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ABSTRACT: Spatial and temporal patterns from 1960 to 2003 in annual potential new primary pro-
duction (PNP) of the NW Luropean shelf seas were derived from general additive models of nitrate
concentrations and from data on riverine and atmospheric fluxes of oxidized nitrogen. Average PNP
was highest in the seasonally stratified outer shelf regions (> %0 g C m™? yr''}, where the proportion of
PNP accounted for by vertical fluxes from deep water {> 65 %) was correlated with the North Atlantic
Oscillation [NAO} index. PNP was lowest in the central North Sea (~30 g C m™? yr!) and in the south-
ern North Sea was correlated with river inputs that accounted for 24 % of the annuatl total (average
~50 g C m™* yrY). Atmospheric deposition accounted for ~3% of annual PNP region-wide, but in the
northern North Sea this was higher than the contribution from rivers. Tidal fronts are traditionally
considered to be highly preductive zones, but we find them to have characteristically low PNP and
conclude that they must be loci of high recycled production. The results indicate an exceptional flux
of nitrate-rich ocean water onto the shelf in the early 1990s, which resulted in a pulse of PNP coinci-
dent with a well-documented ‘regime shift' in the pelagic food web. North Sea-wide, long-term aver-
age PNP was approximately equal to production by all higher trephic levels combined, though
trophic propagation of inter-annual variations was weakly defined. Nevertheless, there is a case for
proposing that harvesting in areas and periods of low PNP should be managed more conservatively
te minimize the risk of detrimental effects on the food web.

KEY WORDS: Nitrate - Primary production - Recycled production - fratio - North Sea -
Food web
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INTRODUCTION

Photosynthetic fixation of carbon in the oceans
requires corresponding uptakes of inorganic nutrient
elements (nitrogen, phosphorus, siliconj and trace ele-
ments, such as iron and copper, from the seawater in,
on average, stoichiomelric proporticns (Redfield et al.
1963}, Carbon fixation is typically constrained by the
concentration of nutrient or trace elemenis at times
during the year; hence, the rate of supply, or flux, of
the most limiting element to the photic zone should set
a stoichiometric limit to annual primary production. In
the case of nutrient limitation, annual total primary
production can be apporticned into 2 components
according to the source of limiting element. Production
based on the uptake of nutrient regenerated from

recently synthesized organic matter by excretion and
microbial activity is referred to as 'recycled produc-
tion", In contrast, production derived from uptake of
nuirient supplied to the photic zone by advection, con-
vection, mixing, diffusion or atmospheric input is
referred to as 'new preduction’. In seas where nitrogen
is the main limiting nuirieni element {Vitousek &
Howarth 1991), ammeonia and urea represent the buik
of the recycled nutrient pool in the photic zone. Nitrate
in the photic zone originates mainly from exiernal
sources and winter recharging of the photic zone, with
a small and variable fraction produced in situ from
recycled ammonia by nitritying bacteria. Hence, many
guthors have taken the photosynthetic uptake of
nifrate in the photlic zone to be indicative of new pro-
duction and the uptake of ammonia to be indicative of



recycled production (Eppley & Peterson 1979), though
in faect, the uptake of any nitrate originating from in
situ nitrification should alse be regarded as centribut-
ing to recycled production {Yool et al. 2007). The ratio
of nifrate uptake:total nifrogen uptake is typically
referred to as the f-ratio (Dugdale & Goering 1967).

Direct measurements of nitrate and ammeonia uptake
by phytoplankton, and nifrification rates by bacteria in
the water celumn, require complicated short-terma
(24 h) incubations of sub-sampled water supple-
mented wilh isotope-labelled nuirient at a range of
irradiances (Dugdale & Goering 1867, Rees et al. 1995).
These are inherently costly and cen only be under-
taken at & very limited number of sites. Exirapolaling
in space and time from a few such measuremenis fo
obiain realistic estimates of annual new production
over an area such as the North Sea is then practically
impossible. An alternative is to apply a proxy measure
of annual uptake that can be generated from mass data
sets. The most commonly used proxy is the depth-
integrated mass of dissolved nitrate, which disappears
from the photic zone during the spring bloom per-
iod. Assuming that there are no advective or diffusive
inputs of nitrate to the photic zone during the bicom
period and that there is no significant reliance on
imported nitrate to support production outside this
period, this loss term approximates the depth-inte-
grated annual new production (Jennings et al. 1984).
Conversion from production in terms of nitrogen units
to production in terms of carbon units is then achieved
by assuming that the 2 elements are stoichiometrically
related according {o the Redfield ratio {C:IN molar ratio
106:16, Redfield et al. 1963}, Support for this approach
is provided by seasona!l studies of the fratio in Euro-
pean shell and inshore waters {e.g. Rees et al. 1995),
which indicate values >0.5 between December and
May (indicating dominance of nitrate uptake and new
production}, and 0.5 between June and November
{indicating dominance of ammonia uptake and recy-
cled production}.

In realily, combinations of advection, conveclion,
turbulent mixing, and diffusion result in significant
vertical fluxes of pitrate into the photic zone during the
productive season, depending on particular circum-
stances. For example, in sub-tropical upwelling sys-
tems, episedic advective upwelling events replenish
the nitrate in the photic zone from deep water, stimu-
lating new production. In seasonally stratified temper-
ale seas, vertical mixing equilibrates photic zone
nitrate concentrations with deeper waters during the
winter, whilst vertical diffusion across the seasonal
thermocline is the main processes delivering nitrate
from depth to the photic zone during the summer. Bis-
agni {2003) estimated annual poteniial new production
(PNP, pM C m~2 yr''} in hydrographic provinces of the

Gulf of Maine from the I-dimensional {vertical} equa-
tion:

1

INO, Jdt x R (1)

t=365 d -0
PNP = f [E"E J'_zuNosdzu K,,
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where K, ,is the vertical eddy diffusivity at the depth of
the base of the photic zone z, at time ¢ {(days), R i5 the
Redfield molar ratio of carbommnitrogen (6.625) and
dNOy/dz represents vertical gradient of nitrate concen-
fration at depth 2z, Bisagni (2003) discretised the
temporal integration at 5 d intervals and based the cal-
culations on interpolated observations of nitrate con-
centration and independently simulated values of
vertical diffusivity.

Key to the success of the proxy approach is the avail-
ability of data on nitrate concentrations, sufficiently
resolved in space and time to distinguish the pertinent
features of variability. In recent years, saieilite remote
sensing data on sea surface chiorophyll and tempera-
ture have been used fo calculate seasonal inventories
of spatially resolved nitrate in the photic zone based on
empirical relationships between nitrate, chlorophyll,
temperature and time of year (e.g. Goes et al. 2000).
However, whilst such empirical appreaches may be
feasible for open ocean waters, similar calculations for
sheif seas are not so reliable, since allochthonous
sources may lead to sieep horizontal gradients of nutri-
ent and light attenuation and the chlorophyll calibra-
tion of optical backscatter data is uncertain in shallow
water due to high loads of suspended sediment and
dissolved organic matter (Sathyendranath et al. 2001).
On the other hand, archived data on direct measure-
ments of nutrient concentration are more numerous for
shelf waters than for ocean waters, so reasonable inter-
polations can perhaps be performed directly on nutri-
ent measurement data.

Bisagni {2003) derived a climatolegical estimate of
PNP using Eq. {1} for each of 5 hydrographic provinces
in the Gulf of Maine based on archived nutrient data.
There were 2 principal problems to be overcome, First,
although archived multi-annual nutrient data were
availabie for each province from a national database,
the observations were highly heterogeneous in space
and time. Bisagni (2003) used harmonic regression to fit
a mean seasonal cycle of photic zone depth-integrated
nitrate concentration within each province to the com-
hined observations from many years, essentially assum-
ing that each observation represented a random sample
from the province and that there was no undetlying in-
ter-annual trend in the data. However, for some
provinces the 8D of residuals from the fitted seasonal
cycles were of the same order as the seasonal ampli-
tudes, implying a high degree of unresolved spatial
and/or trend variability. Secondly, estimating the verti-
cal eddy diffusivity for each province presented consid-



erable ditficulty, and Bisagni {2003) conducied a sensi-
tivity analysis to assess the extent to which the calcu-
lated PNP was dependent on different assumptions
about diffusivity. The cutcome was that a relatively
crudely derived consiant value of diffusivity provided a
closer {it to (admittedly sparse) direct measurements of
primary production in shallow, well-mixed provinces,
whilst a ime series of model-derived estimates per-
formed better in deeper stratified regions.

In this study, we focus on estimating new production
from a combination of archived measurements of ni-
trate concentration collected throughout northwest Eu-
ropean shelf waters between 1960 and 2003, and fluxes
of nitrate from rivers and atmospheric deposition. Our
aims in conducting the analysis were to reveal the spa-
tial and temporal patterns in new production, and de-
termine how these might be related to water colamn
stratificalion, riverine inputs, atmospheric deposition,
and processes at the shelf edge affecting the injection
of nutrient onto the shelf from the ocean. Our purpose
in pursuing these aims was to provide a basis for inves-
tigating the trophic control of spatial and tempora! pat-
terns in the production of higher trophic levels in the
ecosystem, in particular zooplankton and fish.

Production of higher trophic levels has traditicnally
been considered to be a function of primary production
and the efficiency of transfer between trophic levels,
Frank et al, (2006} found a positive relationship
between fishery vield and long-term average chloro-
phyli concentrations among 9 regions of the northwest-
ern Atlantic. Similarly, Chassot et al. (2007) found a
positive correlation between long-term average fish-
ery vield and total annual primary production {TPP)
derived from ocean-colour data among 14 regions of
the northeastern Atlantic. However, Chassot et al.
(2007} also showed that the ratio of primary production
required to support fishery catches (PPR, as defined by
Pauly & Christensen 1995) io TPP varied by an crder of
magnitude (~0.05 to 0.50} hetween regions. I the con-
text of our study, the transfer efficiency of TPP up the
food web, and hence the fraction PPR/TPP, should be a
function of the fratio (proportion of TPP based on
recycling), Recycled primary production essentially
reflects the metabolic requirements of the ecosystem,
since it is based on excreta and within-season reminer-
alisation of organic matter, whilst new production rep-
resents the potential for growth and reproduction of
higher trophic levels (Horne et al. 1989}). Hence, we
hypothesize that in shelf seas, where the export of
organic matier is small (compared to the surface layers
of the open ccean, where sedimentation is a major
flux), annual new primary production should equate
closely fo the combined production of all higher
trophic levels. Thus, by considering new rather than
total primary production as the basis for carbon and

energy fiuxes up the food web, we can perhaps cir-
cumvent potential spatial and temporal variability in
the f~ratio and come closer to accounting for the mean
production of higher trophic levels and the capacity of
regional seas for harvesting.

MATERIALS AND METHODS

European shelf seas nilrate data. From the Interna-
tional Council for the Exploration of the Seas (ICES)
Oceanographic Data Centre, we obtained data on
nitfrate concentrations (uMj in the region 49°N, 12°W
to 62° N, 10°E {Fig. 1) during the period 1 January 1960
to 31 December 2003. Each cbservation of nutrient
concentration was accompanied by the day, month,
year and depth of collection of the water sample on
which the analysis was performed.

We used non-parametric regression models, also
referred to as generalised additive models [GAM;
HMastie & Tibshirani 19920} to simultaneously smooth
and interpolate the data as functions of both location
(latitude and longitude} and time. We chose not to
include depth explicitly as a predictor variable in the
GAMs due to the addilional computational overhead
implied and the sparseness of depth resolution in the
data. However, the system was clearly not homoege-
necus with respect to depth, so some form of vertical
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Fig. 1. Northwest European coastline and 200 m isobath that
formed the inshore and offshore boundaries of the study
domain, coastline segments for the assessment of riverine
fluzes (denoted by light grey-shaded cells), and boundaries
of the ICES fisheries assessment regions

49°




stratification of the analysis was required. We there-
fore divided the data into 2 sub-sets according to sam-
ple depth {shallower and deeper than z, = 30 m) on the
grounds that the seasonal thermocline depth (~30 m)
should divide the water column into 2 approximately
homogeneous layers for much of the year and con-
ducted separate analyses for each layer, treaiing each
observation as a random sub-sample of the depth-
averaged concentration. In addition, we resiricted the
analysis to localions with seabed depth (#ieapeq) Shal-
lower than 200 m to constrain the study within shelf
waters. The GAMs were coded in the R-package (R
Development Core Team 2005} and we explored many
smooth functions of various combinations of the pre-
dictor variables of location {latitude and longitads),
time of year {month} and long-term trend (months
since January 1966, i.e. ! to 528} fitted to the natural-
log transformed nitrate observations. Model selection
is inherently difficult with GAMs, and it is typically the
case that many different mode! formulations will pro-
duce a sfatistically adequate ‘fit' to the data. A major
consideration in designing an appropriate GAM func-
tion for this application was that the long-term trends
could potentially interact with the spatial and seasonal
effects, so the model function should be capable of
accommodating the likelihood of different trends in
nitrate concentration in different locations and sea-
sons. The adequacy of different GAMs was assessed
by examining the distribution of residuals and by com-
paring the modelied data to the raw observations.

Parameters from the fitted GAM models were used
to predict synoptic gridded maps of layer-averaged
nitrate concentration (puM; sNOj; = depth averaged
nitrate concentration in the surface layer, bNO; for ihe
bottom layer) at 1° longitude x 0.5° latitude horizontal
intervals for the mid-point of each month throughout
the period 1960 to 2004, From these, depth-integrated
concentrations were calculated, ie. {sNO; - z) and
[BNO; [Zeeavea — Z)], with seabed depth at each node
being obtained by averaging the ETOPQS 5 min grid-
ded elevation data set {National Geophysical Data
Centre, www.ngdc.noaa.gov/mgg/global/global html
accessed 10 October 2007} within 1° longitude x 0.5°
latitude cells centred on each node,

Hydrology and river nufrients. Nitrate inputs from
rivers were extracted from published analyses (Heath
2007 and references therein, Radach & Piétsch 2007
and references therein). The assembled data consisted
of monthly {1860 to 2003} [luxes of oxidised inorganic
nitrogen (nitrate + nitrite) (kg NOx-N mo™}) through
87 segments of coastline of average length approxi-
maiely 75 km covering the European sheilf (Fig, 1).
Briefly, the methods used to derive these data involved
the application of OSPAR principles for the study of
riverine nutrient fluxes (OSPAR 1998} to data on land

elevation, freshwater discharge rates and riverine
nuirient concentrations, and their statistical intez-
polation by GAMSs based on rainfall data to cover all
years between 1960 and 2005.

Aimospheric deposition. Simulated dafa on the
yearly integrated atmospheric deposition of total oxi-
dized nitrogen {mg N m* yr preduced by the Co-
operative Programme for Monitoring and Evaluation of
the Long-range Transmission of Air poliutants in
Burope (EMEP) unified 50 x 50 Jon? grid model {revi-
siom 1.7; Tarrasén 2003; www.emep.int/Model_data/
yearly_data.html; accessed 11 January 2008) were
averaged over sub-regions of our study area. The
EMEP 50 x 50 kim? grid model represents the current
state-of-the-art with respect to synthesis of data on
emissions (natural and antbropogenici to the atmos-
phere, and simulation of the chemical fransformation
of compounds, aerial dispersal and deposition. EMEP
model data were available for the years 1980, 1985,
1860, 1895 and 2000,

Estimation of new primary production. Leaving aside
for a moment the contribution of physical imporis and
exports of nitrate, we first assumed that annual PNP was
represented by the mass of nitrate-niirogen present in
the surface (photic) layer at the start of the year, plus the
mass flux into the surface layer from the bottom layer
due to vertical diffusion and/or mixing. The vertical dif-
fusion flux (Fegea, mmol m~2 yr-!) was estimated as the
annual ‘draw-down’ of depth-integrated nitrate concen-
fration in the bottom layer, i.e. the difference between
annual maximum (between January and June} and
minimum (between March and September}:

F\rerlicai = {bNOS(Zseahed - zs” - EbNOIi[Zseabed _Zs)j

win

(2)
whilst the total annual new primary uptake of nitrate
(Uynual Mol m~2 yro'} was the annual draw-down of
total water column depth integrated nitrate:

Usnnyar = {(SNOS “Zg)+ ibNOJ (Zseaned — ZS)]}max
—{[SNOB “Zgh+ [bNOB(Zseabed - zs)]}mm
As did previous authors, we converted annual molar
nitrate uptake or flux to potential new prirmary carbon
molar production (mmol C m™ yr~} by application of
the Redfield ratio (R = 6.625), and fo mass production
(PP, mg C m™* yr}) by application of the appropriate
molecular weight (12):

TaX

&

PNP=U, ua R-12 (4)

External imports or exports of nitrate should not
invalidate cur draw-down estimates of PNP if they
occur during the period of the year when autotrophic
uptake is negligible (winter). Imports or exports during
this period merely coniribute to the annual maximum
{winter} concentration achieved and hence are implic-



itly included in our draw-down estimate of PNP. How-
ever, imports (e.g. atmospheric deposition and river
discharges} and exports (e.g. denilrification) duriag
the spring and summer autotrophic uptake period will
lead directly to under- or overestimation of PNP, To
assess the addifional contribution of such processes 1o
annual PNP as estimated by the draw-down approach,
we assumed that the autotrophic uptake period corre-
sponded to the months March to September through-
out the study area, integrated daia on the rates of
import and export over this period, and assumed that
they contributed 100 % tc annual PNP.

Buropean shelf seas salinity dafa. Salinity data from
watler botile and CTD casts in the study area between
January 1950 and December 2003 were obtained from
the ICES Oceanographic Data Centre. The data were
analysed in 2 ways, First, for each of 2 depth intervals
(surface to 30 m, and 30 to 200 m) data from all years
and selected months combined were bin-averaged
(arithmetic mean) over 1° longitude x .5° latitude cells
covering the study domain (Fig. 1), to produce a clima-
tological overview of the distribution of salinity. Sec-
ondly, within particular sub-regions defined by lati-
tude, longitude and depth intervals, data were
averaged over calendar months for each successive
year in the series 1959 through 2003 to produce spa-
tially averaged time series.

Tidal stratification parameter. The M, harmonic
component of tidal current amplitudes at the seabed
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weTe estimated from oufput of a run of the Hamburg
Shell Ocean Model {(HAMSOM,; Backhaus & Hain-
bucher 1987) with longitudinal grid resolution of 0.25°,
latitudinal resolution 0.125° degrees and 11 layers. The
model run, carried out ai the University of Hamburg,
was configured with a homoegeneous density field and
forced only by tidal sea surface elevation (M, con-
stituent) af the open boundaries taken from a global
tidal model. After reaching a cyclo-stationary state, the
hourly velocities and surface elevations during 2 simu-
lated days were saved, Finally, the time series of velo-
cities at each grid point were treated by a harmonic
analysis in order to describe the tidal current in terms
of phase and amplitude components. The Simpson-
Hunter stratification parameter {Simpson & Hunter
1974} was then calculated as:

D= 10{310( Zseabed [Tﬂ) ) {5)

(tidal amplitude (m s7})3

Values of ® £1.6 were taken to indicate a year-round
tidally well-mixed water column, values between 1.6
and 2.4 to indicate summer frontal zones, and 22.4 to
indicate waters capable for summer stratification.

RESULTS

The data set obtained from the ICES Data Centre in-
cluded 45561 observations of nitrate concentration in
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Fig. 2. Spatial, depth and temporal distributions of shelf sea nitrate measurements available from the ICES database for 1960-2003.
Numbers of samples were summed over intervals of (a) year and longitude, (b} year and latitude, or e} year and depth.
Colour scale indicates the number of samples in each interval, with while areas indicating an absence of samples



the study area. However, the abservations were hetero-
geneously distributed in horizontal space, depth, and
time (Fig. 2}. The data were particularly sparse in the
southwestern corner of the domain, al least untit after
1985, We therefore excluded an area west of 7°W and
south of 54°30'N from the analysis. Following an ex-
haustive exploration of the data using a variety of GAM
functions, we eveniually chose a smoothing model of
the following form for each depih layer based on the
distribution of residuals around the fitted model:

Logg(nitrate} = s(month) + s{trend} + sfonth,irend)
+ s(ion,lat) + s(irend) + s(trend,month,lon,lat} + error

(6)

where 3 refers io a smoothing function, in this case
a LOISS (local-regression function; Cleveland et al.
1992) with a span of 0.065. The {rend terms in the models
were represented by the numbers 1 to 528 (i.e. 12 x
1960 to 2003), lon’ and lat’ refer to longitude and lati-
tude, and the months (1 through 12) expressed the
within-year seasonal structure in the data. For both
depth layers, all the variables in the models described
significant proportions of variability {Table 1) and the
GAMs explained 88 and 69 % of the variance in the sur-
face and bottom layer nitrate data, respectively. The fif-
ted GAMs were used to predict a dataset of monthly
synoptic distributions of nitrate concentration {log, nM)
at 1° longitude x 0.5° Jatitude horizontal resolution for
ihe 0 to 30:m and 30 m o seabed layers bafween Janu-
ary 1960 and December 2003, As examples, predictions
for month of January in the years 1960, 1970, 1980,
1890 and 2000 are shown in Figs. 3 & 4.

Tabie 1. Summary of the generalised additive model fitted to the log, fni-
trate concentrations) for depth range 0-30 and 30 m to seabed depth. The
sigrificance level for each smoothing term was <.001. Overall r? (correla-
tion between fitted values and raw values) = 88% for 0-30 m depth and
69 % for 30 m to seabed depth. s: LOESS smooth function; lon: lengitude;

lat: latitude

Annual maxima and minima of depth-integrated
nitrate concentrations (mmol m~% in the combined sur-
face and bottom layers were located for each 1° longi-
tude x 0.5° latitude grid node in the GAM-predicted
menthly synoptic dalaset, as the basis for estimating
the vertical flux of nitrate and annual PNP (Eqs. 2-4),
The resuiting estimates of shell-wide spatial distribu-
lions of annual PNP are shown for a sub-set of years in
Fig. 5. The central North Sea, especially the shallow
Dogger Bank region, and the inner parts of the west of
Scotland shelf were consistently associated with mini-
mum annual PNP (less than 20 gC m™ yr}). Higher
values (>100 gC m2 yr') were found along the conti-
nental Huropean coast of the North Sea, in the north-
ern North Sea, outer shelf west of Scotland, and in the
Irish Sea and English Channel.

To estimate the long-term changes in PNP, the
annual data were averaged over the ICES fisheries
assessment regions: northern North Sea (ICES region
IVa), central North Sea {ICES Region IVb), southern
North Sea (ICES Region V), west of Scolland {ICES
Region Vla), and the southwest UK, including the Irish
Sea, Bristol Channel and English Channel {ICES
Regions Vila, VIId, Vile, VIlf, Vilg east of 7°W com-
bined, herealter referred to as Area VIij (Fig. 1). Long-
term average PNP in the domain as a whole (Fig, 6)
was 56.5 = 5.6 gC m™? yr~! (mean = SD). Sub-domain
long-term averages were higher than the domain as a
whole in the northern regions (Vla and IVa) and lower
in the central and southern North Sea {Table 2}. Sub-
region VII to the southwest of the UK showed a similar
long-term average PNP to the domain as a
whole (60.1 gC m™2 yr'"), but with a large
SD (221.2 gC m™ yr!) caused by the com-
bination of an underlying increasing trend
and a large pulse of PNP during the period
1990 to 1995, This pulse was evident also in
Region Vla fo the west of Scotland and in

the domain as a whole, but not in the North
df Nen pacll'?metric F ngabmw Sea. The principal cause of the PNP pulse
~Fericai was an enhancement of winter nitrate lev-
0-30 m depth els, especially in the sub-photic zone
Intercept 1 {>30 m) beginning in 1991 and extending
simonth} 1 4.1 43395 <22 107 though to 1995 {Fig. 4).
s(trend) ! 24 199.0  <22x107¢ The climatologie;al spatial distribution of
s(ion Jat) 2 ag.1 5794 <22 1071 pa
sitrend, month) 9 101 1688.0 <22 % 10 winter (November to March) salinity {Fig. 7)
s{lon lat, trend, 4 8.1 286.0  <2.2x1071 showed that high-salinity ocean water en-
monthj croached onto the shelf in both the upper
30 m-seabed depth and lower layers in 3 main regions: south-
Intercept 1 4.1 1086.58 <2.2x 101 west of the UK (southern part of Region
stmonth] 1 2.4 36263 <2.2x mjz VII), northern North Sea {Region IVa), and
zggﬁ{i) ; ?;ﬁ %gzgg :33 : }g_w {o & lesser exient the west of Scotland
s{trend, month} 9 83.4 100.45 <22 % 10-1 {Region Via). We defined a 200 km wide
s{lon,latlrend,month) 4 4.1 1086.58 <22 x10-1 strip aleng the outer shelf bounded on the
offshore side by the 200 m iscbath, and
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extracted winter salinity observations from within the
strip. The time series of 1960 to 2003 winter salinity in
sections of the strip falling within assessment Regions
Vi, Via and IVa are shown in Fig, 8. A period of excep-
tionally high salinity occurred between 1988 and 1992
in Region VII, coinciding with the pulse of PNP, This
peak of salinity was also apparent in Region Via but
only weakly in Region TVa.

A subset of the winter nitrate observations in the
ICES database falling within the shelf edge strip (494
observations] also had corresponding salinity mea-
surements. Combining all years, a scatter-plot of
these data {(Fig. 9) indicates conservative mixing rela-
tionships between various mid-shelf and off-shelf
water masses (defined by intervals of salinity and
nitrae). Mid-shell water throughout the latitude
range (salinity 34.4 to 35.1) was characterized by
nitrate concentrations between 4 and 6 pM, Note that
the spatial selection of samples excluded inshore

waters where higher nitrate concentrations were pre-
sent at the lower end of this salinity range. However,
2 distinctly ditferent high-salinity water masses were
present in the outermost regions of the shelf and the
adjacent off-shelf regions {upper 200 m of the water
column above seabed depths of 400 te 2000 m to a
maximum of 12°W), North of 54°N (ICES Regions
Vlia and IVa), extremes of salinity (35.3 to 35.4) were
characterized by nitrate concentrations greater than
10 pM, typical of the off-shelf waters in the Rockall
Trough (Hydes et al. 2004). South of this latitude
{ICES Region VII}, a different water mass was present
on the outer shelf (salinity greater than 35.5, nitrate
~9 uM), which was iypical of the Celtic Sea slope
waters {Hydes et al. 2004). Mixtures of inner-, mid-
and off-shelf waters were found at various locations,
particularly in the Fair Isle Current off the north of
Scotland {58° 1o 60°N, 2°W {o 0°}. Assuming that the
winter relationship between nitrate and salinity in the
main water masses remain reasonably constant over
timse, it is clear from these data that echanced mixing
of off-shell water across the shelf edge will result in
increased winter nifrate in the shelf waters. However,
the relationship between nitrate enhancement and
salinity enhancement will be distinctly different in
Region Vii compared to Regions Vie and 1Va, We
conclude that there is circnmstantial evidence to sup-
port a hypothesis that the pulse of PNP in Regions VII
and Via during the early 1990s was primarily caused
by unusually strong mixing of ocean waler onio the
continental shelf.

Monthly river nitrate fluxes through the 87 coastline
segments in the hydrology data set were integrated
over each of the ICES assessment regions. Changes in
annual nitrate-nitrogen inputs to each region, and the
mean seasonality of inputs, are shown in Fig. 10, lnput
to the northern North Sea and west of Scotland Regions
(IVa and VI) were approximately 1 order of magnitude
smaller than those to the central and southern North
Sea, and the English Channel/southwest UK (IVb, IVc
and VII), Peak inputs of river nuirient were during the
1980s into the southern North Sea, but inpuls to this Re-
gion subsequently declined to approximately two-
thirds of peak values, whilst inputs to Region VII have
apparently continued to increase. The seasonality of
nitrate-nitrogen inputs varied from region to Region,
with the greatest variation between winter and summer
occurring in Region VII and the least in Region IVa.

Annual atmospheric fluxes of oxidized nifrogen to
each of the ICES assessment regions were derived by
averaging values for the relevanl grid cells of the
EMEP data set (mg N m™? yrY}, and applying the sea
surface area {(m? of each ICES region. The results
were then directly comparable with the riverine
inputs to each region (Fig. 10) and showed that, at
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Table 2. Decadal means and standard deviations of potential new primary production (PNPj for various subdivisions of the
study demain, with and without incorporating the effects of river and atmospheric inputs of nitrate during the spring/summer

Region Mean PNP (gC m? yr 'y Standard deviation of PNP {gC m 2yl
1960— 1970 1880~ 1990 2080- 1960 - 1970 1680- 1990— 2000-
1969 1979 1989 1699 2003 19649 1979 1688 1999 2003

Based on waler column draw-down ¢f nitrate

Va 94.1 F2.2 70.2 64.7 75.0 3.2 9.8 10.4 10.7 5.8
iVh 26.4 234 271 29.1 30.5 1.5 2.1 1.1 4.5 3.4
Ve 28.0 309 439 43.1 39.0 3.0 4.9 4.1 5.8 5.1
Via 78.3 68.3 65.6 76.4 71.2 4.3 3.7 7.5 153 2.2
VI 34.0 45.4 58,7 78.6 60.7 4.6 101 4.8 258 2.8
North Sea 55.7 45.0 471 45.6 50.4 1.9 4.7 4.7 5.9 4.5
Mixed 32.7 38.1 52.3 55.7 46.9 3.6 6.6 4.8 116 4.5
Frontal 27.0 258 304 37.5 34.3 2.0 2.5 14 8.0 3.2
Stratified 62.9 51.6 51.% 53.1 56.9 2.2 4.9 6.0 8.4 4.0
Whole domain 55.2 48.0 51.0 54.0 54.3 2.4 3.0 4.0 9.1 3.8
Based on waler column draw-down of nifrate plus river and afmospheric inpufs

Va 96.1 74.2 72.0 66.2 6.5 3.2 9.8 10.4 10.7 5.9
Vb 299 27.4 31.9 32.9 34.3 1.6 2.0 1.1 4.6 3.5
Ve 37.8 46.0 63.6 56.7 537 3.8 7.3 5% 7.4 5.0
Via 794 70.3 66.7 714 720 4.3 3.7 7.5 15.3 2.2
Vil 38.5 5G.2 64.5 84.4 67.1 4.8 16.5 4.9 257 3.8
North Sea 58.5 49.9 52.9 50.0 54.9 2.0 4.2 4.4 7.1 4.5
Mixed 41.2 49.1 66.2 67.2 58.3 4,2 8.1 5.6 11.9 55
Frontal 328 34.3 42.7 46.5 43.4 2.3 3.5 32 8.2 31
Stratified 65.1 53.8 538 54.9 58.6 2.2 4.8 G.0 8.5 4.1
Whele domain 58.8 52.3 56.1 58.2 58.6 2.5 2.6 3.8 9.2 4.0

35.6 T ) the scale of the ICES regions, annual atmospheric

inputs to the northern part of the study region (Via,
IVa and IVb) were equivalent to, or greater than,
river inputs. However, in the southern regions {Vlc
and VII} the river inputs exceeded atmospheric depo-
sition by approximately an order of magnitude. EMEP
data were available only in 5 yr intervals from 1980
o 2000, but showed a declining trend of deposition in
all regions.

The time series of annual PNP in the southern
North Sea (Region IVc) was significantly cross-corre-
lated with annual river nitrate flux (r = 0,77, Toupea =
0.71 at p < 0.05, Ty = 0.83 at p < 0.01, modified
degrees of freedom = 7.0 according to the modified
Chelton method, MCM; to account for serial antocor-
relation, Pyper & Pelerman 1998). Time series of PNP
were not significantly correlated with river tluxes in
any of the other regions, according to the MCM. We
conclude that river inputs since 1960 have signifi-
cantly affected winter nilrate concentrations in the
southern North Sea, leading fo changes in the sea-
sonal draw-down of nitrate in the water column and
hence our estimates of PNP. There were too few esti-

35.4 1

we Y

Salinity

Fig. 8. Time series of spatially averaged winter (November—
March} salinity Tor outer shelf regions (within 200 km of the
200 m isobath} in ICES Regions (a} ViI, {b) VIa and (c) IVa.
Heavy lines represent moving averages of the data values
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mates of atmospheric deposition to determine mean-
ingtul correlations with PNP,

The additional contributions of river and atmos-
pheric inputs to our draw-down estimates of ICES
regional PNP were determined by assuming that afl
inputs of nitrate (oxidized nitrogen) during the spring-
swmmer productive period (March ithrough Septem-
ber} contributed directly to PNP and Redfield corre-
spondence between nifrate uptake and carbon fixation
(Eq. 4). In the case of atmospheric inputs, we had no
information on the seasonal distribution of regional
averaged deposilion rates {mmol N m? yr''}, so we
assumed that the annual deposition was distributed
uniformiy over the year. In addition, we lineally inter-
polated the values in the intervening years between
the 5 yr estimates from EMEP and assumed a constant
rate of deposition aver all vears between 1860 and
1980, and between 2000 and 2003, In the case of
rivers, we estimated the area flux density of nitrate
input to each region (mmol N m™ yr') by assuming
thal the March through September input was distrib-
uted over the sea surface areas with seabed depth
<200 m (IVa: 201547 km? IVb: 287965 km? IVc:
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Fig. 10. (a~d.f) Annual inputs of nitrate-nitrogen (kt yr') from rivers (black filled symbols) and atmospheric deposition (grey filled

symbals; data available only for 1980, 1985, 1990, 1995 and 2000) to each of the ICES fisheries assessment regions. (e} Mean

seasonality of river nutrient inputs to each of the assessment regions, expressed as the relative monthly input (average monthly
input/annual average monthly input)



79791 ken?, VI: 117272 km?, VIL 142 517 km?). Inputs
of nitrate from rivers during March—September out-
weighed those from the atmosphere in the southern
regions (Ve 6.7:1 and VII 3.3:1, averaged over 196G to
2003}, whilst the reverse was the case in the northern
regions (Via 0.6:1 and TVa 0.3:1). Inputs io the central
North Sea {Region IVb) from rivers and the atmos-
phere were approximately equal in magnitude. The
enhancements of PNP {gC m™ yr'') due to river inputs
and atmospheric deposition were greatest in the
southern North Sea (Region IVe, 1960 to 2003 average
due to rivers 126 gC m™ yr!, average due to afmos-
pheric deposition 2.0 gC m™ yr!), and least off the
wesl of Scotland (Region Via, 1960 fo 2003 average
due to rivers 0.4 gC m™ yr', average due to atmos-
pheric deposition 0.6 ¢ C m™ yr!), Combining the PNP
estimates based on water columm draw-down with the
additional contributions from river and atmospheric
inputs (Table 2, resulted in 1860 fo 2003 averages
of total PNP ranging from 31 gC m™ yrtin the central
North Sea {Region IVb) to 77 gC m™ yr~! in the north-
ern North Sea (Region IVa) {Fig. 6). The proportion of
total annual PNP accounted for by March through
September river inputs varied beiween <1% in the
northern North Sea and west of Scotland (Regions [Va
and VIa), and >20% in the southern North Sea
(Region IVe¢) (Table 3). Corresponding atmospheric
inputs accounted for <1 % of annual PNP off the west
of Scotland and 6% in the ceniral North Sea (Region
Vb

In each region, a proportion of the total annual PNP
was due fo vertical fluxes of nitrate from below the
30 m depth horizon into the surface layer, where it was
assimiiated by phytoplankfon. We estimated the verti-
cal flux {mmol N m™ y1%) from Eq. (2),
the contribution to PNP (gC m™? yr 1)
by assuming Redfield proportionality
between nitrate flux and carbon
upiake (as in Eq. 4}, and expressed the
results as a proportion of the total

The spatial distributions of mixed, frontal and strati-
fied zones based on the Simpson-Hunter stratification
index are shown in Fig. 12. Averaged over each of
these zones, the water column draw-down results sug-
gested that frontal zones had the lowest 1960 to 2003

Table 3. Decadal means of the proportions of total annual

potential new primary production (PNP) contributed by

spring/summer [March-Sepiember) fluxes of oxidized nitro-

gen {rom rivers and atmospheric deposition to the various
subdivisions of the study domain

Region Proportion of annual PNP

1960-  1870-  1980- 1990- 2000-

1968 1979 1989 1989 2003
Riverine fluxes
Va G005 0.006 0.006 0.006 0.00a
Ve 0.048 0.071 0,088 0.0688 0.065
Ve 0.200  0.280 0,276 0.211 0242
Via 0.005  0.005 0,006 0.006 £.006
Vil 0.081 0.068 0071 0.057 0081
North Sea 0.033 0.059 0076 0039 005
Mixed 0164 0.188 0.186 0152 (.188
Frontal 0130 0.204  0.253 0,188 0.184
Stratified 0.008 0.010 0010 0010 0009
Whole domain  0.033  0.051 0.064 0050 0053
Atmospheric fluxes
Wa 0.016  0.021 0.020 0017  0.014
ivb 0.667  £.074 0062 0046 0.047
Ve 0.058 0048 0.034 0030 0.032
Via 0.008 0,010 0010 0.007 0.006
Vil 0.036 0027 0019 6012 0014
North Sca 0.031 0038 0034 0.028 0.026
Mixed 0.043 0,036 0025 0.019 0021
Frontal 0.046  0.044 0.034 0.024 0025
Stratified 0.026  0.031 0.030 0.023  0.021
Whole domain  0.028  0.031  0.028 0021  0.020

Table 4. Decadal means of the proportions of total annual polential new primary

production (PNP) due to vertical fluxes of oxidized nitroegen from beiow the 30 m

depth horizon in the various subdivisions of the study domain, together with

bathymetric and volumetric parameters, Volumetric proportion was derived by

averaging the thickness of the surface and deep layers at each node of the
PINP data set, taking account of seabed depth.

annual PNP including river and
atmospheric Inputs. The Dpreporhon Region Proportion of annual PND Bathymetric and
{Table 4) ranged from 71% (1960 to due to vertical flux volumeiric characteristics
2003 average) in the northern Nerth 1960— 1970~ 1980- 1990- 2000 Mean  Proportion of
Sea {(Region IVa), to 2% in the south- 1969 1979 1989 1999 2003  depth (m) voititllme';ioeeper
ern North Sea (Region IVc). In the ansim
deeper, northern regions (IVa and iVa 083 072 075 071 067 98 0.71
VIa), the average proportion ap- IvVb 627 031 030 032 031 52 0.46
proached the fraction of regional vol- %z ggi ggg ggé ggg 32? g‘é ggz
ume which was deeper than 30 m, VII 0,30 034 0.28 044 045 67 0.55
whilst in the shallower southern re- North Sea 8.5 054 053 051 0.50 69 0.60
gions the proportion of PNP accounted Mixed 0.10 01t 009 0.15 015 37 0.29
for by vertical flux was disproportion- Frontal 016 020 017 027 025 39 0.41

Y proport Stratified 0.57 065 066 072 067 80 0.65
ately small compared to the distribu- Whole domain 049 .52 049 051 051 70 0.60
tion of depths (Fig. 11).
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average PNP (31 gC m™? yr~ %), and strat-
ified zones the highest {55 gC m 2 yr 1),
with mixed waters in between (45 gC
m™ yr . Inclusion of March through
September river and atmospheric inputs
raising the 1860 to 2003 average PNP in
mixed waters to 56 gC m™? yr', whilst
frontal and stratified waters were
increased to 39 gC m 2 yrt and 57 gC
m™? yr', respectively. However, be-
tween the mid 1970s and mid 1990s,

0.00

river inputs raised the PNP of mixed
waters to higher than that for stratified
waters, having been substantially lower

{1 Proporttion of volume desper than 30 m

[

?
[ Mean proportion of PNP due to vertical flux from below 30 m f

of river inputs to total annual PNP

l in the 1960s (Fig. 12). The contribution
exceeded that from atmospheric deposi-

Fig. 11. Proportion of volume in each region deeper than 30 m (open bars}
compared to proportion of annual polential new primary produciion (PINP)
acceunted for by vertical fluxes of nitrate from below the 30 m depth horizon
(filled bars}. Volumetric ratio derived by averaging the thickness of the surface
and deep layers at each node of the PNP dafa set, taking account of seabed

depth at each node
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tion in the mixed and frontal zones
{6.1:1 and 5.7:1, respectively), bui was
less than due to atmospheric deposition
for the stratified zone (0.3:1). Decadal
average values of total PNP (including
river and atmospheric inputs) in each of
the stratification zones are shown in
Table 4. Vertical fluxes accounted for an
average of 65% of total PNP in the stratified zone,
which was in accordance with the distribution of
regional volume above and below the 30 m depth heri-
zon (Table 4). In the frontal zones, vertical fluxes
accounted for 20% of annual PNP, and 11% in mixed
waters, and were disproportionately small compared
to the distributions of volume between depth layers,
Time series of the proportion of annual PNP accounted
for by vertical flux (Fig. 13} showed an increasing long-
term trend in mixed, frontal and stratified zones. In the
mixed and frontal zones, changes in the contribution of
nver and atmospheric inputs to the surface layer
formed a component of the trend in the proportional
contribution of vertical flux. However, in the stratified
zone, where river and atmospheric inputs were of
lesser significance, the trend presumably reflected
changes in oceanographic processes affecting the
intensity of stratification and vertical mixing. Many of
these processes are encapsulated by the winter North
Atlantic Oscillation (NAO) index (Hurrall et al. 2003},
and a 3 yr running mean of the winter NAO (December
to March station-based index; www.cgd.ucar.edu/
cas/jhurrell/indices.data. htinl#nam, last accessed 1
February 2008} was significantly correlated (0.01 < p <

Fig. 12. (a) Spatiai distributions of regions denocted mixed,

frontal and stratified according to the Simpson-Hunter tidal

stratification index. (b} Potential new primary production

{PINP) in each region including the estimated contribution of
river and atmospheric inputs
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Fig. 13. Time series of the annual proportion of potential new

primary production (PNP)} accounted for by verfical fluxes of

nitrate from below the 30 m depth horizon in {a) stratified, (b)

frontal and (c} mixed zones (filled symbols). In {a) cpen

symbols represent the 3 yr moving average time series of the
North Atlantic Oscillation {NAQ) index

0.04) with the proportion of PNP accounted for by ver-
tical flux in the stratified zone (Table 5). The additional
variability in the unsmoothed NAO time series resulted
in weaker correlation (0.05 < p < 0.10}.

DISCUSSICN
Overall levels of new production

Previous studies have estimated new primary pro-
duction to be around 40 gC m™? yr' (503 mmol N m™#
¥ in the Dogger Bank area by direct measurements
(Richardson et al. 2000) and between 30 and 100 gC
m 2 yrt (378 to 1258 mmmol N m 2 yi7') in the North Sea
as a whole from nutrient budgets (Steele 1974, Richard-
son & Pedersen 1998). There have been no previous
estimates of annual new production for shelf regions to
the west of the UK and no spatiaily resolved estimates
on the scale presented here. Radach & Gekeler {1996)
derived a climatological annua! cycle of spatially inter-
polated nutrient distributions for the same study area
which was consistent with our GAM resulis for the
same period, but did not attempt to estimate the im-
plied new production. Spatial distributions of total an-
nual primary production (e.q. Behrenfeld & Falkowski
1997} and the ratio of new:total primary production
(Laws et al. 2000) have been derived from ocean colour
data, but these suffer from the uncertainties referred
o earlier associated with chlorophyll calibration of
reflectance data from shallow shelf walers and the role
of deep chiorophyli maxima {see ‘Role of stratification’},
which are nol detectable by remote sensing. So, whilst
our regional estimates of new production seem to be
within the range of those derived previously, there are
few ruly comparable studies.

Role of stratification

Qur results show that in the seasonally stratitied
waters of the northern North Sea and west of Scotland,
vertical fluxes of nitrate from below the thermocline
make a large contribution to annual PNP, The contri-
bution was approximately in proportion to the relative
distribution of regional volame above and below the
seasonal thermocline depth (70% of volume deeper

Table 5, Time-series correlations between the proporticn of annual potential new primary production (PNP, inchiding contributions

from rivers and atmosphere) accounted for by the vertical flux of nHrate from below 30 m, and the winter North Atlantic Oscillation

(NAQ) index {Pecember-March station based NAO index; www.cgd.ucar.edu/cas/fhurreil/indices.data. html#nam, last accessed

1 February 2008). Correlation anaiyses according the Modified Chelton Method (MCM; Pyper & Peterman 1998) in which ¥uuies
is the minimum correlation coefficient for significance given the modified degrees of freedom

Zone NAO series Correlation Modified degrees Teritical &8 Teritical &6 Teriticar @t
coefficient (r) of freedom p<0.10 p<0.05 p < 0.01
Stratified  Annpual NAO 0.419 16.8 0.400 0.468 0.580
Stratified 3 yr moving average of NAOQ 0.723 7.3 0.582 0.666 0.798
Frontal 3 yr moving average of NAQ 0.525 9.8 0.521 0.602 (45.735
Mixed 3 yr moving average of NAO 0.404 0.2 0.497 0.576 0.708




than 30 m in the northern North Sea}, implving that
over the annual cycle a high proportion of the nijrate in
the deep layer is withdrawn by diffusion and utilized
by phytoplankton in the photic zone. During summer
moxnths the majority of primary production in the strat-
ified parts of the northern and central North Sea is con-
fined to & deep chlorophyll maximum (DCM) within
the thermocline al approximately 30 m depth, sup-
ported by vertical diffusion of nutrient from the deep
waters (Richardson et al, 2000, Weston et al. 2005).
Based on in sity measurements in the central North
Sea, Weston et al. (2005) estimated that nitrate uptake
in the DCM accounted for 37 % of annual new produc-
tion in the seasonally slratified Nerth Sea, whilst our
resuits indicate 65 % for the annual contribution of ver-
tical fluxes from the deep layer in stratified waters.
However, a propoertion of the annual vertical flux will
presumably occur during the early stages of stratifica-
tion, prior to development of the DCM.

The positive time series correlation between the
winter NAO index and our estimates of the proportion
of PNP accounted for by vertical flux of nitrate in sea-
sonally stratified waters gives us a hint as to one of the
ways in which climatic factors may affect PNP. The
precise link between the winter NAOG index and our
estimates of vertical flux are obscure, since the baro-
metric pressure data upon which the NAO index is
based are seasonally disconnected from the timing of
the vertical fluxes of nitrate. However, the evidence
suggests that the winter index reflects macro-scale
aspects of climate that, in the northeast Atlantic, are
reflected in positive relationships with annual mea-
sures of sea surface temperature and wind stress (Hur-
reli et al. 2003}, which in turn affect vertical diffusion
and mixing. The high NAO index phase during the
mid 1990s coincided with a period when our analysis
shows that vertical fluxes contributed a particularly
large fraction of annual PNP.

Production in ironial zones

According to our analysis, tidal frontal zones support
minimum rates of new production, even after the inclu-
sion of riverine and atmospheric inpufs. This conclusion
appears, at first sight, fo be highly contrary to accepted
wisdom regarding the high productivity of frontal re-
gions (LeFevre 1986}, However, many studies of frontal
production have bheen based on total production (new +
recycled) rather than solely new production. Richard-
son et al. {2000) estimated the annual new production
of the Dogger Bank tidal front o be 24 to 48 gC m™*
yr ', based on direct observations and estimates of the
horizontal injection of nitrate into the frontal zone from
below the thermoctine on the stratified side of the front,

whilst Richardson & Pedersen {1998) estimated the PNP
of North Sea frontal zones to be approximately 30 gC
m? yr ! 2.6 x 10° £C yro! over an estimated area of
85896 km*). Both of these eslimates for frontal zones
are close to our results based on the combination of
water column draw-down, river and atmospheric inputs
(39 gCm™ yr '}, In contrast, spatial distributions of total
production based on ocean colour remote-sensing data
{e.g. Behrenfeld & Falkowski 1997) indicate rates in the
southern part of the North Sea, English Channel and
Irish Sea te be > 300 gCm™ yr!, and 200 {0 300 gC m>
yr!in the northwestern North Sea. Moll (1997) and
Charnock et al. (1994) reviewed mode! and observa-
tional data on primary preduction and concluded that
total production is approximately 120 gC m™ yr! in
stratified areas and 200 gC m? yr ' in coastal waters,
with the mean production in the North Sea as a whole
being 145 gC m ™2 yr'. The implication is that there are
sirong spatial variations in the annual f-ratio {propor-
tion of total produciion accounted for by new aptake}
from 0.1 to 0.2 in the frontal and well-mixed central and
southern North Sea to ~0.3 in the stratified northern
North Sea, Unless horizontal fluxes of nitrate are partic-
ularly significant, tidal frontal zones would therefore
appear to be the loci of exceptionally high turncver and
recycled production, rather than new production.
However, this conclusion contrasts with that of Homne et
al. (1989) and Franks & Chen (1996}, who showed that
the fratio in frontal zones around the Georges Bank
(northwestern Atlantic} was as high as 0.7, supported
by fluxes of nitrate into the front from beneath the
thermocline on the stratified side. Bui the seabed depth
on the stratified side of the Georges Bank fronts
extends to > 200 m, compared to 70 m in the North Sea,
so there exists a significantly larger pool of sub-photic
zone nitrate to support frontal production around
Georges Bank. In addition, the North Sea frontal zones
arein the interior of the shelf, remote from river inputs,
and winter nitrate concentrations in the area were
consistently the lowest over the study domain. The
likely implication is that the ratio of denitrification to
external inputs plus regeneration is higher in the
central North Sea than in other regions, restricting
the mass of nitrate that can accumulate in the water
column before the start of the next productive season
{see also Hydes et al. 1998, 2004},

Role of river inpuis

Our analysis shows that at the scale of the ICES assess-
ment regions, river inpuls of nitrate during the spring
and summer make the greatest coniribution o PNP
(24 %, equivalent tc 12.5 gC m 2 yr! averaged over 1980
to 2003) in the southern North Sea (ICES region V),



which receives discharge from the major conlinenial Eu-
ropean rivers (Elbe, Ems, Meuse, Rhine and Weser}.
Spring and summer river inputs made a 5 % contribution
to PNP in the domain as a whole, but only 1% in the
stratified zones, compared to 17 to 19% in the mixed and
frontal zones. River inputs of oxidized nitrogen peaked
in the 1980s and have since declined due to a variety of
lactors, ncluding improved effluent freatment and
changing rainfall patterns, During the 1980s, river inputs
changed the balance of PNP rates between mixed and
stratified zones, but since the 1990s the balance appears
to have reverted as river inputs have declined {Fig. 12).
Clearly it is an exaggeration to assume that the dilu-
tion area for North Sea river inputs is as large as the
ICES assessment regions, In reality, the effective dilu-
tion areas are likely fo be smalier and more confined fo
the coastal waters so that the riverine enhancement of
PNP in the continental European coastal waters is
likely to be considerable. This does not invalidate cur
assessment of riverine contributions to PNP at the scale
of ICES regions, merely indicates that the contribution
is not homogeneous over each region. For example,
Lenhart et al. (1997} examined the impact of river
inputs on the ecosystem dynamics of the North Sea
using a spatially rescived dynamic ecosystem model
and concluded that the effecis were minimal in the
central regions, but >30% in the coastal regions. Simi-
iarly, Radach & Moll {2006} concluded that resolving
river inputs of nutrient was essential for successful
moedelling of the North Sea ecosystem dynamics.

Role of aimospheric inputs

Our results indicated that, over the study area as &
whole, spring and summer deposition of oxidized
nitrogen from the atmosphere confributed approxi-
mately hall as much annual PNP as rivers {3% of
annual PNP}. Similarly, Boulart et al. (2006} estimated
that wet deposition of nitrogen could account for up to
3% of new production. The contribution was least in
the northern parts of the study area {{Va 2% of annual
PNP, Vla 1%), where PNP was relatively high and
which were more remote from the major populated
and industrial emission areas of central and southern
UK, Germany and the Netherlands. In contrast, spring
and summer atmospheric inputs accounted for 6% of
annual PNP in the central North Sea (IVh} where
annual PNP was at @ minimum (1960 to 2003 average
31 gC m? y1Y), and was comparable to the contribu-
tion from rivers. However, in relative terms, deposition
from the atmosphere was the major external source of
nutrients to the northern North Sea and to stratified
zones of the study area, representing more than twice
the contribution from rivers.

Role of denifrification

Whilst inputs of nitrate from rivers and the aimos-
phere during the spring and summer productive period
will iead to underestimation of PNP by cur draw-down
equations, there are other processes that lead to export
of nitrogen from the water column and potential over-
estimation: of PNP by our approach. The most important
of these are denitrification and nitrous oxide produc-
tion, both of which result in the venting of nitrogen to
the atmosphere. Denitrification invelves the microbial
breakdown of organic matter in anoxic environments
using nitrate, nitrite or nitrous oxide as the source of
oxygen for respiration. Denitrification in sediments re-
sults in a net flux of nitrate from the water column into
the pore waters and a release of nitrogen gas. Nitrous
oxide production occurs in the water column and sedi-
ments as a by-product of the nitrification of ammoniam
ions to nitrate. Law & Owens {1990) undertook studies
to resolve the mass of inorganic nitrogen channeiled
through nifrification and denitrification in the North
Sea, in both the water column and the major muddy
sediment basins. Combining the 2 implied an annual
flux te the atmosphere in the range of 9.5 to 17.7 x
107 kg N yr'!, depending on details of the approach
used to extrapolate the observations to the total area of
the North Sea. Similar rates were estimated by Hydes
et al. (1999) (and references therein). If we assumed
that the flux estimated by Law & Owens {1990) was uni-
formly distributed over the sea surface area of ICES Re-
gions IVa, b and ¢ combined, we get an annual flux of
12 to 22 mmel N m™? yr L. If we further assume that the
rates are uniform over the year, then the export of nitro-
gen over the productive period (March-September}
represents an overestimate of PNP equivaleat to 7 to
1I3mmol Nm 2y or 0.6 to 1.0 gC mr 2 yrb. Hence, it
seems that the overestimation of PNP by our draw-
down approach due to denitrification is probably small
(«5%) and roughly equivalent to the inputs to the
system from atmospheric deposition,

Influence of shelf edge exchange

The major term missing from our estimates of
regional PNP is the horizontal exchange with the
northeast Atlantic across the 200 m isobath. As in our
analysis of dala from the ICES database (Fig, 9), Hydes
et al, (2004} identified 2 ocean water types contributing
to nitrate on the shelf. Beyond the shelf break to the
southwest of the Celtic Sea (48° to 52°N, 12° to 6°W),
surface salinities >35.4 were associated with nitrate
concentrations of 7 to 9 uM, whilst equivalent salinities
from the Rockall Tough, offshore of the shelf break
west of Scotiand, were characterised by nitrate levels



of appreximately 11 1M, The coincidence of a peak in
winter salinity on the outer shelf west of the UK and
Ireland with a peak of PNP in Regions VI and Via sug-
gests thai mixing of nutrients across the shelf edge
may be a significant source of variability in shelf PNP.
The volume exchanges close to the shelf edge are cer-
tainly large (Xing & Davies 1999). However, the signif-
icance of these mixing rates will depend on the cross-
slope gradients of nitrale concenfration. During the
winter, differences in nitrate concentrations in the
upper 200 m between the outer shelf and the ccean
were approximately 3 uM {see also Hydes et al. 2004},
However, during June to Septemhber the difference
was <0.5 pM. Hence, we would expect a significant
net mixing import of nitrate onto the shelf in the winter
(which will already be reflected in winter nutrient con-
centrations on the shelf and hence included in our
draw-down calculations), but perhaps a much smaller
flux during the summer, assuming similar exchange
rates. However, there is a possibility that significant
fluxes may occur in the spring i phytoplankion blooms
occurs earlier in shelf water than in the ocean, generat-
ing a cross-slope gradient of nitrate. Thus, quantifying
cross-slope fluxes remains an area of uncertainty.
There is a variety of evidence for an exceptional
encroachment of ocean water onto the European shelf
during the early 1990s. Heath et al. (1991) have previ-
ously reported unusually high anomealies of salinity
during this period, coinciding with a peak since 1865 in
the NAO index characterized by enhanced westerly
winds and oceanic transport. Edwards et al. (1899},
Holliday & Reid {2001), and Lindley et al. (1990)
reported exceptional incidences of oceanic species in

the plankton coliected alony European continental
shelf routes by the continuous plankton recorder (CPR)
during 1989 and 1997 to 1998, and changes in many
aspecls of the fisheries and marine ecology have been
identified during this period, leading to it being
referred to as a ‘regime shift’ (Reid et al, 2001a,b, Wei-
jerman et al. 2005}, In our study we can perhaps iden-
tify one of the processes underlying the so-caliad
regime shift as being the injection of a significant mass
of nitrate-nitrogen onto the shelf, which was then
assimilated into the food web as new production. We
can hypothesise that this nitrogen would be retained in
the sheif waters and recycled through organic matter
for & number of years subsequent to the nutrient injec-
tion, leading to a shift in food web preductivity decay-
ing slowly over time, due fo denitrification and export
of particulate matter from the shelf,

Implications for higher trophic levels

Heath (2005) estimated the annual productions in
the North Sea of omnivorous and carmivorous zoo-
plankton, macrobenthos carnivores, and the fish com-
munity, broken down into 4 feeding guilds, during the
period 1973 to 1999, The mean production of the com-
bined assemblage of zooplankton, benthos and fish
was 454 = 10,7 gC m™? yr'! (Table 6}, Clearly, some
elements of the food weh are unaccounted for in this
synthesis, for example bacteria, gelatinous zooplank-
ton {approximately 1 gC m™ yr%; Heath 2005), benthic
detritivores (perhaps 2 to 3 gC m~2 yr-!), birds and
mammals {approximately 0.02 gC m yr!; Bryant &

Table 6. Annual production (gC m™ yr'') of secondary producers in the North Sea {Regions 1Va, IVh and IVc combined) from

Heath {2005}, potential new primary productien {PNP, g C m~2 yr'1), and impilied transfer efficiencies over the period 1973-1999.

The main species comprising the planktivorous fish guild were sprat Spratfus sprattus, herring Clupea harengus, sandeels

Ammodytes sp. and Norway pout Trisopterus esmarkii. Bemthivorous fish: plaice Pleuronectes platessa, lemon sole Microstomus

kift, and common dab Limanda Iimanda. Demersal piscivorous fish: cod Gadus morhua, haddock Melanogrammus aeglefinus,

saithe Pollachius virens, and whiting Merlangius merlangus. Pelagic piscivorous fish: Atlantic mackerel Scomber scombrus, and
horse mackerel Trachurus frachurus

1973-1979 19801989 1990-1999%  19¥3-1999
Cmnivorous zooplankton 35.72 33.8 36.62 35,34
Carnivorous zooplankton 4.15 3.11 2.85 3.32
Macrobenthos carnivores 1.16 124 1.45 £.30
Planktivorous fish 3.85 3.65 3.73 3.73
Benthivorous fish 0.31 0.35 0.32 0.33
Demersal piscivorous fish 1.54 1.15 0.67 1.08
Pelagic piscivorous fish 0.37 0.16 0.41 0.31
Total secondary producer assemblage 47.04 43.47 46.21 45.41
Annual PNP 47.75 52.91 50,00 50.49
Transfer efficiency: all secendary producers/PNP 0.885 £3.822 0.924 (.899
Transter efficiency: omnivorous zooplankton/PINP 0.748 0.63¢% 0.732 0.700
Transter efficiency: planktivorous fish/omnivorous zooplankton 0.108 0.108 0.102 0.106
Transter efficiency: all fish/PNP 0.127 G160 0.103 0.108




Dovyle 1992). We consider that these unaccounted-for
components might represent a maximum of 10% of
production by the combined assemblage. We have
hypothesized {see Introduction’} that the trophic trans-
fer efficiency between new primary production and
secondary preducers {al! higher trophic levels com-
bined) should be approaching 1.0 in shelf seas, in con-
trast to the efficiency of total production transfer
between trophic levels (0.1 to 0.2). Over the period
1973 to 1899, our results indicated that PNP in the
North Sea (ICES Regions IVa, b and ¢ combined} aver-
aged 50.5 + 5.5 gC m~? yvi!, including the contribution
of river inputs and atmmospheric deposition, which was
not significantly different from the estimated produc-
tion of the combined secondary producers (f-test, p <
0.01), and the mean ratio of secondary preduction; PNP
was 0.90 (Table 6). Hence, we conclude thal the vari-
ous estimates of trophic level production are appar-
enlly consistent with our hypothesis regarding transfer
efficiencies.

The time series of production by zooplankion and
planktivorous fish in the North Sea were significantly
and positively correlated {r = .365, p < (.05, modified
degrees of freedom N* = 20 according to the MCM
test; Heath 2005), indicating resource-driven, or bot-
tom-up control at the guild level (Frank et al. 2008).
Similarly, Frederiksen et al. {2006) showed that off the
Scottish east coast in the northwestern North Sea, the
focd web connecting zooplankton through planktivo-
rous fish (sandeels} to breeding success of seabirds,
was also bottom-up controlled. Frank et al. (2007}
found that, given the species tichness of fish in the
North Sea, these correlations were consistent with an
emergent patiern of bottom-up vs. top-down control
for shelf ecosystems arocund the North Atlantic in
which species-rich, low-latitude systems tend to
exhibit bottom-up control, while species-poor, high-
latitude systems tend to exhibit top-down control.
IHowever, the correlation coefficient between the time
series of PNP and combined production by zooplank-
ton, macrobenthos and fish, though positive, was not
significant according to the MCM test (Fig. 14). Corre-
lation: coefficients between the time series of PNP and
both zooplankton and planktivorous fish production
were negative, though also insignificant according to
the MCM test in both cases. [§ is not clear whether or
not we should take this as evidence of a lack of bottom-
up control between PNP and zooplankton, and that
grazing by zooplankton may be a significant top-down
control, If this were the case, grazing could contrel the
extent of utilization of nitrate from the water column
and we should conclude that inter-annual variability in
zooplankton production is not primarily determined by
food abundance. In contrast, a meta-analysis of corre-
lations between zooplankton abundance and the CPR
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Fig. 14, North Sea {Regions IVa, Vb and IVc combined)

potential new primary production {PNP, open symbols) com-

pared to the combined annual productions of omnivorous

and carnivorous zooplankfon, carnivorcus macrobenthos and
fish in the North Sea (filled symbols; Heath 2005)

colour index (indicative of phyioplankion abundance}
showed widespread positive correlations in the NE
Atlantic region, which were interpreted as indicating
bottom-up control (Richardson & Schoeman 2004).
Clearly the issue of {rophic control is a priority for fur-
ther research and is very important for assessing the
sensitivity of marine food webs to harvesting and cli-
mate change. For example, there might be a case for
managing fisheries harvesting more conservatively in
areas and periods of low annual PNP in order to mini-
mize deirimental effects on the food web. Qur time-
series estimates of PNP based on nuirient utilization
sheould provide a strong basis for medelling studies to
examine such an issue.
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