Acartia, Pseudo- and Paracalanus represent substantial fractions
of copepod biomass also here (Pitois & Fox, 2006). In general, small copepods may be more
representative of the copepod fauna in large parts of the North Sea, especially given a shift in
copepod fauna from larger, boreal species to smaller, temperate species observed from the
1960s through late 1980s (Beaugrand & Reid, 2003; Pitois & Fox, 2006).

An integrated assessment of the North Sea ecosystem, which included climatic drivers
as well as several trophic levels from plankton to fish, and fisheries (Kenny et al., 2009),
concluded that the North Sea has moved from a top-down driven system in the 1980s-1990s,
to a more bottom-up driven system in the early 2000s. More recently, an analysis of change
in the North Sea ecosystem by means of an interaction model (Lynam et al., 2017) concluded

ongoing, simultaneous bottom-up control (from physics to plankton, to planktivorous fish)
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and top-down exploitation pressure (mainly on demersal fish). Results from our study also
provide strong evidence for bottom-up control — from climate and nutrients to primary

production, and from primary production to zooplankton and fish recruitment.

Implications

Projections of climate change and ecosystem responses for the end of the 21% century (2080-
2100 versus 1980-2000) indicate that net primary production of the Greater North Sea (and
consequently zooplankton biomass) is expected to decline, due to increased stratification
(Chust et al., 2014; van der Molen et al., 2013), although opposite trends might be expected
at particular locations (van Leeuwen et al., 2016). Implications of a further decline in PP
would not be limited to the reduced carbon transfer to higher trophic levels, but would also
affect the CO flux from the atmosphere to the water. It has been observed that the southern
North Sea acts as a source of CO; to the atmosphere during summer and autumn, due to
respiration exceeding production (Thomas et al., 2005). A further reduction in PP could
increase the flux of CO2 from the sea surface to the air.

Confusingly, while primary production in the North Sea has declined since the late
1980s (and positive relationships with fish recruitment were found), many of the fish stocks
are currently in a much better state than they were around the turn of the millennium
(Cardinale et al., 2012; ICES, 2016b). Indeed, concern about overexploitation of many fish
stocks during the 1990s led to the adoption of a range of measures to reduce fishing pressure,
notably quota reductions and the EU fishing fleet reduction scheme adopted since 2000
(Engelhard et al., 2015). Fishing mortality rates on important fish stocks, such as cod, plaice,
sole and whiting have decreased greatly since then, and many stocks have shown recoveries

(ICES, 20164, 2016b).
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This study, by pointing at relationships between PP and fish recruitment, and by also
revealing a marked decline in PP, would suggest that, if fishing pressure had not declined
while PP decreased, many fish stocks would currently not have been in the healthy state they
are now. This underlines the importance of the cautious fisheries management of the past
decade, and also for future years if the decline in primary production were set to continue
(Behrenfeld et al., 2016; Chust et al., 2014). This is particularly relevant because of the global
importance of shelf seas, often heavily fished, for world food security, notably protein
production (Jennings et al., 2016), and the possibility that a warming climate may lead to a

decrease in phytoplankton production also elsewhere in the world.

26



629

630

631

632

633

634

635

636

637

Acknowledgements

This study was supported by Cefas (Seedcorn project DP375 ‘Trophic Effects’ and DP302
‘Carrying capacity North Sea’), the Department for Environment, Food & Rural Affairs of
the UK (projects MF1228 ‘Physics to Fisheries’, ME3204 for 1*C measurements, SLA25 for
SmartBuoy measurements), with additional support from the European Union (ECApRHA
grant number 11.0661/2015/712630/SUB/ENVC.2 OSPAR; and Framework 7 project
308392 ‘Devotes’). We thank David Righton (Cefas) for critical reading of the manuscript,

and two anonymous reviewers for their constructive comments.

27



638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

References

Alvarez-Fernandez, S., Riegman, R. (2014). Chlorophyll in North Sea coastal and offshore
waters does not reflect long term trends of phytoplankton biomass. Journal of Sea
Research, 91, 35-44. doi: 10.1016/j.seares.2014.04.005.

Batten, S.D., Clark, R., Flinkman, J., Hays, G. et al. (2003). CPR sampling: the technical
background, materials and methods, consistency and comparability. Progress in
Oceanography, 57, 193-215. doi: 10.1016/j.pocean.2003.08.004.

Beaugrand, G., Reid, P. C. (2003). Long-term changes in phytoplankton, zooplankton and
salmon related to climate. Global Change Biology, 9, 801-807. doi: 10.1046/j.1365-
2486.2003.00632.x.

Beaugrand, G. (2004). The North Sea regime shift: evidence, causes, mechanisms and
consequences. Progress in Oceanography 60, 245-262. doi:
10.1016/j.pocean.2004.02.018.

Behrenfeld, M. J., O'Malley, R. T., Siegel, D. A., McClain, C. R., Sarmiento, J. L., Feldman,
G. C., Milligan, A. J., Falkowski, P. G., Letelier, R. M., Boss, E. S. (2006). Climate-
driven trends in contemporary ocean productivity. Nature, 444, 752-755. doi:
10.1038/nature05317.

Behrenfeld, M. J., O’Malley, R. T., Boss, E. S., Westberry, T. K., Graff, J. R., Halsey, K. H.,
Milligan, A. J., Siegel, D. A., Brown, M. B. (2016). Revaluating ocean warming
impacts on global phytoplankton. Nature Climate Change, 6, 323-330. doi:
10.1038/nclimate2838.

Burson, A., Stomp, M., Akil, L., Brussaard, C. P. D., Huisman, J. (2016). Unbalanced
reduction of nutrient loads has created an offshore gradient from phosphorus to
nitrogen limitation in the North Sea. Limnology & Oceanography, 61, 869-888. doi:

10.1002/In0.10257.

28



663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

Cadée, G., Hegeman, J. (2002). Phytoplankton in the Marsdiep at the end of the 20th century;
30 years monitoring biomass, primary production, and Phaeocystis blooms. Journal
of Sea Research, 48, 97-110. doi: 10.1016/S1385-1101(02)00161-2.

Capuzzo, E., Painting, S. J., Forster, R. M., Greenwood, N., Stephens, D. T., Mikkelsen, O.
(2013). Variability in the sub-surface light climate at ecohydrodynamically distinct
sites in the North Sea. Biogeochemistry, 113, 85-103. doi: 10.1007/s10533-012-9772-
6.

Capuzzo, E., Stephens, D., Silva, T., Barry, J., Forster, R. M. (2015). Decrease in water clarity
of the southern and central North Sea during the 20th century. Global Change Biology,
21, 2206-2214. doi: 10.1111/gcb.12854.

Cardinale, M., Doerner, H., Abella, A., Andersen, J. L., Casey, J., Doring, R., Kirkegaard, E.,
Motova, A., Anderson, J., Simmonds, E. J., Stransky, C. (2012). Rebuilding EU fish
stocks and fisheries, a process under way? Marine Policy, 39, 43-52. doi:
10.1016/j.marpol.2012.10.002.

Chassot, E., Bonhommeau, S., Dulvy, N. K., Mélin, F., Watson, R., Gascuel, D., Le Pape, O.
(2010). Global marine primary production constrains fishery catches. Ecology Letters,
13, 495-505. doi: 10.1111/].1461-0248.2010.01443.x.

Chassot, E., Mélin, F., Le Pape, O., Gascuel, D. (2007). Bottom-up control regulates fisheries
production at the scale of eco-regions in European seas. Marine Ecology Progress
Series, 343, 45-55. doi: 10.3354/meps06919.

Chust, G., Allen, J. 1., Bopp, L., Schrum, C., Holt, J. et al. (2014). Biomass changes and
trophic amplification of plankton in a warmer ocean. Global Change Biology, 20(7),

2124-2139. doi: 10.1111/gch.12562.

29



686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

Cloern, J. E., Foster, S. Q., Kleckner, A. E. (2014). Phytoplankton primary production in the
world’s estuarine-coastal ecosystems. Biogeosciences, 11, 2477-2501. doi:
10.5194/bg-11-2477-2014.

Cole, B., Cloern, J. (1987). An empirical model for estimating phytoplankton productivity in
estuaries. Marine Ecology Progress Series, 36, 299-305. doi: 10.3354/meps036299.

Cote, B., Platt, T. (1983). Day-to-day variations in the spring-summer photosynthetic
parameters of coastal marine phytoplankton. Limnology and Oceanography, 28, 320-
344. doi: 10.4319/10.1983.28.2.0320.

Daewel, U., Schrum, C. (2013). Simulating long-term dynamics of the coupled North Sea and
Baltic Sea ecosystem with ECOSMO I1: Model description and validation. Journal of
Marine Systems, 119-120, 30-49. doi: 10.1016/j.jmarsys.2013.03.008.

de Jonge, V. N., Bakker, J. F., van Stralen, M. (1996). Recent changes in the contributions of
the river Rhine and North Sea to the eutrophic of the western Dutch Wadden Sea.
Netherlands Journal of Aquatic Ecology, 30, 27-39. doi: 10.1007/BF02092145.

Devlin, M. J., Barry, J., Mills, D. K., Gowen, R. J., Foden, J., Sivyer, D., Tett, P. (2008).
Relationships between suspended particulate material, light attenuation and Secchi
depth in UK marine waters. Estuarine, Coastal and Shelf Science, 79, 429-439. doi:
10.1016/j.ecss.2008.04.024.

Dippner, J. W., Mdller, C., Hanninen, J. (2012). Regime shifts in the North Sea and Baltic
Sea: a comparison. Journal of Marine Systems, 105-108, 115-122. doi:
10.1016/j.jmarsys.2012.07.001.

Dupont, N., Aksnes, D. L. (2013). Centennial changes in water clarity of the Baltic Sea and
the North Sea. Estuarine, Coastal and Shelf Science, 131, 282-289. doi:

10.1016/j.ecss.2013.08.010.

30



710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

Dye, S. R., Hughes, S. L., Tinker, J., Berry, D. I, Holliday, N. P., Kent, E. C., Kennington,
K., Inall, M., Smyth, T., Nolan, G., Lyons, K., Andres, O., Beszczynska-Mdller, A.
(2013). Impacts of climate change on temperature (air and sea). MCCIP Science
Review, 1-12. doi: 10.14465/2013.arc01.001-012.

Edwards, K. F., Thomas, M. K., Klausmeier, C. A., Litchman, E. (2016). Phytoplankton
growth and the interaction of light and temperature: a synthesis at the species and
community level. Limnology and Oceanography, 61, 1232-1244. doi:
10.1002/In0.10282.

Engelhard, G. H. (2008). One hundred and twenty years of change in fishing power of English
North Sea trawlers. In: Advances in Fisheries Science 50 Years on from Beverton and
Holt (eds Payne A, Cotter J, Potter T), pp. 1-25. Blackwell Publishing, Oxford. doi:
10.1002/9781444302653.chl.

Engelhard, G. H., Lynam, C. P., Garcia-Carreras, B., Dolder, P. J., Mackinson, S. (2015).
Effort reduction and the large fish indicator: spatial trends reveal positive impacts of
recent European fleet reduction schemes. Environmental Conservation, 42, 227-236.
doi: 10.1017/S0376892915000077.

Eppley, R. W. (1972). Temperature and phytoplankton growth in the sea. Fishery Bulletin,
70, 1063-1085.

Fernand, L., Weston, K., Morris, T., Greenwood, N., Brown, J., Jickells, T. (2013). The
contribution of the deep chlorophyll maximum to primary production in a seasonally
stratified shelf sea, the North Sea. Biogeochemistry, 113, 153-166. doi:
10.1007/s10533-013-9831-7.

Fettweis, M., Monbaliu, J., Baeye, M., Nechad, B., van den Eynde, D. (2012). Weather and

climate induced spatial variability of surface suspended particulate matter

31



734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

concentration in the North Sea and the English Channel. Methods in Oceanography,
3-4, 25-39. doi: 10.1016/j.mi0.2012.11.001.

Gohin, F. (2011). Annual cycles of chlorophyll-a, non-algal suspended particulate matter, and
turbidity observed from space and in-situ in coastal waters. Ocean Science, 7, 705—
732. doi: 10.5194/0s-7-705-201.

Gowen, R.J., Bloomfield, S.P. (1996). Chlorophyll standing crop and phytoplankton
production in the western Irish Sea during 1992 and 1993. Journal of Plankton
Research, 18, 1735-1751. doi: 10.1093/plankt/18.9.1735.

Greenwood, N., Parker, E. R., Fernand, L. et al. (2010). Detection of low bottom water oxygen
concentrations in the North Sea; implications for monitoring and assessment of
ecosystem health. Biogeosciences, 7, 1357-1373. doi: 10.5194/bg-7-1357-2010.

ICES (2016a) Report of the Herring Assessment Working Group for the Area South of 62°N
(HAWG), 29 March—7 April 2016, ICES HQ, Copenhagen, Denmark. ICES CM
2016/ACOM: 07. ICES, Copenhagen, 796 pp.

ICES (2016b) Report of the Working Group on the Assessment of Demersal Stocks in the
North Sea and Skagerrak (WGNSSK), 26 April-5 May 2016, Hamburg, Germany.
ICES CM 2016/ACOM: 14. ICES, Copenhagen, 1096 pp.

Jennings, S., Stentiford, G. D., Leocadio, A. M., Jeffery, K. R., Metcalfe, J. D., Katsiadaki,
I., Auchterlonie, N. A., Mangi, S. C., Pinnegar, J. K., et al. (2016). Aquatic food
security: insights into challenges and solutions from an analysis of interactions
between fisheries, aquaculture, food safety, human health, fish and human welfare,
economy and environment. Fish and Fisheries 17: 893-938. doi: 10.1111/faf.12152.

Joint, 1., Pomeroy, A. (1993). Phytoplankton biomass and production in the Southern North

Sea. Marine Ecology Progress Series, 99, 169-182. doi: 10.3354/meps099169.

32



758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

Kanamitsu, M., Ebisuzaki, W., Woollen, J., Yang, S.-K., Hnilo, J. J., Fiorino, M., Potter, G.
L. (2002). NCEP-DOE AMIP-1I Reanalysis (R-2). Bulletin of the American
Meteorological Society: 1631-1643. doi: 10.1175/BAMS-83-11-1631.

Kenny, A. J., Skjoldal, H. R., Engelhard, G. H., Kershaw, P J., Reid, J. B. (2009). An
integrated approach for assessing the relative significance of human pressures and
environmental forcing on the status of Large Marine Ecosystems. Progress in
Oceanography, 81, 132-148. doi: 10.1016/j.pocean.2009.04.007.

Lenhart, H. J., Mills, D. K., Baretta-Bekker, H., van Leeuwen, S. M., van der Molen, et al.
(2010). Predicting the consequences of nutrient reduction on the eutrophication status
of the North Sea. Journal of Marine Systems, 81, 148-170. doi:
10.1016/j.jmarsys.2009.12.014.

Lynam, C. P., Llope, M., Mdéllmann, C., Helaouét, P., Bayliss-Brown, G. A., Stenseth, N. C.
(2017). Interaction between top-down and bottom-up control in marine food webs.
Proceedings of the National Academy of Sciences of the United States of America,
114(8), 1952-1957. doi: 10.1073/pnas.1621037114.

Marshall, A. M., Bigg, G. R., van Leeuwen, S. M., Pinnegar, J. K., Wei, H.-L., Webb, T. J.,
Blanchard, J. L. (2016). Quantifying heterogeneous responses of fish community size
structure using novel combined statistical techniques. Global Change Biology, 22,
1755-1768. doi: 10.1111/gcb.13190.

McQuatters-Gollop, A., Reid, P. C., Edwards, M., Burkill, P. H., Castellani, C., et al. (2011).
Is there a decline in marine phytoplankton? Nature, 476, E6-E7. doi:
10.1038/nature09950.

McQuatters-Gollop, A., Edwards, M., Helaouét, P., Johns, D. G., Owens, N. J. P., Raitsos, D.
E., Schroeder, D., Skinner, J., Stern, R. F. (2015). The Continuous Plankton Recorder

survey: how can long-term phytoplankton datasets deliver Good Environmental

33



783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

Status?  Estuarine, Coastal and Shelf Science, 162, 88-97. doi:
10.1016/j.ecss.2015.05.010.

Moore, C. M., Mills, M. M., Arrigo, K. R., Berman-Frank, I. et al. (2013). Processes and
patterns of oceanic nutrient limitation. Nature Geoscience 6: 701-710. doi:
10.1038/nge01765.

Ottersen, G., Planque, B., Belgrano, A., Post, E., Reid, P. C., Stenseth, N. C. (2001).
Ecological effects of the North Atlantic Oscillation. Oecologia, 128, 1-14. doi:
10.1007/s004420100655.

Painting, S., Foden, J., Forster, R., van der Molen, J., Aldridge, J., et al. (2013). Impacts of
climate change on nutrient enrichment. MCCIP Science Reviews, 2013, 219-235. doi:
10.14465/2013.arc23.219-235.

Passy, P., Gypens, N., Billen, G., Garnier, J., Thieu, V., Rousseau, V., Callens, J., Parent, J.-
Y., Lancelot, C. (2013). A model reconstruction of riverine nutrient fluxes and
eutrophication in the Belgian Coastal Zone since 1984. Journal of Marine Systems,
128, 106-122. doi: 10.1016/j.jmarsys.2013.05.005.

Pécuchet, L., Nielsen, J. R., Christensen, A. (2015). Impacts of the local environment on
recruitment: a comparative study of North Sea and Baltic Sea fish stocks. ICES
Journal of Marine Science, 72, 1323-1335. doi: 10.1093/icesjms/fsu220.

Pitois, S. G., Fox, C. J. (2006). Long-term changes in zooplankton biomass concentration and
mean size over the Northwest European shelf inferred from Continuous Plankton
Recorder data. ICES Journal of Marine Science, 63, 785-798. doi:
10.1016/j.icesjms.2006.03.009.

Pitois, S. G., Lynam, C. P., Jansen, T., Halliday, N., Edwards, M. (2012). Bottom-up effects
of climate on fish populations: data from the Continuous Plankton Recorder. Marine

Ecology Progress Series, 456, 169-186. doi: 10.3354/meps09710.

34



808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

Pyper, B. J., Peterman, R. M. (1998). Comparison of methods to account for autocorrelation
in correlation analyses of fish data. Canadian Journal of Fisheries and Aquatic
Sciences, 55, 2127-2140. doi: 10.1139/f98-104.

R Core Team (2016). R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Raitsos, D. E., Pradhan, Y., Lavender, S. J., Hoteit, I., McQuatters-Gollop, A., Reid, P. C.,
Richardson, A. J. (2014). From silk to satellite: half a century of ocean colour
anomalies in the Northeast Atlantic. Global Change Biology, 20, 2117-2123. doi:
10.1111/gch.12457.

Rayner, N. A., Parker, D. E., Horton, E. B., Folland, C. K., Alexander, L. V., Rowell, D. P.,
Kent, E. C., Kaplan, A. (2003). Global analyses of sea surface temperature, sea ice,
and night marine air temperature since the late nineteenth century. Journal of
Geophysical Research, 108, 4407-4444. doi: 10.1029/2002JD002670.

Reid, P. C., Borges, M. F., Svendsen, E. (2001). A regime shift in the North Sea circa 1988
linked to changes in the North Sea horse mackerel fishery. Fisheries Research, 50,
163-171. doi: 10.1016/S0165-7836(00)00249-6.

Richardson, A. J., Walne, A. W., John, A. W. G., Jonas, T. D, Lindley, J. A., Sims, D. W.,
Stevens, D., Witt, M. (2006). Using Continuous Plankton Recorder data. Progress in
Oceanography, 68, 27-74. doi: 10.1016/j.pocean.2005.09.011.

Roulet, N., Moore, T. R. (2006). Environmental chemistry: browning the waters. Nature, 472,
283-284. doi: 10.1038/444283a.

Smaal, A. C., Schellekens, T., van Stralen, M. R., Kromkamp, J. C. (2013). Decrease of the
carrying capacity of the Oosterschelde estuary (SW Delta, NL) for bivalve filter
feeders due to overgrazing?  Aquaculture, 404-405, 28-34. doi:

10.1016/j.aquaculture.2013.04.008.

35



833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

Steemann Nielsen, E. (1952). The use of radio-active carbon (C'*) for measuring organic
production in the sea. Journal du Conseil International pour I’Exploration de la Mer,
18, 117-140. doi: 10.1093/icesjms/18.2.117.

Tett, P., Gowen, R. J., Mills, D., Fernandes, T., Gilpin, L., Huxman, M., Kennington, K.,
Read, P. A., Service, M., Wilkinson, M., Malcolm, S. (2007). Defining and detecting
undesirable disturbance in the context of eutrophication. Marine Pollution Bulletin,
55, 282-297. doi: 10.1016/j.marpolbul.2006.08.028.

Thomas, H., Bozec, Y., Elkalay, K., de Baar, H. J. W., Borges, A. V., Schiettecatte, L.-S.
(2005). Controls of the surface water partial pressure of CO. in the North Sea.
Biogeosciences, 2, 323-334. doi: 10.5194/bg-2-323-2005.

van der Molen, J., Aldridge, J. N., Coughlan, C., Parker, E. R., Stephens, D., Ruardij, P.
(2013). Modelling marine ecosystem response to climate change and trawling in the
North Sea, Biogeochemistry, 113: 213-236. doi: 10.1007/s10533-012-9763-7.

van Haren, H., Mills, D. K., Wetsteyn, L. P. M. J. (1998). Detailed observations of the
phytoplankton spring bloom in the stratifying central North Sea. Journal of Marine
Research, 56, 655-680. doi: 10.1357/002224098765213621.

van Leeuwen, S. M., van der Molen. J., Ruardij, P., Fernand, L., Jickells, T. (2013). Modelling
the contribution of deep chlorophyll maxima to annual primary production in the
North Sea. Biogeochemistry, 113, 137-152. doi: 10.1007/s10533-012-9704-5.

van Leeuwen, S., Tett, P., Mills, D., van der Molen, J. (2015). Stratified and non-stratified
areas in the North Sea: long-term variability and biological and policy implications.
Journal of Geophysical ~Research  Oceans, 120, 4670-4686. doi:

10.1002/2014JC010485.

36



856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

van Leeuwen, S. M., le Quesne, W., Parker, E. R. (2016). Potential future fisheries yields in
shelf waters: a model study of the effects of climate change and ocean acidification,
Biogeosciences, 13: 441-454. doi: 10.5194/bg-13-441-2016.

Varela, R. A., Cruzardo, A., Gabaldon, J. E. (1995). Modelling primary production in the
North Sea using the European Regional Seas Ecosystem Model. Netherlands Journal
of Sea Research, 33, 337-361. doi: 10.1016/0077-7579(95)90052-7.

Warner, A. J., Hays, G. C. (1994). Sampling by the Continuous Plankton Recorder survey.
Progress in Oceanography, 34, 237-256. doi: 10.1016/0079-6611(94)90011-6.
Watson, R. A., Green, B. S., Tracey, S. R., Farmery, A., Pitcher, T. J. (2016). Provenance of

global seafood. Fish and Fisheries, 17, 585-595. doi: 10.1111/faf.12129.

Westberry, T., Behrenfeld, M. J., Siegel, D. A., Boss, E. (2008). Carbon-based primary
productivity modelling with vertically resolved photoacclimation. Global
Biogeochemical Cycles, 22, GB2024. doi:10.1029/2007GB003078.

Weston, K., Fernand, L., Mills, D. K., Delahunty, R., Brown, J. (2005). Primary production
in the deep chlorophyll maximum of the central North Sea. Journal of Plankton
Research, 27, 909-922. doi: 10.1093/plankt/fbi064.

Williams, P.J. leB., Raine, R. C. T., Bryan, J. R. (1979). Agreement between the *C and
oxygen methods of measuring phytoplankton primary production: reassessment of the
photosynthetic quotient. Oceanologica Acta, 2, 411-416.

Wiltshire, K. H., Malzahn, A. M., Wirtz, K., Greve, W., Janisch, S., Mangelsdorf, P., Manly,
B. F. J., Boersma, M. (2008). Resilience of North Sea phytoplankton spring bloom
dynamics: an analysis of long-term data at Helgoland Roads. Limnology and

Oceanography, 53, 1294-1302. doi: 10013/epic.28758.

37



880 Table 1. Mean gross primary production and temporal trends over 1988-2013, by

881  hydrodynamic region.

PP Area PP Annual change in PP
(@C m?y?) (10 gCy?) (9C m?y?)
Region Mean SE Mean (%) SE r2 P Slope SE
Seasonally stratified 200 15 34.9 (36) 2.75 | 0.091 0.134
Transitional East 354 54 27.6 (28) 424 | 0.299 0.0039** -19.78 6.19
Transitional West 187 15 5.8 (6) 0.47 | 0.278 0.0057** -538  1.77
Intermittently stratified 268 20 16.3 (17) 1.24 | 0.001 0.884
Permanently mixed 82 7 4.0 (4) 0.35 0.128 0.073
Freshwater influence 382 28 8.7 (9) 0.65 0.001 0.903
North Sea 234 17 | 97.34(100) 6.92 | 0.261 0.0076** -5.67 1.94
Varela et al. (1995) 200-400
van Leeuwen et al.
(2013) 90.3*
Marshall et al. (2016) 259* -0.3 0.02

882

883  Gross primary production in six hydrodynamic regions of the North Sea and in all regions
884  combined, averaged over 1988-2013 (with SE over the 25-year period), and test statistics
885  examining for temporal trends. Descriptive statistics are shown for PP per unit area (gC m2
886 y 1) and for the entire area encompassed by each region (in 10*? gC y, and as percentage of
887  the total area production of the North Sea). Where long-term trends are significant (P < 0.01;
888  **) we also show the annual change in PP (in gC m~2 y2). Note. Earlier, published estimates
889  of annual production for the North Sea are also given for comparison. * Phytoplankton net

890  annual primary production.
891
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893
894
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Table 2. Temporal trends in North Sea environmental variables and higher trophic

levels; and correlations of these variables with gross annual primary production.

Trend over 1988-2013

Correlation with PP

r2 P Slope SE rp Pad
Environmental variables
SST 0.105 0.106 -0.520 0.012*
SSTwin 0.045 0.297 -0.136 0.509
SSTspr 0.042 0.312 -0.223 0.278
SSTsum 0.170 0.036* 0.038 0.017 -0.434 0.032*
SSTau 0.161 0.042* 0.028 0.013 -0.568 0.0043***
NAOuin 0.160 0.043* -0.073 0.034 0.113 0.585
POy 0.682  <0.0001*** -0.0028 0.0004 0.325 0.122
NOx 0.841  <0.0001*** -0.0800 0.0071 0.523 0.020*
Higher trophic levels
Small copepods (m?) 0.661 <0.0001*** -102.0 15.0 0.533 0.0148*
Large copepods (m?) 0.066 0.204 -0.328 0.102
Fish recruitment 0.329 0.0022*** —0.0454 0.013 0.445 0.0317*

Environmental variables include: North Sea annual mean sea surface temperature (SST), SST

averaged over winter, spring, summer and autumn (SSTwin, SSTspr, SSTsum, SSTaut), NAO

winter index (NAOuwin), and PO4 and NOx (monitored at Lobith, Netherlands). Higher trophic

levels include: small and large copepods, and a standardised index of fish stock recruitment.

Statistically significant correlations are indicated: * P < 0.05, ** P < 0.01, *** P < 0.005.

Note. P-values in correlations adjusted (Pagj) for autocorrelation.
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Figure captions
Figure 1. (a) Map of the North Sea showing the six hydrodynamic regions examined (based
on van Leeuwen et al., 2015, with their transitional region split in ‘west’ and ‘east’). (b)

Changes in total annual primary production, PP (10*? gC y ), in each hydrodynamic region.

Figure 2. Trends of environmental variables: a) NAO winter index, b) annual average sea
surface temperature (SST), ¢) Rhine dissolved inorganic phosphate, PO4, and d) Rhine total

oxidised nitrogen, NOx (monitored at Lobith, Netherlands).

Figure 3. Interannual variation in annual primary production, PP (gC m? y%), mean
abundance of small copepods (1000 x m™) and large copepods (m®), and a standardised index
of fish stock recruitment (including sandeel, sprat, herring, Norway pout, cod, haddock, and

whiting), in the North Sea.
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