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Abstract 26 

 27 

Phytoplankton primary production is at the base of the marine food web; changes in primary 28 

production have direct or indirect effects on higher trophic levels, from zooplankton 29 

organisms to marine mammals and seabirds. Here we present a new time-series on gross 30 

primary production in the North Sea, from 1988 to 2013, estimated using in situ measurements 31 

of chlorophyll and underwater light. This shows that recent decades have seen a significant 32 

decline in primary production in the North Sea. Moreover, primary production differs in 33 

magnitude between six hydrodynamic regions within the North Sea. Sea surface warming and 34 

reduced riverine nutrient inputs are found to be likely contributors to the declining levels of 35 

primary production. In turn, significant correlations are found between observed changes in 36 

primary production and the dynamics of higher trophic levels including (small) copepods and 37 

a standardised index of fish recruitment, averaged over 7 stocks of high commercial 38 

significance in the North Sea. Given positive (bottom-up) associations between primary 39 

production, zooplankton abundance and fish stock recruitment, this study provides strong 40 

evidence that if the decline in primary production continues, knock-on effects upon the 41 

productivity of fisheries are to be expected unless these fisheries are managed effectively and 42 

cautiously.  43 

 44 

  45 



3 
 

Introduction 46 

Phytoplankton primary production is at the base of the marine food web. Primary production 47 

is a key driver of zooplankton and ichthyoplankton dynamics and hence influences small 48 

planktivorous fish and, in turn, larger predatory fish, marine mammals and seabirds that are 49 

dependent on these. Changes in primary production have indirect effects on commercial fish 50 

stocks that help support the world’s human protein requirements (Chassot et al., 2010), and 51 

are relevant to society because of our dependency on marine food products. In fact, worldwide 52 

marine primary production, estimated between 44 and 67 Pg of carbon per year (44–67 x1015 53 

gC y–1; Westberry et al., 2008), has been shown to constrain fisheries catches at a global level, 54 

as well as at regional scales (Chassot et al., 2007; Chassot et al., 2010). 55 

Coastal and shelf seas, such as the North Sea, have higher production than open oceans 56 

and they supply 80% of the world’s wild-captured seafood (Watson et al., 2016). Their 57 

proximity to land also makes coastal and shelf seas more susceptible to human pressures 58 

including fishing, shipping, seabed degradation, and changes in water characteristics. The 59 

impacts of these pressures include nutrient enrichment and ‘darkening’ of water (Roulet & 60 

Moore, 2006; Dupont & Aksnes, 2013).  61 

The North Sea represents a clear demonstration of these pressures. Fish stocks have 62 

shown substantial changes, with declines especially in the 1980s–1990s. Several stocks have 63 

recently recovered, thanks to improved fisheries management especially since 2000 64 

(Engelhard et al., 2015), but levels of recruitment have generally remained low (Pécuchet et 65 

al., 2015). In addition to the effects of sustaining fisheries and other maritime industries 66 

(shipping, oil and gas extraction) for many centuries (Engelhard, 2008), the North Sea 67 

receives inputs from river systems that drain densely populated and intensively farmed areas. 68 

Widespread use of fertilisers led to increased nutrient loads from the 1950s to the 1980s; with 69 

stricter policies this was succeeded by nitrogen and phosphorus input reductions in recent 70 
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decades (Painting et al., 2013; Burson et al., 2016). Water clarity of the North Sea has 71 

decreased during the past half-century driven largely by increased suspended sediment 72 

(Capuzzo et al., 2015; Dupont & Aksnes, 2013). In addition, surface water temperature has 73 

increased by 0.2-0.4 °C decade-1 (Dye et al., 2013), particularly from the late 1980s 74 

(Beaugrand, 2004).  75 

Changes in phytoplankton growth and primary production can be driven by various 76 

factors including nutrient and light availability, temperature, and grazing (e.g. Behrenfeld et 77 

al., 2006; Cadée & Hegeman, 2002; Cloern et al., 2014). It is unclear, due to a lack of direct 78 

observations, whether changes in nutrient levels and light availability in the North Sea, 79 

combined with the recent marked temperature increase, have influenced the area’s primary 80 

production.  81 

In spite of the importance of primary production for understanding the dynamics of 82 

higher trophic levels, in situ long-term datasets of primary production are limited and 83 

available for relatively few sites, e.g. the Marsdiep (Cadée & Hegeman, 2002) and 84 

Oosterschelde estuary (Smaal et al., 2013). This is because traditional methods for measuring 85 

primary production, such as the 14C method (Steemann Nielsen, 1952) and light/dark bottle 86 

oxygen method (e.g., Williams et al., 1979), have generally been time-consuming and 87 

expensive with limited spatial coverage. Due to this lack of in situ primary production data, 88 

researchers have often relied on models (based on chlorophyll or carbon); proxies, such as 89 

phytoplankton biomass (e.g., Phytoplankton Colour Index, as sampled by the Continuous 90 

Plankton Recorder; McQuatters-Gollop et al., 2015); and satellite remote sensing data, to 91 

obtain insight in spatial and temporal patterns of primary production, particularly at the global 92 

scale (for a review see: Westberry et al., 2008).  93 

In this paper, we reconstruct a time-series of primary production based on an empirical 94 

relationship including in situ measurements of chlorophyll concentration and light climate 95 
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(Kd, light attenuation coefficient, and surface irradiance), from 1988 to 2013. We do so for 96 

the entire North Sea (excluding the deepest parts; see Fig. 1), as well as for six different 97 

hydrodynamic regions (based on van Leeuwen et al., 2015), given expected differences in 98 

primary production between these regions. To our knowledge this is the first primary 99 

production time series of this kind estimated for the North Sea, and it could be used to validate 100 

model predictions and estimates of primary production from satellite ocean colour images. 101 

Specifically, we answer the following questions:  102 

Q1. How has primary production fluctuated in the North Sea’s different hydrodynamic 103 

regions? 104 

Q2. Which environmental drivers may account for observed changes in primary production?  105 

Q3. Do changes in primary production have bottom-up effects on higher trophic levels with 106 

implications for zooplankton dynamics and/or fisheries productivity? 107 

 108 

 109 

 110 

 111 

 112 

 113 

 114 

 115 

 116 

 117 

 118 

 119 

  120 
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Materials and methods 121 

Study areas  122 

Primary production was investigated for six hydrodynamic regions within the North Sea, 123 

based on van Leeuwen et al.’s (2015) classification of water masses according to the length 124 

of the mixing/stratification periods. Stratification characteristics of a region are mainly 125 

determined by air temperature (onset and strength of stratification), wind (mixing and break-126 

up of stratification), local depth and rainfall (determining fresh water flow into the North Sea; 127 

van Leeuwen et al., 2015). While four regions – the seasonally stratified, permanently mixed, 128 

intermittently stratified, and freshwater influence regions (Fig. 1a) – present stable density 129 

stratification characteristics (both in space and time), a part of the North Sea (here termed 130 

‘transitional’) was not classified by van Leeuwen et al. (2015) owing to its interannual 131 

variability in stratification characteristics. This transitional region, although not fully meeting 132 

the assumption of a stable mixing/stratification regime, was included in the present analysis 133 

as it accounts for a substantial proportion of primary production in the North Sea. We 134 

distinguish a ‘transitional east’ and ‘transitional west’ region (separated by 2°E longitude), in 135 

consideration of the different light regimes in these areas, with higher turbidity in the east 136 

compared to the west (Gohin, 2011). The deeper, northeasternmost waters of the North Sea 137 

(permanently stratified region in van Leeuwen et al., 2015) were not included in our study 138 

owing to a lack of data on chlorophyll and light climate.  139 

 140 

Collation of data underlying primary production estimates 141 

For each region, time-series of primary production were reconstructed based on collations of 142 

all data available for chlorophyll concentration, light attenuation, and surface irradiance from 143 

1988 to 2013. Only measurements further than 6 nautical miles from the coast were included. 144 
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Chlorophyll. We collated in situ measurements of chlorophyll concentration 145 

(determined using standard fluorimetric technique) for the upper 20 m of the water column, 146 

collected during ship-based surveys, from databases held at ICES, the NERC North Sea 147 

Project, and Cefas, the Centre for Environment, Fisheries & Aquaculture Science (Capuzzo 148 

et al., 2015; and see Fig. S1 in Supplement). Possible duplicates between these different 149 

databases were checked and eliminated. Measurements collected at the same location on the 150 

same day were averaged, as well as measurements from different depths in the upper 20 m of 151 

the water column. This depth was chosen as it includes the euphotic layer in the southern and 152 

central North Sea (Capuzzo et al., 2013) and broadly coincides with the surface mixed layer 153 

in the seasonally stratified area of the North Sea (Weston et al., 2005). Measurements from 154 

calibrated fluorescence sensors on automated “SmartBuoy” moorings were also included in 155 

the database but were averaged weekly, to reduce temporal autocorrelation of data (Capuzzo 156 

et al., 2015). Potential spatial autocorrelation was addressed averaging observations that were 157 

collected within 0.1 decimal degree in the same day. 158 

Light attenuation. Data on the light attenuation coefficient (Kd) were estimated using 159 

two approaches: (1) from in situ PAR (photosynthetically available radiation) profiles (1997 160 

to 2013), and (2) from in situ measurements of SPM (suspended particulate materials; 1988 161 

to 2013), which is known to have an empirical relationship with Kd (Devlin et al., 2008). The 162 

PAR profiles were collected during Cefas surveys using a LI-COR LI-192 cosine-corrected 163 

underwater quantum sensor, either mounted on a CTD rosette system or on a solid-state data 164 

logger (ESM-2; Greenwood et al., 2010). Here, Kd was calculated from the linear regression 165 

of natural log-transformed PAR profiles versus depth, between circa 2 m and the depth at 166 

which PAR = 1 µmol photons m–2 s–1 (Capuzzo et al., 2013). Only profiles collected during 167 

full daylight (i.e. excluding the crepuscular periods) were considered in this analysis. The in 168 

situ SPM measurements were obtained from the same sources as the chlorophyll observations 169 
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described above and likewise included the upper 20 m of the water column only. SPM 170 

measurements collected on surveys were determined by gravimetric analysis; measurements 171 

from SmartBuoys were obtained from calibrated backscatter (Capuzzo et al., 2015). As for 172 

chlorophyll, SPM data from SmartBuoys were averaged weekly to reduce temporal (Capuzzo 173 

et al., 2015). Observations within 0.1 decimal degree, collected in the same day, were average 174 

to correct potential spatial autocorrelation. SPM data were converted to estimates of Kd, using 175 

the relationship for coastal and offshore UK waters described by Devlin et al. (2008), and 176 

combined with estimates of Kd calculated from PAR profiles (Fig. S1 in Supplement). 177 

Surface irradiance. To estimate daily surface irradiance (E0), data on total solar 178 

radiance per day, was obtained from the National Centers for Environmental Prediction 179 

(NCEP, Boulder, Colorado, USA) Reanalysis II dataset (Kanamitsu et al., 2002), downloaded 180 

from https://www.esrl.noaa.gov/psd/data/gridded/reanalysis/. Daily estimates for the North 181 

Sea area were downloaded on a 2.5° x 2.5° grid and averaged based on the hydrodynamic 182 

regions. Net shortwave radiation flux at surface or surface irradiance, in W m–2, was converted 183 

to mol photons m–2 d–1, as described in Capuzzo et al. (2013). 184 

 185 

Modelling time series of chlorophyll concentration and Kd 186 

Based on all available observations, daily-averaged values of chlorophyll and Kd were 187 

calculated for each hydrodynamic region (Fig. S2 and S3). However, data were not available 188 

for all days and all years in each region, and in some cases data were missing for longer 189 

periods, particularly for Kd (notably for the seasonally stratified area in the early 1990s, and 190 

transitional east in the late 1990s; Fig. S3). As we aimed to estimate daily values of gross 191 

production for each hydrodynamic region, the following modelling approach was used to 192 

impute missing observations and reconstruct full time-series. For each chlorophyll and Kd 193 

time series a Gaussian kernel smoother has been used to smooth the raw data, as implemented 194 
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in the R function ksmooth() (R Core Team, 2016). A fairly wide bandwidth (1 year) was used, 195 

which means that the interquartile range of the kernel will be 0.5 years. This wide bandwidth 196 

is necessary to span some of the gaps in the data.  197 

For the region of freshwater influence, limited Kd observations were available. 198 

Therefore, the trends were calculated based on observations from neighbouring 199 

hydrodynamic regions. 200 

 201 

Calculation of gross annual primary production 202 

The smoothed time series of chlorophyll concentration, Kd, and surface irradiance (E0) were 203 

used to calculate daily estimates of gross primary production for each hydrodynamic region, 204 

according to the empirical model by Cole & Cloern (1987):  205 

𝑃 = 𝑎 + 𝑏 ∗ [𝑐ℎ𝑙 ∗
4.61

𝐾𝑑
∗ 𝐸0]         (1) 206 

where P is gross daily primary production (mgC m–2 d–1), and chl is chlorophyll concentration 207 

(mg m–3). The parameters a and b, used for these calculations, were equal to 45.6 and 0.76 208 

respectively; they were estimated from the linear regression of measurements of primary 209 

production obtained using the 14C method, versus the corresponding composite term [chl * 210 

(4.61 / Kd) * E0]. Measurements of carbon fixation were carried out at two sampling stations 211 

(one at Oyster Grounds and one north of the Dogger Bank), in correspondence of two 212 

SmartBuoys, at 5 time points throughout 2007. Further details on the calculation of the 213 

coefficients a and b are given in the Supplementary Materials (Fig. S4, Methods S1 and 214 

Methods S2).  215 

Gross annual primary production (gC m–2 y–1) in a given region was calculated 216 

integrating the daily primary production estimates for that region over a year. The total annual 217 

production of the area investigated (tonnes C y–1) was then estimated by multiplying the (per-218 

area) annual production estimates with the total area size (in km2) of the region. 219 
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Relationships between primary production and environmental variables 220 

As potential environmental drivers of North Sea primary production, time-series were collated 221 

on climatic variables and proxies for nutrient inputs into the North Sea. As an indicator for 222 

temperature variations within the North Sea, we used the interpolated sea surface temperature 223 

dataset (HadISST) held by the Hadley Centre of the UK Meteorological Office (Rayner et al., 224 

2003; see www.metoffice.gov.uk/hadobs/hadisst). The dataset was available in a 1° x 1° 225 

latitude-longitude grid on a global scale, and annual mean sea surface temperatures were 226 

calculated for the study area (between 51° and 61°N, and 2°W and 9°E).   227 

As a broad-scale climate indicator, we used the North Atlantic Oscillation (NAO) 228 

winter index (December of the previous year to March of the focal year). The NAO is defined 229 

here as the normalised atmospheric sea level pressure difference between Gibraltar (high) and 230 

Iceland (low). A positive winter index is characterized by stronger westerly winds bringing 231 

relatively warm conditions to western Europe; the NAO has previously been linked with 232 

primary production (Ottersen et al., 2001). Data were obtained from the Climatic Research 233 

Unit of the University of East Anglia (www.cru.uea.ac.uk/cru/data/nao). 234 

As proxies for riverine nutrient inputs into the North Sea, time-series on nutrient loads 235 

in the river Rhine at Lobith, Netherlands, were used (the Dutch Ministry of Infrastructure and 236 

the Environment, Rijkswaterstaat; http://live.waterbase.nl.ipaddress.com). The Rhine 237 

represents the major riverine input source of nutrients to the southern and central North Sea 238 

(Painting et al., 2013). Specifically, data on phosphate concentrations (PO4, expressed in mg 239 

P l–1 of river surface water after filtration), and on combined nitrate and nitrite levels (NO3 + 240 

NO2, or NOx; expressed in mg N l–1 of river surface water after filtration) were collated. 241 

Correlations between the above-mentioned environmental variables and trends in 242 

primary production were tested. Specifically, the Pearson’s cross product-moment correlation 243 

(rp) was used as a one-sample Kolmogorov-Smirnov test did not detect any departures from 244 
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normality (P > 0.05). There was moderate temporal autocorrelation within several of the time-245 

series variables examined. To account for this, the test procedure for significance of 246 

correlations was adjusted conservatively (Pyper & Peterman, 1998) by reducing the effective 247 

degrees of freedom (increasing the P-values) according to the degree of autocorrelation; 248 

adjusted P-values are hereafter referred to as Padj. 249 

 250 

Relationships between primary production and higher trophic levels 251 

To assess possible bottom-up effects of changes in primary production on higher trophic 252 

levels, we collated time-series on zooplankton and fish recruitment dynamics. Zooplankton 253 

data came from the Continuous Plankton Recorder (CPR) survey, which is managed by the 254 

Sir Alister Hardy Foundation for Ocean Science (SAHFOS) and has operated in the North 255 

Atlantic and North Sea since 1931 (McQuatters-Gollop et al., 2015), measuring the 256 

abundance of approximately 500 plankton taxa (Richardson et al., 2006). The collection and 257 

analysis of CPR samples have followed a consistent methodological approach since 1958; full 258 

details have been published extensively elsewhere (e.g. Warner & Hays, 1994; Batten et al., 259 

2003) but are summarised here. The CPR collects samples using a high-speed plankton 260 

recorder that is towed behind ‘ships of opportunity’ through the surface layer of the ocean 261 

(~10 m depth). Water passes through the recorder, and plankton are filtered by a slow moving 262 

silk layer (mesh size 270 μm). A second layer of silk covers the first and both are reeled into 263 

a tank containing 4% formaldehyde, and so preserved for later analysis.  264 

Here primary production is examined in relation to smaller and larger copepods which, 265 

in addition to playing a key trophic role, are among the most ubiquitous of zooplankton taxa. 266 

In the North Sea, the CPR collects 104 copepod taxa, 42 of which are small (< 2 mm in length) 267 

and 62 of which are large (> 2 mm in length). Small copepods are identified and counted 268 

during the ‘traverse’ stage of analysis where 1/50 of the CPR sample silk is analysed. Large 269 
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copepods are not subsampled; instead each individual is identified and counted (Richardson 270 

et al., 2006). Here we present copepod abundance as individuals m–2, for the upper 20 m of 271 

the water column. 272 

In addition, we examined primary production in relation to a standardised index of 273 

fish recruitment averaged over 7 stocks of high commercial significance. These were: cod 274 

Gadus morhua, haddock Melanogrammus aeglefinus, whiting Merlangius merlangus, 275 

Norway pout Trisopterus esmarkii, herring Clupea harengus, sprat Sprattus sprattus, and 276 

sandeel Ammodytes marinus. For each species, recruitment time-series were compiled from 277 

the ICES stock assessment reports (ICES, 2016a, 2016b), for the period 1988–2014 (for 278 

sandeel, recruitment was combined for Sandeel Areas 1, 2 and 3). The recruitment time-series 279 

for each species were standardised (i.e. the overall mean was subtracted and the result was 280 

divided by the standard deviation); next, annual scores were averaged across the 7 species, 281 

each of which was thus given equal weighting in the standardised recruitment index. 282 

We examined relationships between primary production and higher trophic levels 283 

(small copepods, large copepods, fish recruitment) using Pearson’s cross product-moment 284 

correlation (rp). As there was evidence for temporal autocorrelation within time-series, all P-285 

values obtained were adjusted using Pyper & Peterman’s (1998) correction procedure 286 

according to the level of autocorrelation, as described above for the environmental variables 287 

tested against primary production; again, adjusted P-values were reported as Padj. 288 

 289 

 290 

 291 

  292 
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Results 293 

North Sea primary production by hydrodynamic region 294 

Gross annual primary production (PP) in the North Sea was estimated at 97.3 ± 6.9 x 1012 gC 295 

y–1 (mean ± SE over period 1988–2013, n = 26 years; range 48.4–180.1 x 1012 gC y–1). On a 296 

per-area basis, this equated to 234 ± 17 gC m–2 y–1. There were differences in average annual 297 

primary production between the six hydrodynamic regions examined (Fig. 1). Average 298 

primary production (per-area) was highest in the freshwater influence, transitional east and 299 

intermittently stratified regions; intermediate in the seasonally stratified and transitional west 300 

regions; and considerably lower in the permanently mixed region (Table 1). Given that 301 

regions differed in size, this implied that on average 36% and 28% of North Sea gross primary 302 

production came from the seasonally stratified and transitional east regions, respectively; the 303 

region of freshwater influence, because of its small size, accounted for 9% of total primary 304 

production (Table 1). 305 

 306 

Primary production: long-term trend 307 

There was a declining trend in PP in the North Sea over the period 1988–2013, in spite of 308 

substantial annual fluctuations (Fig. 1b); this decline is statistically significant (Table 1; r2 = 309 

0.261, P = 0.0076). Whereas in the 1990s PP tended to be in the region of 100–150 x 1012 gC 310 

y–1, since 2000 it has generally been between 50–100 x 1012 gC y–1. The decline, however, 311 

was not evenly distributed throughout the North Sea but principally evident for two 312 

hydrodynamic regions: the transitional east (P = 0.0039) and transitional west (P = 0.0057). 313 

Between 1988 and 1999, these two regions together on average accounted for 40% of PP in 314 

the North Sea; since the 2000s this has been substantially lower (mean 24%). In none of the 315 

hydrodynamic regions did primary production increase. 316 

 317 
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Environmental drivers and changes in primary production 318 

In the North Sea, sea surface temperatures (SST) have recently warmed, although a few recent 319 

years (2010–2013) were fairly cold (Fig. 2b); in turn, warmer annual SST was associated with 320 

lower levels of gross primary production (Fig. S6a). The negative relationship of the North 321 

Sea PP with annual SST was significant (Table 2: rp = –0.520, Padj < 0.05); particularly, the 322 

transitional east and the seasonally stratified regions showed a significant negative 323 

relationship with SST (Table S1; rp = –0.581, P < 0.01 for seasonally stratified; rp = –0.493, 324 

P < 0.01 for transitional east). The relationship between PP and SST (Table 2) was not evident 325 

for each season: no significant correlations were found with winter or spring SST (Padj > 0.1), 326 

but those with summer SST (rp = –0.434, Padj < 0.05) and autumn SST (rp = –0.568, Padj < 327 

0.005) were found to be significant, and negative.  328 

The North Atlantic Oscillation (NAO) winter index fluctuated considerably over the 329 

study period with a declining trend and was mainly positive, with strong negative values in 330 

1996 and 2010 (Fig. 2a; Table 2). There was no evidence that the NAO was significantly 331 

associated with levels of PP (Fig. S6b; Table 2; Padj > 0.5).  332 

Two proxies for riverine nutrient inputs into the North Sea – Rhine PO4 and NOx 333 

concentrations as monitored in Lobith, Netherlands – decreased significantly over the study 334 

period (Fig. 2c, d; Table 2). We did not find a significant correlation between Rhine PO4 335 

levels and PP in the wider North Sea (Fig. S6c; Table 2: rp = 0.325, Padj > 0.1) and for various 336 

regions, except transitional west (Table S1; rp = 0.466, P < 0.05). Contrarily, the Rhine NOx 337 

levels had a significant, positive correlation with the wider North Sea primary production 338 

(Fig. S6d; Table 2: rp = 0.523, Padj < 0.05), as well as with transitional east and west regions 339 

(Table S1; rp = 0.502, P < 0.01 and rp = 0.518, P < 0.01, respectively). 340 

 341 
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Primary production: relationships with higher trophic levels 342 

Over the study period, a decline in the average annual abundance of small copepods in the 343 

North Sea was observed (Fig. 3), which was significant (Table 2: r2 = 0.673, P < 0.0001). 344 

Small copepod abundance was correlated with PP in the wider North Sea (Fig. S6e, Table 2); 345 

this correlation was significant (Table 2, Padj < 0.05), and it appears it was driven by the 346 

transitional east region (Table S3). The abundance of large copepods fluctuated, but did not 347 

show a significant trend (Fig. 3, Table 2: P > 0.1); neither was large copepod abundance 348 

significantly correlated with primary production in the winder North Sea or specific 349 

hydrodynamic regions (Table 2: Padj > 0.1; Table S2: P > 0.1). 350 

There was, moreover, a correlation of PP with the standardised index of fish stock 351 

recruitment in the North Sea. This index, in spite of substantial interannual variability, showed 352 

a significant decline over the study period (Fig. 3, Table 2: P < 0.005). The correlation with 353 

primary production was positive and significant (Fig. S6g, Table 2: Padj < 0.05). 354 

  355 
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Discussion 356 

To our knowledge this was the first large-scale study on long-term trends in primary 357 

production across the North Sea, based on quantitative in situ observations. Since the late 358 

1980s, primary production has not only fluctuated but also shown a statistically significant 359 

decline (Table 1), particularly in two hydrodynamic regions. Correlations with temperature 360 

and riverine nutrient inputs suggest sea surface warming and anthropogenic nutrient inputs as 361 

likely drivers of the decline. There is, moreover, evidence of bottom-up effects of decreasing 362 

primary production on higher trophic levels including (small) copepods and average fish stock 363 

recruitment.  364 

 365 

Comparison with other studies  366 

The primary production estimates averaged by hydrodynamic region were in line with in situ 367 

measurements by Joint & Pomroy (1993), done in 1988–1989 in the southern North Sea using 368 

the 14C method: high production in the south-east (freshwater influence and transitional east 369 

regions) and low production in the south-west (permanently mixed region; Fig. S5). Estimates 370 

for the region of freshwater influence (Fig. S5; Table 1) also agreed with in situ measurements 371 

in the Marsdiep (Netherlands), where phytoplankton production in the 1980s and early 1990s 372 

was high (300–450 gC m–2 y–1: de Jonge et al., 1996; Cadée & Hegeman, 2002). Our primary 373 

production estimates for the whole North Sea (per-area: 234 ± 85 gC m-2 y-1; total: 97 ± 35 x 374 

1012 gC y-1: Table 1) corresponded with estimates from the ERSEM model (gross production 375 

of 200–400 gC m–2 y-1: Varela et al., 1995) and from the coupled GETM-ERSEM-BFM model 376 

(total net production of 90.3 x 1012 gC y-1: van Leeuwen et al., 2013; per-area, 259 gC m-2 y-377 

1: Marshall et al., 2016). A decline in PP was, likewise, reported by Marshall et al. (2016) 378 

based on the GETM-ERSEM-BFM model, but was of considerably smaller magnitude (–0.3 379 
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± 0.02 gC m-2 y-2; here –5.5 ± 1.9 gC m-2 y-2, see Table 1), which could be partly due to 380 

differences in the time-periods analysed (1980–2008; here 1988–2013).  381 

For the coastal area off East Anglia (permanently mixed region), our results disagreed 382 

with modelled production estimates by Daewel & Schrum (2013), who suggested high levels 383 

of primary production. Contrarily, based on in situ measurements the permanently mixed 384 

region is found to be least productive of the six hydrodynamic regions (Table 1), probably a 385 

consequence of light limitation. This part of the southern North Sea is turbid due to high 386 

concentrations of suspended solids, originating from the Thames estuary and due to coastal 387 

erosion (Fettweis et al., 2012; Gohin, 2011); we suggest that low light availability limits 388 

primary production here (Capuzzo et al., 2013).  389 

There was disagreement, in part, between the decline in primary production reported 390 

here over 1988–2013, and recent studies describing increasing trends in the Phytoplankton 391 

Colour Index (PCI) of the Continuous Plankton Recorder (CPR), from 1948–2007 in the 392 

North Sea (Raitsos et al., 2014) and from 1948–2010 on the Western European shelf 393 

(McQuatters-Gollop et al., 2011). Discrepancies might be due to the PCI being a proxy for 394 

phytoplankton biomass, rather than a direct measure of production. They may also be due to 395 

the much longer time-series of both CPR-based studies (>60 years; and ending slightly 396 

earlier). Notably, the earlier increase in phytoplankton biomass in the North Sea appears to 397 

have been stepwise, around 1988 (Raitsos et al., 2014), and has been characterised as a 398 

‘regime shift’ (Reid et al., 2001; Dippner et al., 2012). If both phytoplankton biomass and 399 

primary production indeed showed a stepwise increase in the late 1980s, then the current study 400 

suggests that in the following, more recent period, levels again declined substantially. 401 

 402 

 403 

 404 
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Considerations on the method adopted for estimating primary production  405 

The semi-empirical algorithm based on chlorophyll and light climate (Equation 1) 406 

explained 86% of variability in primary production (Methods S1), when compared with in 407 

situ estimates collected in 2007. This percentage is comparable with values obtained by Cole 408 

and Cloern (1987; over 80% of variability explained). Chlorophyll concentration on its own 409 

has been shown to explain approximately 70% of the variability in production (see for 410 

example Joint and Pomroy 1993; Gowen and Bloomfield 1996); however, in 2007, 411 

chlorophyll accounted for only 31% of the variability in production (Figure S4b). Instead 412 

surface irradiance (E0) explained 46% of variation in production (Figure S4c), hence the 413 

inclusion of the ‘light’ term (
4.61

𝐾𝑑
∗ 𝐸0) in Equation 1, for estimating production.  414 

Although the semi-empirical algorithm seemed producing reliable estimates of 415 

production, Equation 1 presents some limitations. Being estimated from data collected during 416 

a single year (2007) and at two locations (central and southern North Sea), it may not fully 417 

capture the interannual and spatial variability in the photosynthetic capacity of the 418 

phytoplankton community of the wider North Sea. In fact, phytoplankton maximum 419 

photosynthetic rate (Pmax) and photosynthetic efficiency (α) are affected by factors such as 420 

nutrient regime, light history, time of the day, temperature, phytoplankton species 421 

composition, phytoplankton cell size and volume (see review by Côté and Platt 1983). The 422 

temporal and spatial variability of these factors, combined with other potential source of errors 423 

during sampling and analysis of in situ data, is a source of uncertainty; this is not accounted 424 

for in this study and could be the reason for the intercept of Equation 1 being significantly 425 

different from zero (Methods S1). Quantifying the uncertainty around the estimates of 426 

production is an important challenge for future works as it should also include the variations 427 

in the between and within year trends of chlorophyll and Kd, and the variation of the imputed 428 

data from the Gaussian kernel smoother. 429 
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This study may also not account fully for variations in the cellular chlorophyll content 430 

of phytoplankton organisms: in the equation adopted for calculating PP (Equation 1), 431 

chlorophyll concentration is assumed proportional to phytoplankton biomass. The carbon-to-432 

chlorophyll ratio (θ), however, may be affected by nutrient and light stress (Behrenfeld et al., 433 

2016). Indeed, a mismatch between trends in chlorophyll and phytoplankton biomass has been 434 

observed in coastal and offshore waters off the Netherlands (decreasing chlorophyll but 435 

increasing biomass); this was attributed to changes in the phytoplankton community, and in 436 

the nutrient and light regimes over 20 years (Alvarez-Fernandez & Riegman, 2014). It is not 437 

known whether this trend in θ is limited to coastal waters of the southern North Sea or 438 

representative of the wider North Sea. However, as our estimates of PP are based on 439 

chlorophyll, an increase in θ (reduction in chlorophyll but increase in biomass) could result 440 

in our values of PP being underestimated.  441 

Another reason that our analysis could underestimate total primary production is that 442 

it included the upper water layers but did not account for deep chlorophyll maxima, which are 443 

commonly observed in stratified areas of the North Sea during summer. At some locations 444 

during peak season, deep chlorophyll maxima may account for >50% of water column 445 

productivity (Fernand et al., 2013; Weston et al., 2005). Across the North Sea and across the 446 

year, however, simulations by the GETM-ERSEM-BFM model indicated that primary 447 

production below 15 m accounts for only 10% of annual production (van Leeuwen et al., 448 

2013). Hence our figures may only mildly underestimate total PP, and mainly in the 449 

seasonally stratified region. 450 

One final consideration on the method adopted for calculating production is the 451 

definition of the hydrodynamic regions and their spatial variability between years. While the 452 

permanently mixed region is very well defined spatially, with sharp boundaries, the seasonally 453 

stratified, intermittently stratified and fresh water regions show more spatial variation. These 454 
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regions extend into the transitional areas in different years depending on circumstances (see 455 

van Leeuwen et al., 2015). Consequently, depending on the governing conditions, parts of the 456 

transitional areas may be classified as seasonally stratified one year, but as intermittently 457 

stratified or even as freshwater influence area another year. At the same time, the defined 458 

areas of seasonally stratified, intermittently stratified and freshwater influence areas are 459 

themselves remarkably stable, with a near 100% occurrence (i.e. these areas always classified 460 

as this particular regime over all 51 simulated years; see Fig. 6 and 7 in van Leeuwen et al., 461 

2015). Thus, some of the changes found in the two transitional areas may be linked to 462 

variability in the hydrodynamic conditions. 463 

 464 

Key drivers affecting primary production  465 

The recent decline in primary production was statistically significantly related to a decrease 466 

in riverine dissolved nutrient concentrations (Table 2); this was particularly evident for the 467 

transitional east and west regions (Table S1). As phytoplankton organisms take up nutrients 468 

from water to create macromolecules (organic matter), lower nutrient levels in the water will 469 

restrict their uptake into the cell, in turn limiting cell growth and production (Moore et al., 470 

2013). The degree of limitation depends on the organism’s size and elemental requirements, 471 

so that phytoplankton populations can differ in their responses to low nutrient availability; in 472 

the long-term, changes in nutrient levels can alter the composition of a phytoplankton 473 

community (Moore et al., 2013).  474 

Since the late 1980s, policy changes with regard to agricultural fertilisers and 475 

detergents, aimed at limiting undesirable effects such as eutrophication, excessive algal 476 

growth and oxygen depletion, have led to reductions in phosphate and nitrogen inputs via the 477 

Rhine and other rivers into the North Sea (Tett et al., 2007; Lenhart et al., 2010). The reduction 478 

in phosphate inputs, however, has been far more effective than that of nitrogen (Burson et al., 479 
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2016, Lenhart et al., 2010; Passy et al., 2013). As a result, phytoplankton in the North Sea 480 

have not only experienced generally reduced nutrient availability, but also a change in the 481 

stoichiometric ratio of nutrients. Coastal waters of the southern North Sea, previously co-482 

limited in both N and P, are now severely P limited, while offshore systems are mainly N 483 

limited (Burson et al., 2016). It is of note that the transitional east hydrodynamic region, where 484 

production declined most substantially (Fig. 1, S5), coincides with an area that mainly 485 

receives inputs from the river Rhine (Painting et al., 2013, their Fig. 4), as highlighted by the 486 

highly significant positive correlation between PP and NOx (Table S1). Further work may 487 

shed light on whether reduced nutrient levels per se, or a change in the N:P ratio (and 488 

associated changes in phytoplankton communities) may have contributed to reduced primary 489 

production. Surprisingly, we did not find a significant correlation between NOx and PP at the 490 

fresh water influence region (Table S1); this might be due to limited light climate data for this 491 

region which could have compromised primary production estimates (see Materials and 492 

Methods).  493 

Temperature and light climate can also influence primary production, alongside 494 

nutrient levels. Temperature changes can affect phytoplankton growth (and PP) through direct 495 

physiological changes (Eppley, 1972), and indirectly by influencing the phytoplankton 496 

environment, e.g. through changes in stratification regimes (Behrenfeld et al., 2006). In 497 

laboratory experiments where light and nutrients are not limiting, phytoplankton species show 498 

maximum growth rates at an optimal temperature (which differs between species); above or 499 

below this, growth rates are less (Eppley, 1972). However, when considering the response of 500 

a whole phytoplankton community, interactions between species generally result in an 501 

increase of growth rate with temperature (Eppley, 1972; Edwards et al., 2016). Our results 502 

(decreasing production with increasing temperature: Fig. S6a; Table 2) are in contradiction 503 

with these observations, suggesting that other mechanisms are to be accounted for. Indeed, 504 
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outside ‘ideal’ laboratory conditions, the responses of phytoplankton to temperature changes 505 

were found to depend on the nutrient and light regimes (Edwards et al., 2016). For example, 506 

when light availability was not limiting (~100–200 µmol photons m–2 s–1), PP of the 507 

phytoplankton community increased with temperature (as observed in the lab; Eppley, 1972); 508 

however, when irradiance was low (< 20 µmol photons m-2 s-1), production was temperature-509 

insensitive and warming would not lead to an increase in growth (Edwards et al., 2016).  510 

There is evidence that the light climate of the North Sea has changed in the last 511 

decades, although with regional differences in water clarity trends. At Helgoland Roads in the 512 

German Bight (Wiltshire et al., 2008) and at sampling stations in Dutch waters (Alvarez-513 

Fernandez & Riegman, 2014), light availability has increased. Contrarily in the wider North 514 

Sea, Dupont & Aksnes (2013) observed a reduction in light climate, also supported by in situ 515 

observations of suspended particulate materials by Capuzzo et al. (2015). We suggest that 516 

phytoplankton growth in the permanently mixed region which is turbid, has been least 517 

affected by temperature increase, compared to the other, clearer, regions (Fig. S3; Capuzzo et 518 

al., 2013); in fact, annual primary production has been fairly constant here (Fig. S5). In the 519 

other coastal regions (freshwater influence and transitional), increased light availability in 520 

conjunction with increased temperature would have been expected to lead to an increase in 521 

phytoplankton community growth, however the primary production estimates show the 522 

opposite trend (Fig. S5). This may well be due to the nutrient reductions in these regions (cf. 523 

Lenhart et al., 2010), which would have negatively impacted on production rates (Table 2). 524 

Indirectly, changes in temperature can affect production through changes in water 525 

column stratification: warming of the surface water causes a greater density difference 526 

between the surface and bottom layers, therefore increasing stratification (Behrenfeld et al., 527 

2006). With bottom waters higher in nutrients, the increased stratification reduces vertical 528 

nutrient exchange to the surface nutrient-limited layer, therefore reducing phytoplankton 529 
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growth and production (Behrenfeld et al., 2006). This would not only apply to the seasonally 530 

and intermittently stratified regions (where no trends in primary production were observed; 531 

Table 1), but also to both transitional (east and west) regions (where primary production 532 

declined); these regions show high interannual variability in the length of stratification/mixing 533 

periods (hence termed ‘transitional’ by van Leeuwen et al., 2015) and the spatial extent of 534 

stratification within each may have increased with warming (Fig. S5). This is supported by 535 

the statistically significant negative correlation between PP and SST for the seasonally 536 

stratified and transitional east regions (Table S1). 537 

Changes in stratification may also limit vertical phytoplankton movements through 538 

the water column, which can affect the onset of the spring bloom. For the stratified central 539 

North Sea, van Haren et al. (1998) showed that a minimum level of turbulence is required for 540 

the development of the phytoplankton spring bloom, as it maintains fast sinking 541 

phytoplankton organisms in the illuminated upper layer of the water column. During autumn, 542 

a stronger thermocline could also delay the breaking-up of the stratification, therefore 543 

occurring when light levels are lower and resulting in a reduced autumn bloom (van der Molen 544 

et al., 2013). This would also be supported by the particularly strong relationship of PP with 545 

summer/autumn temperature (Table 2). 546 

We conclude that the negative relationship of temperature with primary production is 547 

better explained by indirect effects on the phytoplankton’s environmental conditions (i.e. 548 

nutrient availability, light climate, movement through the water column) than by direct 549 

physiological responses to warming. Further, production takes place at the phytoplankton 550 

community-level, and integrates the interactions of many different species that have different 551 

physiological responses and adaptability to climate change, and that have changed in relative 552 

abundances (McQuatters-Gollop et al., 2011; Alvarez-Fernandez & Riegman, 2014). 553 

 554 
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Primary production: bottom-up effects on higher trophic levels  555 

Decreasing primary production was mirrored by decreasing abundance trends of small 556 

copepods (albeit not of large copepods), particularly at the transitional east region (Table S2); 557 

this implies bottom-up control of zooplankton by primary production (Chassot et al., 2007; 558 

Kenny et al. 2009). Likewise, primary production of the wider North Sea was correlated with 559 

trends in average recruitment of seven commercially important fish stocks; again this suggests 560 

bottom-up control of fish stock productivity – in line with work on interactions between 561 

bottom-up and top-down control of the North Sea foodweb (Chassot et al., 2007; Pitois et al., 562 

2012; Lynam et al., 2017). 563 

The lack of a relationship with large copepods may be surprising, but these only form 564 

a smaller fraction of total copepod biomass in the southern and central North Sea, where the 565 

four predominant taxa – Temora, Acartia, Pseudocalanus and Paracalanus – are all small 566 

(Pitois & Fox, 2006). It is in the northern North Sea where the larger copepods, for example 567 

Calanus finmarchicus, are more abundant (especially in the seasonally stratified region); 568 

though the smaller Temora, Acartia, Pseudo- and Paracalanus represent substantial fractions 569 

of copepod biomass also here (Pitois & Fox, 2006). In general, small copepods may be more 570 

representative of the copepod fauna in large parts of the North Sea, especially given a shift in 571 

copepod fauna from larger, boreal species to smaller, temperate species observed from the 572 

1960s through late 1980s (Beaugrand & Reid, 2003; Pitois & Fox, 2006). 573 

An integrated assessment of the North Sea ecosystem, which included climatic drivers 574 

as well as several trophic levels from plankton to fish, and fisheries (Kenny et al., 2009), 575 

concluded that the North Sea has moved from a top-down driven system in the 1980s-1990s, 576 

to a more bottom-up driven system in the early 2000s. More recently, an analysis of change 577 

in the North Sea ecosystem by means of an interaction model (Lynam et al., 2017) concluded 578 

ongoing, simultaneous bottom-up control (from physics to plankton, to planktivorous fish) 579 
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and top-down exploitation pressure (mainly on demersal fish). Results from our study also 580 

provide strong evidence for bottom-up control – from climate and nutrients to primary 581 

production, and from primary production to zooplankton and fish recruitment. 582 

 583 

Implications 584 

Projections of climate change and ecosystem responses for the end of the 21st century (2080-585 

2100 versus 1980-2000) indicate that net primary production of the Greater North Sea (and 586 

consequently zooplankton biomass) is expected to decline, due to increased stratification 587 

(Chust et al., 2014; van der Molen et al., 2013), although opposite trends might be expected 588 

at particular locations (van Leeuwen et al., 2016). Implications of a further decline in PP 589 

would not be limited to the reduced carbon transfer to higher trophic levels, but would also 590 

affect the CO2 flux from the atmosphere to the water. It has been observed that the southern 591 

North Sea acts as a source of CO2 to the atmosphere during summer and autumn, due to 592 

respiration exceeding production (Thomas et al., 2005). A further reduction in PP could 593 

increase the flux of CO2 from the sea surface to the air. 594 

Confusingly, while primary production in the North Sea has declined since the late 595 

1980s (and positive relationships with fish recruitment were found), many of the fish stocks 596 

are currently in a much better state than they were around the turn of the millennium 597 

(Cardinale et al., 2012; ICES, 2016b). Indeed, concern about overexploitation of many fish 598 

stocks during the 1990s led to the adoption of a range of measures to reduce fishing pressure, 599 

notably quota reductions and the EU fishing fleet reduction scheme adopted since 2000 600 

(Engelhard et al., 2015). Fishing mortality rates on important fish stocks, such as cod, plaice, 601 

sole and whiting have decreased greatly since then, and many stocks have shown recoveries 602 

(ICES, 2016a, 2016b). 603 
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This study, by pointing at relationships between PP and fish recruitment, and by also 604 

revealing a marked decline in PP, would suggest that, if fishing pressure had not declined 605 

while PP decreased, many fish stocks would currently not have been in the healthy state they 606 

are now. This underlines the importance of the cautious fisheries management of the past 607 

decade, and also for future years if the decline in primary production were set to continue 608 

(Behrenfeld et al., 2016; Chust et al., 2014). This is particularly relevant because of the global 609 

importance of shelf seas, often heavily fished, for world food security, notably protein 610 

production (Jennings et al., 2016), and the possibility that a warming climate may lead to a 611 

decrease in phytoplankton production also elsewhere in the world. 612 

 613 
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Table 1. Mean gross primary production and temporal trends over 1988-2013, by 880 

hydrodynamic region. 881 

  PP Area PP Annual change in PP 

  (gC m-2 y-1) (1012 gC y-1) (gC m-2 y-2) 

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) 4.24 0.299 0.0039** -19.78 6.19 

Transitional West 187 15 5.8 (6) 0.47 0.278 0.0057** -5.38 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 

Gross primary production in six hydrodynamic regions of the North Sea and in all regions 883 

combined, averaged over 1988–2013 (with SE over the 25-year period), and test statistics 884 

examining for temporal trends. Descriptive statistics are shown for PP per unit area (gC m–2 885 

y–1) and for the entire area encompassed by each region (in 1012 gC y–1, and as percentage of 886 

the total area production of the North Sea). Where long-term trends are significant (P < 0.01; 887 

**), we also show the annual change in PP (in gC m–2 y–2). Note. Earlier, published estimates 888 

of annual production for the North Sea are also given for comparison. + Phytoplankton net 889 

annual primary production. 890 
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Table 2. Temporal trends in North Sea environmental variables and higher trophic 897 

levels; and correlations of these variables with gross annual primary production.  898 

  Trend over 1988-2013 Correlation with PP 
 

r2 P Slope SE rp Padj 

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* 

   SSTaut 0.161 0.042* 0.028 0.013 -0.568 0.0043*** 

NAOwin 0.160 0.043* -0.073 0.034 0.113 0.585 

PO4 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-2) 0.661 <0.0001*** –102.0 15.0   0.533 0.0148* 

Large copepods (m-2) 0.066   0.204 
 

  –0.328 0.102 

Fish recruitment 0.329   0.0022*** –0.0454 0.013   0.445 0.0317* 

 899 

Environmental variables include: North Sea annual mean sea surface temperature (SST), SST 900 

averaged over winter, spring, summer and autumn (SSTwin, SSTspr, SSTsum, SSTaut), NAO 901 

winter index (NAOwin), and PO4 and NOx (monitored at Lobith, Netherlands). Higher trophic 902 

levels include: small and large copepods, and a standardised index of fish stock recruitment. 903 

Statistically significant correlations are indicated: * P < 0.05, ** P < 0.01, *** P < 0.005. 904 

Note. P-values in correlations adjusted (Padj) for autocorrelation. 905 
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Figure captions 915 

Figure 1. (a) Map of the North Sea showing the six hydrodynamic regions examined (based 916 

on van Leeuwen et al., 2015, with their transitional region split in ‘west’ and ‘east’). (b) 917 

Changes in total annual primary production, PP (1012 gC y–1), in each hydrodynamic region.  918 

 919 

Figure 2. Trends of environmental variables: a) NAO winter index, b) annual average sea 920 

surface temperature (SST), c) Rhine dissolved inorganic phosphate, PO4, and d) Rhine total 921 

oxidised nitrogen, NOx (monitored at Lobith, Netherlands).  922 

 923 

Figure 3. Interannual variation in annual primary production, PP (gC m-2 y-1), mean 924 

abundance of small copepods (1000 x m-3) and large copepods (m-3), and a standardised index 925 

of fish stock recruitment (including sandeel, sprat, herring, Norway pout, cod, haddock, and 926 

whiting), in the North Sea.  927 
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Figure 3 980 


