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Abstract

This paper reviews the data obtained in the OMEX I Project on biological production in the surface
waters of the Celtic Sea shelf break. The study focused on two regionsF the Goban Spur and La Chapelle
Bank. Satellite images of the Celtic Sea frequently show a region of cooler water at the shelf break, which
results in the mixing of cooler, nutrient-rich waters to the sea surface. To examine the hypothesis that the
Celtic Sea shelf break might be a region of enhanced production and sedimentation, observations were
made at five regions. These were four sites along a transect of the Goban Spur, from the Celtic Sea shelf
(water deptho200m), through stations at water depths of 500–1000, 1500, and 3600m; the fifth region was
at La Chapelle Bank, which offered a contrasting site where the slope is steeper and influenced by canyons.
Estimates are made of seasonal production of phytoplankton, bacterioplankton, microzooplankton, and

mesozooplankton. The region has a spring bloom which is of short duration at the oceanic sites and occurs
earliest on the Celtic Sea shelf; phytoplankton biomass in the summer months is greatest at La Chapelle
Bank. Photosynthetic pigments analyses indicate that prymnesiophytes are present throughout the year and
are often the dominant group of phytoplankton; diatoms are most abundant in the spring bloom. Primary
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production is estimated to be ca. 160 gCm�2 a�1, with cells o5 mm in diameter accounting for almost half
of the annual primary production. New production is estimated to be equivalent to 80 gCm�2 a�1; the f -
ratio is generallyo0.25 during the summer and autumn months, 0.7–0.8 during the spring bloom, and ca.
0.5 during the winter.
Microzooplankton biomass and herbivory were measured from April to October at the Goban

Spur regions. The biomass of mesozooplankton was determined from the records of the Continuous
Plankton Recorder (CPR) survey, and was used to estimate the amount of primary production removed by
mesozooplankton grazing. Bacterial production is estimated to be ca. 12 gCm�2 a�1. The sum of
microzooplankton and mesozooplankton grazing and the carbon demands of bacteria were significantly
lower than primary production from November through May, but heterotrophic processes were
quantitatively greater than phytoplankton production from July to October. The data suggest that
up to 62 gCm�2 a�1 of primary production was not grazed by micro- or mesozooplankton in the
surface mixed layer, or utilised directly by bacteria. Depending on the region, up to 38% of the primary
production at the Celtic Sea margin was apparently not grazed in the surface mixed layer and would
be available for heterotrophic organisms in mid-water and the benthos. The estimated respiration of
the heterotrophic community of the surface mixed layer estimated also suggested that between 37%
and 60% of the carbon fixed by photosynthesis in the euphotic zone was not remineralised in the surface
mixed layer.
Data from satellite remote sensing are used in conjunction with the experimental data to extend

the seasonal coverage of the observations made in OMEX I. The archive of the coastal zone color
scanner provides mean monthly values of chlorophyll concentration, and these agree well with the
seasonal variation of ‘‘green colour’’ of the CPR survey. Primary production has been estimated from
the satellite-derived chlorophyll concentrations for the period April–September and is calculated to
be 90 gCm�2 for the 6-month period; the estimated production for the same period from in situ
experiments suggests that primary production was ca. 116 gCm�2. Nitrate concentrations in the surface
water were correlated with sea-surface temperature, and this relationship was applied to temperature
measurements from the advanced very high resolution radiometer sensor to estimate the potential nitrate
concentrations over the region. The f-ratio was related to nitrate concentration by a simple hyperbolic
function (r2 ¼ 0:73). which was applied to the images of potential nitrate concentration for the region to
estimate new production based on satellite data. For the period April through September, new production
was calculated to be 46 gCm�2 from satellite estimates of temperature, nitrate, and f-ratio, which compares
favourably with the estimated new production of 57 gCm�2 by direct measurement. r 2001 Elsevier
Science Ltd. All rights reserved.

1. Introduction

Shelf seas generally have higher biological activity than the adjacent ocean and are the
regions of greatest fish production. Understanding the functioning of shelf seas requires
information on fluxes of material and energy through the shelf sea ecosystem. Much emphasis
is placed on accurate assessment of nutrient and anthropogenic contaminant inputs from rivers,
but net exchange with the ocean boundary is as an important parameter, which is much more
difficult to measure because of the volume of water involved. The interplay between the shelf
seas and slope has been the subject of much recent study since Walsh et al. (1981) suggested
that there was significant loss of organic matter originating on the continental shelf to depocentres
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on the slope. The hypothesis was tested during an interdisciplinary study on the Middle Atlantic
Bight, called the Shelf Edge Exchange Processes experimentFSEEP I (Walsh et al., 1988). This
study gave contradictory results, which, whilst suggesting that there was export of particles to the
slope region, also suggested that mineralisation on the shelf was the most important process and
that there was insufficient organic carbon for transport to the slope. However, a second
programme, SEEP II (Biscaye et al., 1994) concentrated on the southern end of the Middle
Atlantic Bight and showed unequivocally that the slope in that region does not act as a depocentre
for organic carbon generated on the shelf.
The research reported here was part of the Ocean Margin EXchange (OMEX) Project,

partly funded by the European Commission in the framework of the Marine Science
and Technology (MAST) programme. The aim of the project was to investigate the importance
of the European Ocean Margin in terms of exchange between the ocean and shelf seas,
to determine if there is enhanced production in this region, and to estimate the fraction of
primary production which sediments into intermediate and deep waters. The focus of the
study was the NW European Shelf Edge, specifically a region at the shelf break in the
Celtic Sea.
The mid-European Shelf edge has many contrasts with the Middle Atlantic Bight. One of the

most striking features of the Celtic Sea is a region of cooler water at the shelf break, which is
clearly visible in satellite images (Dickson et al., 1980). This is assumed to be a consequence of an
internal tide, generated at the 200-m contour, which propagates both onto the shelf and into the
ocean (Pingree et al., 1986). These progressive waves result in the mixing of cooler, nutrient-rich
waters to the sea surface, with the potential to enhance phytoplankton production by supplying
more nutrients to the euphotic zone. If the upwelling of nutrient-rich deep waters at the
continental margins does enhance primary production, this could have implications for
production of the rest of the food web and might result in increased sedimentation of organic
matter to deep water and the sediments.
The aim of this study is to estimate the seasonal production of phytoplankton, micro-

zooplankton, and mesozooplankton, through the use of data on pigment concentrations, primary
and new production rates, microzooplankton herbivory and mesozooplankton biomass. It
examines the potential for enhanced production and sedimentation at the shelf break by
comparing data obtained from the surface mixed layer at five regions studied during OMEX I,
1993–1995. These are La Chapelle Bank to the south of the region, an area representative of
the Celtic Sea shelf, and three regions on the slope from the top (with water depths of
500–1000m), the middle (water depths ca. 1500m), and towards the bottom (water depth ca.
>3000m). Data from satellite remote sensing and other studies are also used to extend the
seasonal coverage of the observations made in OMEX I, with the overall aim of evaluating
the cycling of organic matter in the surface water and hence the potential export of carbon and
nitrogen by sedimentation. Estimates of new production provide an indication of the potential
export from the seasonal mixed layer. Finally, the results are used to calculate the likely losses of
organic carbon by heterotrophic processes, hence estimating the proportion of primary
production which might be available for sedimentation to deeper water. This potential carbon
export forms a basis for comparison with the estimates of mid- and deep water and benthic carbon
demands (van Weering et al., 1998) and with estimates obtained from sediment traps (Antia et al.,
1999, 2001).
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2. Methods

2.1. Study area

The region of study is the shelf break of the Celtic Sea; the locations of the four regions
investigated along the Goban Spur and La Chapelle Bank are shown in Fig. 1. Stations sampled
during the project have been aggregated into different regions. At the Goban Spur, these are (1) an
area typical of the Celtic Sea shelf, referred to as ‘‘Shelf’’ stations, and including all stations
sampled within the area bounded by 49–501N, 10–10.51W; 2) an area referred to as the ‘‘OMEX 1
site’’Fall stations sampled at a water depth of between 500 and 1000m within the region
bounded by 49–501N, 11–121W; (3) the ‘‘OMEX 2 site’’, bounded by 48.5–49.81N, 12–12.71W,
where a long-term sediment trap mooring was deployed at a water depth of 1440m; (4) the
‘‘OMEX 3 site’’ with any stations occupied in a water column depth >3000m within the area
48–49.51N, 13–16.51W, including the site of the sediment trap mooring located at 3660m; and (5)
stations at La Chapelle Bank (47–481N, 6–81W). At La Chapelle Bank, the slope is steeper, and
more intense vertical mixing is likely to occur; this site, therefore, offers a comparison with the
Goban Spur. The southern region also is influenced by the presence of canyons that traverse the
continental slope. The data used in this paper result from a number of research cruises. The dates
and regions sampled are given in Table 1.

2.2. Surface mixed-layer depth

In this paper, comparisons are made between stations and between seasons; in many cases,
estimates of biomass or production have been integrated from the sea surface to the seasonal

Fig. 1. The area of study at the shelf margin of the Celtic Sea; four regions of the Goban Spur are identified as Shelf,

OMEX 1, OMEX 2, OMEX 3 and a fifth region is shown at La Chapelle Bank.
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thermocline. The surface mixed-layer depth was determined for every CTD cast. At many
stations, a well-defined thermocline was present, and it was straightforward to determine mixed-
layer depths. But at some stations, the vertical structure was complex and variable, as a result of
internal tides, near-surface diurnal heating/cooling, and other factors. In some cases, there was no
unique mixed layer but a sequence of layers had developed. Where other CTD profiles were
available within a period of 2 d, these repeat profiles were used to provide an indication of
variability in the mixed-layer depth estimates (Huthnance et al., 2001).

2.3. Nutrient concentrations

On all cruises, the analysis of nutrients was carried out immediately after sampling. During the
Belgica cruises, ammonium was determined according to the manual method of Koroleff (1969)
with a detection limit of 0.05mmol l�1. Nitrate and nitrite were measured using a Technicon
AutoAnalyser II with a detection limit of 0.05mmol l�1. Phosphate also was determined manually
on board following the method of Grasshoff et al. (1983) with a detection limit of 0.01mmol l�1

using a 10-cm cell. Silicate was either measured manually on board using the procedures described
in Grasshoff et al. (1983) or in the laboratory using an SKALAR AutoAnalyser following the
method provided by the manufacturer. The detection limits of silicate are 0.02 and 0.05mmol l�1

for manual determination using a 5-cm cell and for automated method, respectively. On the
Darwin cruises, ammonium, nitrate plus nitrite, and silicate were analysed by the methods of
Hydes (1984) and nitrate by the method of Grasshoff et al. (1983).

2.4. Phytoplankton biomass

Phytoplankton biomass was estimated from pigment analysis by HPLC (Barlow et al., 1993,
1995), by fluorometric analysis (Holm-Hansen et al., 1965), and by spectrophotometric analysis

Table 1
Dates and regions sampled

Date Research vessel Regions sampled

April 1993 Belgica La Chapelle Bank

June/July 1993 Valdivia Goban Spur
September 1993 Belgica Goban Spur, La Chapelle Bank
October 1993 Pelagia Goban Spur

January 1994 Meteor Goban Spur, La Chapelle Bank
January 1994 Charles Darwin Goban Spur, La Chapelle Bank
April/May 1994 Charles Darwin Goban Spur

May 1994 Belgica Goban Spur, La Chapelle Bank
June 1994 Charles Darwin Goban Spur
September 1994 Meteor Goban Spur
March 1995 Belgica Goban Spur, La Chapelle Bank

June 1995 Charles Darwin Goban Spur
August/September 1995 Discovery Goban Spur
September 1995 Belgica Goban Spur, La Chapelle Bank

October 1995 Discovery Goban Spur
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(Parsons et al., 1984). HPLC also gives information on the taxonomic composition of the
phytoplankton assemblages. Phytoplankton identification also was determined on a small number
of cruises by microscope analysis of the phytoplankton species present in water samples preserved
with Lugol’s iodine (Rees et al., 1999). The most comprehensive data to describe the decadal mean
seasonal changes in phytoplankton biomass were provided by the Continuous Plankton Recorder
(CPR) survey index of green colour. The colour of the silk in the CPR survey (Colebrook, 1960)
has been shown to provide a useful index of phytoplankton biomass present in the surface 10m.
Data obtained for each of the OMEX regions for the period 1963–1995 have been used to
calculate a climatological mean for each calendar month.

2.5. Phytoplankton production

Primary production was measured by the incorporation of 14C-bicarbonate as described by
Rees et al. (1999). Experiments were carried out in polycarbonate bottles, following JGOFS
protocols (IOC, 1994) to reduce trace metal contamination. Water samples were taken from 8 to
10 depths before dawn and incubated for 24 h either in situ at the depth from which the water
sample was taken, or in an on-deck incubator with filters to simulate the light quantity and colour
at the appropriate depths. Each bottle was inoculated with 370 kBq (10mCi) NaH14CO3 and
transferred to the incubation system before dawn and incubated until dusk. In situ samples were
brought on board at dusk and maintained at surface sea-water temperature in the dark overnight.
On-deck incubations had their graded light screens replaced with dark screens to ensure that they
were not affected by the ship’s lights. Incubations were terminated after 24 h by filtering each
sample sequentially through 5, 2-, and 0.2-mm pore size polycarbonate filters; the filters were dried
and either counted on board ship or stored in a desiccator until return to the laboratory. 14C was
measured in a liquid scintillation counter, the efficiency of which was determined with an external
standard, channels ratio method.
Due to the limited ship time available, an alternative method was used to evaluate the

primary production at La Chapelle Bank. Water samples collected just before dawn were
incubated for 6 h under variable light intensities from an artificial constant-light source, with
spectral characteristics as similar as practicable to sunlight. This method allows a relationship to
be established between the carbon fixation rate and the light intensity, which is characteristic of
the phytoplankton assemblage present and its physiological state. The relation suggested by Platt
et al. (1980) was used, enabling the characterisation for each experiment of the maximum
photosynthetic capacity, the photosynthetic efficiency and the index of photoinhibition of the
phytoplankton present at the depth of the oxygen maximum. The maximum photosynthetic
capacity and chlorophyll content were also measured at other depths between 0 and 100m by
incubating water samples under saturated light condition. The vertical attenuation of light was
determined using a quantameter and the daily incident light intensity recorded at a high,
unshaded position on the ship.
To obtain the integrated daily production, a mean value for the irradiance during daylight

hours at the air–sea interface multiplied by the day-length was used (see Kirk (1994) for
discussion). The validity of this approach was tested at three stations by comparing the values
obtained with those of in situ production measurements described as above. There is an agreement
between the two methods within an error of 715%.
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2.6. New production estimates

Assimilation rates for NO3 (rNO3) and NH4 (rNH4) were determined using the stable isotope
15N. Replicate samples from each depth were incubated in clear polycarbonate bottles with
15N-NO3

� and 15N-NH4
+ added at concentrations of between 0.03 and 0.1mmol l�1. Samples were

incubated for 24 h and filtered onto ashed Whatman GF/F filters, which were then washed with
filtered sea water and stored frozen until return to the laboratory. The filters were oven-dried at
501C for 12 h before analysis and atom% 15N was measured either by continuous flow nitrogen
analysis-mass spectrometry (Europa Scientific Ltd., UK) using the techniques described in Barrie
et al. (1989) and Owens and Rees (1989) or by emission spectrometry (Jasco NIA-1 and N-151
15N analysers) using the techniques described in Fiedler and Proksch (1975). Full details of the
methods used are set out in publications by Elskens et al. (1997) and Rees et al. (1999). Rates of
assimilation were calculated from the equations of Dugdale and Goering (1967).

2.7. Remote sensing images

Satellite estimates of sea-surface temperature (SST) were obtained from the NASA advanced
very high resolution radiometer (AVHRR) pathfinder data set (Vazquez et al., 1994), which
provides global SST for 1987–1993. The Pathfinder-SST are an improvement upon earlier data
sets through development of enhanced SST-retrieval algorithms and cloud-masking routines. The
SST data are available as monthly fields on an equal angle grid, giving a resolution of 9 km at the
equator. The data were spatially averaged within the boxes shown in Fig. 1, and data for each
month were averaged to give climatological means for 1987–1993.
Similar monthly climatological averages of phytoplankton pigment are available on an 18-km

(at the equator) equal angle grid from the NASA coastal zone color scanner (CZCS: Feldman
et al., 1989). The CZCS operated from 1978 to 1986, although data coverage in later years was
poor, and so the averages are skewed to the early years of operation. The CZCS data were
averaged to produce means within the OMEX boxes. Since the atmospheric correction is valid for
solar zenith angleso651 (Gordon et al., 1988), only data for April through September were used.
In addition to the problem of high winter solar zenith angle, images of the OMEX shelf area in
winter and early spring exhibit enhanced reflectance due to suspended particles, and this
contributes to erroneous estimates of pigment concentration (Joint and Groom, 2000).

2.8. Bacterial activity

Bacterial production was determined from rates of incorporation of [methyl-3H] thymidine and
of l-[4,5-3H] leucine (Amersham International plc, UK). Stock 3H solutions were prepared using
sterile glassware and stored in pharmaceutical-grade serum bottles that had been pre-treated
according to JGOFS protocols (IOC, 1994). Stock 3H solutions were prepared in sterile, 0.2-mm
filtered, Milli-Q water and stored at 21C. A fresh stock bottle was used for each experiment.
3H-thymidine incorporation experiments followed the methods of Fuhrman and Azam (1982) and
3H-leucine incorporation experiments those of Simon and Azam (1989) modified to include the
cold trichloroacetic acid (TCA) extraction method of Chin-Leo and Kirchman (1988). The
samples were routinely incubated for 1 h, but time-course assays showed that incorporation was
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linear for 2 h and frequently longer. Samples were counted in an LKB, Rackbeta 1219, liquid
scintillation counter; counting efficiency was determined by an external standard, channels ratio
method and checked by the occasional addition of internal standards.

2.9. Microzooplankton herbivory and respiration

Microzooplankton identification and biomass estimation was by microscope analysis of water
samples preserved with Lugol’s iodine or glutaraldehyde. Microzooplankton grazing on
phytoplankton was determined by a modification of the dilution/grazing technique of Landry
and Hassett (1982) and measured changes in chlorophyll content. Hence the microzooplankton
grazing rates are confined to estimates of herbivory and do not include grazing of
microzooplankton on bacteria. Changes in chlorophyll concentration were converted to carbon
units by applying a constant carbon : chlorophyll ratio of 59 throughout the year. Micro-
zooplankton respiration was estimated from biomass using the method of Caron et al. (1990).
Respiration was estimated for each size category of microzooplankton assuming a Q10 of 2 and an
RQ of 1.

2.10. Mesozooplankton biomass and herbivory estimates

Mesozooplankton biomass was determined from the CPR data as described by Batten et al.
(1999). The abundance recorded in each CPR sample was multiplied by a taxon-specific biomass
and converted to carbon using published carbon values for zooplankton taxa (Schneider, 1989);
the summed values for the individual taxa then give an estimate of total mesozooplankton
biomass. These data on biomass were then used to estimate mesozooplankton respiration and
ingestion rates, by applying an allometric model (Ikeda and Motoda, 1978); respiration was
estimated as a function of individual body weight and temperature. It was assumed that
respiration is a constant fraction of ingestion. Respiration of each species or size group was
calculated from the allometric relationship

R ¼ aWb

using the temperature relationship of Ikeda and Motoda (1978). Constant a has the value of
10(0.0254 T�0.126) and constant b the value of –0.011T þ 0:892 (Ikeda and Motoda, 1978). An RQ of
0.8 was assumed to convert oxygen consumed to carbon, hence giving estimates of daily
respiration rate for each species. These values were then applied to all the individuals of one
species present in a sample, and the estimates for each species present were summed to give total
mesozooplankton respiration. Ingestion rate for each species was calculated from the respiration
estimates by assuming an assimilation efficiency of 0.7 and a gross growth efficiency of 0.3. Total
grazing was calculated by summing the grazing estimates for all species and size groups within a
sample.
The temperature for the different OMEX regions at the time of the CPR surveys was

determined from sea-surface temperatures obtained from satellite AVHRR data. Hence seasonal,
temperature-compensated, carbon-specific grazing rates could be estimated for each of the
OMEX regions.
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3. Results

3.1. Surface mixed-layer depth

The water column in the region is well mixed in winter and strongly stratified in summer. Fig. 2
shows an annual synopsis of the mixed-layer depth, which is derived by taking mean values for
each month from all of the data available between 1993 and 1995; therefore Fig. 2 is an idealised
representation of mixed-layer depth and does not show interannual variability. Nevertheless, it
does show differences in timing of stratification across the five regions and changes in mixed-layer
depth. The onset of stratification in the spring occurs at different times and tends to be earliest on
the shelf in April and latest at the stations in deepest water. However, there is great variability due
to internal tides. Often there is no unique mixed layer but a sequence of layers with several
thermoclines. The timing of sampling also can give a false impression of stratification. The April
values for the OMEX 1 region in Fig. 2 were obtained in spring 1994 at a time of variable weather
with transient stratification breaking down during storms. The sequence is described in detail by
Rees et al. (1999). Hence, the level of detail in Fig. 2 is insufficient to describe the events that occur
in the spring, with water column stabilisation occurring over a few days and the exact timing
varying from year to year. However, the data do highlight the differences in mixed-layer depth in
the summer months, with the shallowest surface mixed-layer (at about 30m) on the shelf and at
La Chapelle Bank in July and a gradual deepening of the mixed-layer in September and October.
The most variability in mixed-layer depths occurs in the OMEX 1 region, where satellite thermal
images suggest that upwelling takes place.

3.2. Nutrient concentrations

One of the achievements of the OMEX Project is that data were collected in all four seasons
(Hydes et al., 2001). The recent EU-MAST-NOWESP Project compiled all available

Fig. 2. The depth of the surface mixed layer for each region throughout the year. In the winter months, >100m
indicates a well-mixed water column.
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hydrographic and nutrient data for North West European Shelf Seas; even in such a well-studied
area, there are gaps in the data sets, particularly for the winter months. Knowledge of winter
concentrations is important, as the extent of deep winter mixing determines the concentrations of
nutrients in the surface waters at the onset of seasonal stratification and the extent of
the phytoplankton spring bloom. Winter data are available from two cruises in January 1994
(Table 1). Sampling by the Meteor was restricted by weather conditions to five stations, from ca.
111W to 141W at 491N. The water column was well mixed to a depth of 300m, and nutrient
concentrations were homogeneous; the concentration of nitrate was 7.7mmol l�1, silicate was
2.8mmol l�1, and phosphate was 0.50mmol l�1.
The Charles Darwin cruise was able to sample a larger region, from La Chapelle Bank, north to

the Goban Spur and into the Celtic Sea, but because of equipment malfunction, only nitrate
concentrations were measured. Over the whole region sampled, nitrate concentrations ranged
from 6.5 to 10.4mmol l�1 in a salinity range of 35.62–34.78. At the shelf break, the water column
was less well mixed than at the stations sampled by the Meteor and nitrate concentration was
correlated to water temperature; nitrate concentration ranged from 7 mmol l�1 at 11.61C to
8.7mmol l�1 at 11.01C.
In summer, nitrate concentrations were depleted below the limit of detection of the

auto-analyser methods. For example, in August 1995 nitrate concentrations were less than
0.01–0.05mmol l�1 in the surface mixed layer. On this cruise, 31 samples were taken from water
above the thermocline and nitrate was undetectable in all samples; the average phosphate
concentration was 0.02mmol l�1 (range 0.00–0.07 mmol l�1) and the average silicate concentration
was 0.4mmol l�1 (range 0.2–0.6 mmol l�1).

3.3. Phytoplankton biomass

Fig. 3 shows the CPR Greenness Index for each region, with each month represented by the
mean value of every sample obtained between 1963 and 1995. These data, therefore, have the

Fig. 3. The CPR colour index (in arbitrary units) as an indicator of phytoplankton biomass for every month at each
region. The data are climatological mean values determined for the period between 1963 and 1995. The regions are the

Celtic Sea Shelf (&), the OMEX 1 region (’), OMEX 2 (+), OMEX 3 (~), and La Chapelle Bank (J).
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greatest sampling density and frequency for phytoplankton biomass in the Celtic Sea, and provide
the best description of the mean-decadal seasonal cycle of abundance. The shelf region shows the
earliest increase in phytoplankton biomass in the spring, with a bloom that lasts for over 2 months
in April and May. The spring bloom is of much shorter duration at the shelf edge and oceanic
stations (OMEX 1–3). At all regions of the Goban Spur, phytoplankton biomass declines from
June to a minimum in August. There is an autumn bloom, which is most pronounced at the shelf
stations and at OMEX 2. The seasonal abundance of phytoplankton is very different at La
Chapelle Bank, with a broad peak of abundance that increases in April and extends throughout
the summer months with a slow decline in abundance from May. There is a very pronounced
autumn peak that declines much more slowly than at the Goban Spur through November and
December.
The CPR data give a good indication of seasonal changes in total phytoplankton biomass, but

the CPR silk has too coarse a mesh to be useful as a quantitative sampler of small phytoplankton
cells or to determine phytoplankton species succession. However, during the OMEX project,
phytoplankton pigments were analysed by HPLC and are useful as indicators of the major
phytoplankton taxa. Table 2 lists the concentrations of major pigment classes; the data are based
on samples taken throughout the water column, and the concentrations are expressed as mg m�2;
that is, integrated to the base of the surface mixed layer, or to 100m if the water column was well
mixed.
Apart from the spring bloom, depth-integrated chlorophyll a concentrations actually show little

variation with season. For example, at OMEX 2, the maximum chlorophyll a concentration
measured in the surface mixed layer in April was 22.7mgm�2, but the total quantity of
chlorophyll a in the upper 100m in January was 14.5mgm�2. Of course, the surface mixed-layer
depth varied and the depth-integration was done to 35m in April and to 100m in January. So in
January, much of the pigment is present below the depth of light penetration. Sampling may not
always have coincided with the maximum biomass; the highest concentration measured was at
OMEX 1 in April 1995, when a concentration of 95.2mgm�2 was measured.
There were significant changes in the phytoplankton taxa present. Photosynthetic pigments

have been used as biomarkers to indicate the most abundant phytoplankton taxa (Table 2).
Winter samples are characterised by the presence of 190-hexanolyoxyfucoxanthin, an indicator of
prymnesiophytes, 190-butanoyloxyfucoxanthin, indicating the presence of pelagophytes and small
concentrations of fucoxanthin, a marker for diatoms, and zeaxanthin, indicating the presence of
cyanobacteria. The spring phytoplankton assemblages were dominated by prymnesiophytes,
diatoms, pelagophytes, prasinophytes (from the presence of chlorophyll b), and dinoflagellates
(indicated by elevated peridinin concentrations). In the summer months, the most abundant
pigment was 190-hexanoyloxyfucoxanthin, indicating the dominance of prymnesiophytes.
Autumn assemblages were again a mixture of prymnesiophytes, diatoms, pelagophytes,
dinoflagellates, and cyanobacteria. Prymnesiophytes were an important component of the
phytoplankton assemblage in all seasons.
A small number of water samples also were analysed for phytoplankton species abundance, and

cells >5 mm were identified and counted. In April/May 1994, the spring bloom was dominated by
the diatoms Nitzschia delicatissima (3� 105 cells l�1), Nitzschia seriata (3.5� 105 cells l�1),
Thalassionema nitzschiodes (1.8� 105 cells l�1) and Chaetoceros spp. (1.4� 105 cells l�1), with the
presence of Phaeocystis spp. at some stations. A number of dinoflagellate species (e.g., Ceratium
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lineatum, Heterocapsa minima, and Prorocentrum compressum) were present at cell densities of ca.
100 cells l�1. In July 1993, most of the phytoplankton biomass was small unidentified flagellates.
Of the >5-mm phytoplankton, a diverse assemblage of dinoflagellates was present at cell densities
of ca. 100–200 cells l�1; the species included Ceratium furca, C. fusus, C. lineatum, Gonyaulax

Table 2
Photosynthetic pigment concentrations, expressed as depth-integrated values (mgm�2) to the base of the surface mixed

layer, or to 100m if the water column was well mixed

Date chlaa chlbb perc butd fucoe hexf zeag

OMEX 1
July 93 16.23 1.83 0.43 4.17 1.75 10.33 0.41
April 94 95.17 6.29 5.07 13.47 26.66 31.46 0.79

July 95 3.11 0.21 0.40 0.53 0.23 1.50 0.14
October 95 27.52 2.41 2.00 4.82 2.52 13.68 1.45

OMEX 2
July 93 16.10 2.75 0.48 3.63 1.87 10.75 0.43
September 93 11.90 1.47 0.44 2.23 0.76 5.94 1.01
January 94 14.53 2.23 0.14 3.82 1.82 6.48 0.25

April 94 22.67 2.59 0.79 3.96 4.16 8.99 0.35
June 95 19.94 0.98 0.37 2.64 4.04 14.59 0.53
July 95 11.69 0.51 1.63 2.15 0.87 5.71 0.22

September 95 13.08 1.40 1.68 1.50 1.15 6.45 0.87
October 95 25.33 2.21 0.55 6.92 2.20 14.97 1.26

OMEX 3
July 93 9.22 0.83 0.30 1.91 1.30 5.42 0.41
September 93 10.83 1.93 0.79 2.42 1.06 5.75 0.62

January 94 13.73 2.12 0.16 3.70 1.73 6.06 0.34
April 94 6.14 0.98 0.34 0.89 1.19 2.65 0.14
June 95 12.84 0.44 1.22 1.48 1.62 9.53 0.22
July 95 27.02 1.38 5.85 3.42 2.80 10.63 0.20

September 95 3.89 0.21 0.42 0.34 0.33 1.68 0.50
October 95 24.95 2.29 1.07 6.32 1.81 14.16 1.49

La Chapelle Bank
September 93 10.37 0.48 0.82 2.21 3.98 1.26 0.07
January 94 17.41 2.99 0.21 4.18 2.45 7.32 0.35

June 95 11.68 1.62 0.15 0.67 1.62 3.48 0.03
September 95 31.84 7.99 1.05 5.45 5.46 14.32 0.94

aChlorophyll a (total phytoplankton biomass).
bChlorophyll b (chlorophytes).
cPeridinin (dinoflagellates).
d190-butanoyloxyfucoxanthin (pelagophytes).
eFucoxanthin (diatoms).
f 19’-hexanoyloxyfucoxanthin (prymnesiophytes).
gZeaxanthin (cyanobacteria).
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polygramma, and Prorocentrum dentatum. In October 1995, there were large numbers of diatoms,
including Chaetoceros spp. (1� 105 cells l�1), Nitzschia delicatissima (2� 105 cells l�1) and
N. seriata (2� 105 cells l�1); again, there was also a diverse assemblage of dinoflagellates and
large numbers of small (ca. 2 mm) unidentified flagellates.

3.4. Phytoplankton production

Primary production was measured on a number of cruises in the OMEX project by either in situ
or on-deck incubations. Since the size of phytoplankton has strong consequences for the fate of
that production, estimates were made for three size fractions of phytoplankton cells, >5, 5–2, and
o2 mm. However, the seasonal coverage was small, with most measurements being made in the
spring and summer months. The relatively small number of determinations also presents
difficulties in estimating production for the different OMEX regions, and estimates of annual
primary production are constrained by the relative lack of measurements during the OMEX
projectFdue to some extent, to the difficult weather conditions in that area. Therefore, the data
have been supplemented with unpublished data for Little Sole Bank, an adjacent region of the
Celtic Sea shelf break, which was sampled in spring 1990 and 1991 (I. Joint, unpublished data). By
incorporating data from the Celtic Sea shelf (Joint et al., 1986), an estimate of daily primary
production has been made for each month (Fig. 4). Measurements in the Goban Spur area in the
OMEX project were made in April and the first week of May 1994, July 1993, and October 1995,
the Little Sole Bank data are for mid-June 1991 and mid-May 1992, and all other estimates are
taken from Joint et al. (1986).
Primary production in the winter was dominated by small phytoplankton cells; from November

to March, cells o5mm were responsible for 70–86% of the primary production, which was not
insignificant at ca. 200mgCm�2 d�1. The spring bloom was dominated by larger (>5mm)
phytoplankton cells, and total primary production increased to >1gCm�2 d�1. The exact timing
of the spring bloom is difficult to determine since the data shown in Fig. 4 for April and May were
collected in different years. The CPR colour index (Fig. 3) suggests that the spring bloom on the
shelf lasts for about 2 months, but may be shorter at the shelf break and deep ocean sites and
longer at La Chapelle Bank. Therefore, the extended production throughout April and May in
Fig. 4 is probably more representative of the shelf than other regions. There may be an over-
estimation of the spring bloom production in this aggregate of data from different years. The
production of the >5-mm fraction declined steadily after the spring bloom and by July, large cells
were responsible for less than 50% of the total phytoplankton production. In the autumn,
picoplankton (o2 mm) were the most productive fraction. The data in Fig. 4 for October were
obtained in 1995, when there was no evidence for an autumn increase in biomass or production.
However, the CPR colour index routinely shows an increase in phytoplankton biomass.
Therefore, 1995 appears to be an anomalous year and there may usually be an increase in
production in October, which is not reflected in Fig. 4.
The lack of seasonal coverage of primary production measurement at La Chapelle Bank during

the OMEX project was also partially compensated by using unpublished data for the region,
obtained between 1989 and 1993, in the framework of a national Belgian programme (R. Wollast
et al., unpublished data). A total of 17 data sets were finally available for the area of La Chapelle
Bank. Nevertheless, the winter period, November–February, was never covered and here also
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data from the Celtic sea shelf (Joint et al., 1986) were incorporated for these months. No primary
production measurements were performed during August but, by analogy to Goban Spur, it is
assumed that it is low and similar to the production in July. The mean monthly productions at La
Chapelle Bank (Fig. 4b) show the existence of a large spring bloom extending from March to June
and a second bloom in September and October. This observation is in good agreement with the
data from the CPR shown in Fig. 3.
A few size-fractionated carbon uptake measurements were carried out at La Chapelle Bank and

indicate that >2-mm phytoplankton cells represent from 29% to 65% of the total production.
Unlike the situation at the Goban Spur, the dominance of >2-mm phytoplankton was observed
only in mid-September 1995 when the autumn bloom seemed to have occurred. In late April 1994,
at La Chapelle Bank the production was slightly dominated (59%) by the small size class
(0.2–2mm), while >2-mm cells accounted for 80% of the total production along the Biscay
margin, 60–120 nautical miles southeast of the area. It is interesting that a week later, in contrast

Fig. 4. Estimated daily primary production (mgCm�2 d�1) in each month for three size fractions of phytoplankton at
(a) Goban Spur and (b) total phytoplankton production at La Chapelle Bank.
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to La Chapelle Bank, the Goban Spur was dominated by the fraction larger >2mm, as often
observed during a spring bloom. The paucity of data on size-fractionated production in the region
of La Chapelle Bank does not allow a clear seasonal trend to be established.
The annual primary production at La Chapelle Bank (Fig. 4b) probably approaches

245 gCm�2 a–1, assuming a carbon fixation rate of 200mgCm�2 d�1 for the winter period and
if the August rate was similar to that observed in July. The annual production is estimated to be
significantly higher than for the Goban Spur, but is consistent with the higher chlorophyll
concentrations observed by both the remote sensing observations and the CPR results (Fig. 3).
The higher production may be explained by the steeper slope at La Chapelle Bank compared to
the Goban Spur, which induces greater vertical mixing and nutrient supply.

3.5. New production estimates

The uptake of ammonium and nitrate has been measured using 15N as a tracer. Although a
large number of measurements were made, the seasonal coverage is not complete. In contrast to
primary production, there are no other studies in the Celtic Sea to supplement the data obtained
in OMEX. Therefore, obtaining a seasonal estimate of new production involves considerable
interpolation. Table 3 shows values for the f-ratio, estimated by the Plymouth Marine Laboratory
(PML) and Vrije Universiteit Brussel (VUB) groups. When measurements were made in the same
month by the two groups, albeit on different cruises, there was generally good agreement.
However, in July 1993, the PML group obtained higher values for the f-ratio than that measured
by VUB, and in September the VUB estimate was greater than the PML. The differences are
largely the result of the different regions sampled, because only the VUB group sampled at La
Chapelle Bank.

Table 3
Estimated f-ratio for each month determined by the PML and VUB groups with monthly primary and new production

(gCm�2month�1). Values in parentheses are estimated or extrapolated values

Month Year of
PML data

f-ratio
(PML)

Year of
ULB data

f-ratio
(VUB)

Carbon
fixation

New
production

January (0.5) 4.5 2.3
February (0.5) 6.4 3.2

March 1995 0.7 18.3 12.8
April 1994 0.8 1994 0.74 32.2 22.5
May 1994 0.6 31.4 18.6
June 1992 0.33 20.9 6.9

July 1993 0.25 0.14 12.3 3.1
August (0.3) 11 3.3
September 1995 0.25 1995 0.39 8.4 2.1

October 1995 0.35 1995 0.31 6.8 2.4
November (0.4) 5.4 2.2
December (0.45) 5.4 2.4

Annual (gCm�2 a�1) 162 81.8
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Table 3 shows the extrapolations that have been made to evaluate seasonal new production;
data in parentheses are estimated values. The largest gap in the data is for the winter months. The
VUB group measured f-ratios of 0.47–0.81 in March 1995, with a mean value of 0.64; The
variability appeared to correlate with solar irradiation, nitrate uptake rate apparently being more
dependent on light than ammonium uptake. The PML group measured nitrate and ammonium
uptake in April 1994 at a number of stations before stratification occurred (Rees et al., 1999). In
well-mixed waters, the f-ratio was close to 0.5, with comparable rates of ammonium and nitrate
assimilation, even when nitrate concentrations were at their winter maximum. Therefore, as a
consequence of the reduced light and day length in the winter months, the f-ratio is assumed to
increase slowly from the low values in the autumn months and to be about 0.5 in January and
February. Measurements in the winter months are clearly needed to confirm this assumption. The
f-ratio increases to between 0.7 and 0.8 during the spring bloom and declines to low values in the
early summer and through the autumn.
The f-ratios have been combined with the primary production measurements (Fig. 4) to give

an estimate of monthly new production, i.e., production that results from the utilisation of nitrate
by the phytoplankton assemblage. The data in the final column of Table 3 were obtained by
multiplying the total primary production for each month by the f-ratio, measured by either the
PML or VUB groups, or estimated by extrapolation. New production in the spring bloom is ca.
20 gCm�2month�1 and declines to ca. 2 gCm�2month�1 for the rest of the year, including the
winter months. The annual new production estimate is 81.8 gCm�2, that is ca. half of the total
phytoplankton production. It is worth emphasising that this estimate is applied to the region as a
whole and does not attempt to account for any enhanced production due to upwelling at the shelf
break.

3.6. Remote sensing images and estimation of new production

Given the difficulties in obtaining sufficient field data to make an estimation of seasonal
production and given that the best evidence for upwelling events at the shelf break originates from
satellite images, we have applied the technique of Sathyendranath et al. (1991), using remote
sensing as a tool to study the dynamics of this region. Nitrate concentration was strongly
correlated with sea-surface temperature in June 1995 (r2 ¼ 0:927), and the algorithm has been
used to estimate nitrate concentration from SST values derived from the AVHRR in the surface
waters of the OMEX region. This approach provides synoptic estimates of nitrate distribution.
Fig. 5 shows that, as Sathyendranath et al. (1991) found for Georges Bank, there is also a good
relationship between nitrate concentration and f-ratio, when data for f-ratio obtained by both the
PML and the VUB are plotted against nitrate concentration. These f-ratios were obtained for
water samples taken from the upper 15m and do not include any measurements made at the base
of the mixed layer or within the thermocline. The equation of the fitted line is

f -ratio ¼ 0:118 loge ðnitrate concentrationÞ þ 0:559

with r2 of 0.73. Examination of the residuals in this curvilinear regression shows that the additive
error e (Elskens et al., 1999) is normally distributed and that f-ratio estimates are provided with
relative uncertainties of 57%, 42%, and 20% for nitrate concentrations o0.1, 0.1–1, and
>1 mmol l�1, respectively. The significance validity limits of the predicted f-ratio values and
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statistical properties in non-linear regression models of f-ratio vs. nitrate concentration are
discussed by Elskens et al. (1999). With these uncertainties in mind, the equation above was used
to obtain an average estimate of new production for the Goban Spur (Fig. 6).
Observations obtained in the OMEX Project also have been used to develop a simple empirical

algorithm between primary production and pigment concentration. This has been used with
the CZCS phytoplankton pigment climatological data to estimate monthly mean production
for the period 1978–1986, albeit skew to the early years of the operation of the sensor. Limitations
in the atmospheric correction limit the analysis of CZCS data to April through September. Table
4 gives a comparison of monthly primary production, estimated from CZCS ocean colour, with
the measurements made in the OMEX project. Comparisons also are shown of f-ratio and new
production, determined by the method of Sathyendrenath et al. (1991), with estimates from direct
experimentation. There is general agreement with the satellite estimate of primary production of
90 gCm�2 per half year (April through September), contrasting with 116 gCm�2 per half year
from Fig. 4. Similarly, the satellite-based estimate of new production is 46 gCm�2 per half year,
which compares with 57 gCm�2 per half year estimated for the same period from the data in
Table 3. Therefore, the estimates based on satellite data are consistent with direct estimates from
field data.

3.7. Microzooplankton herbivory

The abundance and herbivory rate of microzooplankton have been determined by Edwards
et al. (2001) for the Goban Spur sites; microzooplankton were not sampled at La Chapelle Bank,
and only one estimate is available for the shelf region. Fig. 7 shows the seasonal changes in daily
grazing rate, which are integrated to the depth of the surface mixed layer. As such, they are
directly comparable with primary production rates and have the same units of mgCm�2 d�1.
Grazing rates were low in the winter and were between 29 and 43mgCm�2 d�1 in January.

Fig. 5. Relationship between f-ratio, as determined experimentally by the incorporation of 15N nitrate and ammonium,
and nitrate concentration in the surface 15m. Determinations made by the PML (K) and by VUB (~).
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Although grazing was higher in April and May, at the time of the phytoplankton spring bloom,
the highest values of microzooplankton grazing were measured at OMEX 1 in June when the rate
was 673mgCm�2 d�1. However, there was considerable variability in grazing rate between the
different regions and at OMEX 3 in June, the microzooplankton grazing rate was only
102mgCm�2 d�1; grazing at OMEX 3 was also low in April and July. Grazing was low in all

Fig. 6. f-ratio for the Celtic Sea region calculated from the relationship between sea-surface temperature (from
AVHRR) and nitrate concentration and applying the nitrate : f-ratio relationship (Fig. 5) determined for the Celtic Sea.

Table 4

Comparison of primary and new production estimated from satellite data with experimental determinations

Date C fixation
(measured)

C fixation
(satellite)

f-ratio
(measured)

f-ratio
(satellite)

New production
(measured)

New production
(satellite)

April 32.2 15.7 0.8 0.8 22.5 13
May 31.4 23.1 0.6 0.7 18.6 16.7
June 20.9 15.9 0.25 0.2 6.9 3.3

July 12.3 10.5 0.25 0.2 3.1 2.2
August 11 11.5 0.3 0.2 3.3 2.4
September 8.4 14.1 0.25 0.6 2.1 8.6

Annual (gCm�2 a�1) 116 91 57 46
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regions in August at ca. 130–170mgCm�2 d�1 and increased slightly in September to 237 and
336mgCm�2 d�1 at OMEX 2 and 3.

3.8. Mesozooplankton biomass and herbivory

The CPR survey provides an excellent database to construct a climatological mean of
mesozooplankton biomass, since data are available for every month of the year from 1963 to
1995. Fig. 8 shows the biomass of mesozooplankton at 10m in each of the regions studied at the
Celtic Sea shelf break. The highest biomass was recorded on the shelf in May. The biomass
increased in April from winter minima in all regions, but there was significantly more
mesozooplankton on the shelf than in other regions; in May the biomass on the shelf was
12mgCm�3, at La Chapelle Bank it was 7mgCm�3, and at OMEX 3 it was 3.3mgCm�3. There
was an autumn increase in biomass in October at OMEX 1 and 2, but none was apparent at the
shelf region, OMEX 3 nor La Chapelle Bank; there was a slight increase in August at La Chapelle
Bank. The winter biomass was between 0.1 and 0.4mgCm�3.
Seasonal variations in estimated mesozooplankton grazing rates (mgCm�3 d�1) in Fig. 9 are

very similar to the biomass data because they are derived from this parameter. However, the
temperature dependence of the respiration and grazing estimates results in lower grazing per unit
biomass in spring and higher specific grazing rate in summer. Grazing rate maximised in May with
a value of 2.7mgCm�3 d�1, which contrasts with an estimated grazing rate of 0.6mgCm�3 d�1 in
the same month at OMEX 2. Winter grazing rates are between 0.01 and 0.06mgCm�3 d�1.
However, in order to determine the grazing impact of mesozooplankton on phytoplankton,

estimates are required of the total mesozooplankton that may migrate into the surface mixed layer
to feed on phytoplankton and not merely the animals sampled by the CPR. The CPR samples at a
fixed depth of ca. 10m. Batten et al. (1999) have recently compared biomass estimates obtained by
the CPR, with simultaneous depth profiles to 200m of zooplankton abundance as sampled by the

Fig. 7. Depth-integrated microzooplankton grazing (mgCm�2 d�1) for four regions at the Goban Spur.
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Longhurst-Hardy Plankton Recorder. They found a close agreement between the biomass at 10m
and the mean biomass in the upper 200m. In determining the grazing impact of
mesozooplankton, the following is assumed: that the biomass sampled at 10m by the CPR was
equivalent to the mean integrated biomass in the surface 200m; that all mesozooplankton in the
surface 200m were capable of migrating into the euphotic zone: that all mesozooplankton graze
on phytoplankton cells; and that there was no significant vertical migration of animals from below
200m into the surface mixed layer.

Fig. 8. Climatological-mean mesozooplankton biomass in the surface 10m, estimated from the CPR survey data for

1963–1995. The regions are the Celtic Sea Shelf (&), the OMEX 1 region (’), OMEX 2 (+), OMEX 3 (~), and La
Chapelle Bank (J).

Fig. 9. Mesozooplankton grazing rates (mgCm�3 d�1) for each month at the four stations on the Goban Spur and at

La Chapelle Bank. The regions are the Celtic Sea Shelf (&), the OMEX 1 region (’), OMEX 2 (+), OMEX 3 (~), and
La Chapelle Bank (J).
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Therefore, the total mesozooplankton grazing pressure was obtained by integrating the grazing
rate (mgCm�3 d�1) to 200m (150m in the case of the shelf region). Table 5 shows depth-
integrated grazing (mgCm�2 a�1) for each region, that is, the amount of carbon which is
estimated to be ingested by mesozooplankton in the euphotic zone.

3.9. Bacterial activity

The final heterotrophic component of the food web measured during the OMEX project was
bacterial activity but data were only obtained on two cruises. Therefore, seasonal estimates must
rely on other data from the region. Joint and Pomroy (1987) published a seasonal estimate of
bacterial production for the Celtic Sea shelf, based on the incorporation of 3H-thymidine. Fig. 10
compares the thymidine incorporation rates measured in July 1993 and October 1995 with those

Table 5
Estimates of annual phytoplankton production and the annual carbon requirements of mesozooplankton,

microzooplankton, and heterotrophic bacteria at each of the five regions of the Celtic Sea Shelf Break. All values
are in gCm�2 a�1

Shelf OMEX 1 OMEX 2 OMEX 3 La Chapelle Bank

Phytoplankton production 163 163 163 163 245
Mesozooplankton C requirement 83 53 43 31 64

Microzooplankton C requirement (6)a 76 68 43 ndb

Bacterial C requirement 28 36 33 27 28
Unutilised phytoplankton production (46)a �2 19 62 (153)b

aNot an annual estimate since microzooplankton grazing estimates are only available for July.
bNo microzooplankton data are available for La Chapelle Bank.

Fig. 10. Thymidine incorporation rates measured in the OMEX project compared with seasonal data published by
Joint and Pomroy (1987).
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of Joint and Pomroy (1987). The rates in July are comparable, but in October 1995 thymidine
incorporation was approximately half that measured in 1982, perhaps reflecting the absence of an
autumn phytoplankton bloom in 1995. Therefore, there is some justification for believing that the
rates of bacterial activity measured by Joint and Pomroy (1987) are applicable to the Celtic Sea
shelf margin.
Thymidine incorporation rates have been converted to depth-integrated production by

assuming that a bacterial cell contains 20 fgC and that 2.65� 1018 cells are produced
per mol of thymidine incorporated; the production rate per m3 is then multiplied by the
depth of the surface mixed layer (Fig. 2). Bacteria are assumed to utilise organic matter
with an efficiency of 50%. The estimated carbon requirement of the heterotrophic bacteria
in the surface mixed layer in each month (mgCm�2 d�1) is shown in Fig. 11. These conversion
factors will tend to maximise the estimated carbon demand of the heterotrophic bacteria
since they are at the upper end of the range of factors in the literature and may not be
physiologically sound (Joint and Pomroy, 1987). Nevertheless, they are the factors that are in
common use and are applied here because they allow comparison with similar recent work
(Li et al., 1993).

4. Discussion

One aim of this paper is to determine how much of the carbon fixed by phytoplankton
is mineralised in the surface mixed layer, hence providing an estimate of the potential supply
of organic matter to the mid-water and benthos. Other papers in this volume describe the quantity
of material collected in sediment traps on moorings at 1440 and 3260m (Antia et al., 2001)
and the respiration of benthic communities (van Weering et al., 2001). In order to produce carbon
and nitrogen budgets for the Celtic Sea shelf break, estimates are required of carbon fixation
and nitrogen assimilation into organic matter and the turnover of that carbon in the surface
mixed layer. However, the approach taken in this paper, of using estimates for each calendar

Fig. 11. Estimated carbon requirement by heterotrophic bacteria (mgCm�2 d�1) in the surface mixed layer for each
month.
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month to construct budgets, has obvious limitations. It is difficult to make accurate seasonal
determinations because biological activity varies temporally and spatially, on both short and
long scales.
Most measurements in the OMEX Project were obtained over time scales of a few days. These

have been averaged to give a typical daily value for the month of sampling, and this value has
been applied throughout the calendar month. Therefore, temporal development within the month
is not included. With data collection over the 3-y time scale of the OMEX 1 Project, there are
inevitably differences between the rates measured in the same month in different years. No data
are available for some months. Some estimates are based on only a small number of
measurements in the OMEX project, but it has been possible to utilise data from other studies
of the Celtic Sea shelf break or from adjacent regions, e.g., the estimates of phytoplankton and
bacterioplankton production incorporate data collected in the Celtic Sea over more than a decade.
In the case of mesozooplankton, the data are based on a very long time series of CPR data, so
providing an excellent climatological mean biomass. Although this study does not consider
interannual variability, this has been the subject of other papers, e.g., the variability in
mesozooplankton biomass (Batten et al., 1999).
It has also not been possible to show differences in some rate measurements for each of the five

regions discussed in this paper. Insufficient primary production measurements were made at sea in
the four Goban Spur regions to show if any difference in phytoplankton production, but sufficient
primary production estimates were made at La Chapelle Bank to compare the two regions.
Similarly, the same bacterial production rate per m3 has been applied to each region, but
differences in the depth of the surface mixed layer result in different depth-integrated bacterial
production estimates.
Some of the data obtained in the OMEX Project may have been obtained in years that were

very different from the decadal average. For example, 1995 may have been anomalous, since there
was no evidence of an autumn increase in phytoplankton production (Rees et al., 1999) in October
1995. Yet the long time-series phytoplankton colour index of the CPR (Fig. 3) indicates that an
autumn bloom occurs frequently. Care is required in comparing the estimates made in this paper,
which use October 1995 as representative of a typical October, with other models of the Goban
Spur that might use a climatological mean. Nevertheless, in spite of the limitations of the data, the
OMEX Project has provided a very extensive data set, and we present the following as the best
attempt to date to budget carbon in the surface mixed-layer of the Celtic Sea shelf break.

4.1. Carbon budget for the euphotic zone at the Celtic Sea shelf edge

Since seasonal estimates have been made of primary production and grazing activity, it is
possible to assess the balance between autotrophic and heterotrophic processes throughout the
year and to consider which months show net autotrophy and which are heterotrophic. For the
purposes of this budget, it is assumed that microzooplankton and mesozooplankton graze only on
phytoplankton. It is also assumed that bacteria utilise directly the products of phytoplankton
production and they are considered to be consumers of the carbon fixed by photosynthesis. This is
a questionable assumption since the dissolved and particulate organic carbon that the bacteria
utilise is generated by a number of different processes. However, this assumption, along with
the conversion factors used in estimating bacterial production, will result in maximising the
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demand of bacteria for phytoplankton production and hence minimising the quantity available
for vertical flux.
The grazing demands of the mesozooplankton and microzooplankton, and the carbon demand

of the bacterioplankton have been combined to give an estimate of ‘‘total grazing’’ on the carbon
fixed each month by the phytoplankton assemblages. Fig. 12 shows the total carbon requirement
of the heterotrophic community of the OMEX 1 region.
Microzooplankton grazing peaked in June with a carbon requirement ofB0.7 gCm�2 d�1 but

was low from August to October. Mesozooplankton grazing was relatively constant from May to
October and was at a comparable rate to microzooplankton grazing in May. The carbon
requirement of bacteria was highest in the autumn and was greater than the microzooplankton
grazing rate. Again it is worth emphasising that the analysis performed here does not reflect the
true complexity of the pelagic ecosystem since estimates of microzooplankton grazing on bacteria
are not included. The total heterotrophic requirement (Fig. 12) at the OMEX 1 region was greater
than the primary production rate from June to November, but there was a large excess of primary
production in the spring from March to May. Calculations also have been made for the OMEX 2
and 3 regions, and these show similar results to OMEX 1, with heterotrophic consumption
exceeding autotrophic production in summer and autumn. Since microzooplankton grazing data
are not available for La Chapelle Bank and are sparse for the Shelf region, the total carbon
requirement of the heterotrophic community in these regions cannot be assessed accurately.
An interesting feature of all regions is the major contribution made by mesozooplankton. This

is in contrast to other studies such as the JGOFS North Atlantic Bloom Experiment. Morales et al.
(1991) found that mesozooplankton is a small proportion of the plankton biomass and graze only
a few percent of the daily phytoplankton production; Burkill et al. (1992) showed that
microzooplankton was the major herbivore in the same region, accounting for between 39% and
115% of the daily primary production. In contrast, the data presented here suggest that

Fig. 12. Comparison of daily estimates for the OMEX 1 region of primary production (&) with mesozooplankton

grazing (’) microzooplankton herbivory (+), carbon requirements of heterotrophic bacteria (J) and the sum of these
three components to give the total carbon requirement of the heterotrophic community (~).
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mesozooplankton grazing at the Celtic Sea shelf break is often greater than that of the
microzooplankton, particularly in summer and autumn.
The high estimates of mesozooplankton grazing result from the assumption that the biomass

measured by the CPR is representative of the whole of the upper 200m (150m on the shelf) and
that all the mesozooplankton in that depth zone will migrate into the surface mixed layer to feed.
The estimated mesozooplankton biomass in the 150-m water column at the shelf region in August
is estimated to be 246mgCm�2. Joint and Williams (1985) sampled the Celtic Sea shelf and found
the biomass of copepods to vary between 1097 and 1753mgCm�2 over a 24-h period in August
1982. Therefore, the estimates of mesozooplankton biomass used in the present study are not
overestimates and may even be underestimates. It is reasonable to conclude that, in this region,
mesozooplankton grazing is very similar to microzooplankton herbivory.
Dissolved organic carbon (DOC) is an important constituent that has not been considered in

this analysis but which could form a significant sink for carbon in the surface mixed layer. Data
on DOC concentration were collected in January 1994 and June 1995 at OMEX 2, OMEX 3, and
La Chapelle Bank. The mean DOC concentrations in winter, integrated over the upper 100m,
were 77 gCm�2 at OMEX 1 and 2, and 78 gCm�2 at OMEX 3. The DOC concentration in June
showed little change at OMEX 1, with a concentration of 76 gCm�2, but increased to 88 gCm�2

at OMEX 2 and 87 gCm�2 at La Chapelle Bank. Therefore, in the period between January and
June, when primary production was about 113 gCm�2 (Table 3), DOC accumulated by about
10 gCm�2. The organic carbon in the DOC presumably originates from phytoplankton
production, but the organic compounds that comprise this DOC accumulation will result from
a number of processes, including excretion by phytoplankton, microzooplankton and
mesozooplankton and modification as a result of bacterial activity. At some time between June
and January, the DOC concentration declines again but the rate of this decline is not known.
Since the pathways of DOC production and breakdown are not known and have not been
quantified, it is difficult to make a budget that includes DOC. Nevertheless, DOC in the upper
100m in summer may be a sink for about 10% of the carbon fixed by phytoplankton.

4.2. Primary production not utilised in the surface mixed layer

The data for OMEX 1–3 have been combined in Fig. 13 to show the seasonal changes in the
balance between phytoplankton production and heterotrophic consumption. Fig. 13 shows a
consistent pattern in all three regions. In spring, phytoplankton production is greater than the
sum of heterotrophic consumption and in April the excess of production over consumption was
between 0.5 and 0.9 gCm�2 d�1; that is, in spring all regions can be considered as autotrophic.
The balance begins to change in June, with consumption at OMEX 1 and 2 being greater than
production. Only OMEX 3, the region farthest to the west, continues to have marginally more
primary production than heterotrophic consumption. In July, at OMEX 2, there is a deficit of
B0.2 gCm�2 d�1 and from August to October, heterotrophic carbon requirement is consistently
greater than phytoplankton production. At OMEX 1, the deficit is between 0.1 and
0.5 gCm�2 d�1 and at OMEX 3 between 0.1 and 0.2 gCm�2 d�1.
Given the caveats that apply to this calculation, it appears that primary production at each

region is significantly greater than the requirements of the heterotrophic community in the surface
mixed layer for a period ofB3 months in the spring. However, from July until October, there is
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less phytoplankton production than the heterotrophic community requires. Table 5 summarises
the estimates for each region. On an annual basis, most regions show net autotrophy, with an
excess of primary production over heterotrophic requirement. OMEX 1 is close to balance, and
the estimated annual primary production is approximately equivalent to the requirements of the
heterotrophs. At OMEX 2 the excess of primary production over consumption is 19 gCm�2 and
at OMEX 3 it is 62 gCm�2 a�1. Therefore, there appears to be a gradient of increasing excess
phytoplankton production along the Goban Spur. Since the same phytoplankton production
measurements have been applied to each region, this means a reduction in the grazing of
microzooplankton and mesozooplankton at OMEX 2 and 3. At the Shelf region, where
microzooplankton herbivory has not been included, the excess of production over consumption is
no more than 46 gCm�2 a�1. It appears that up to B60 gCm�2 a�1 is not consumed in the
surface mixed layer and therefore could potentially sediment into deeper water to be mineralised
or transported to the sediment; that is, up to 38% of the primary production is not mineralised in
the surface mixed layer.

4.3. Respiration in the surface mixed layer

The approach of determining herbivory rates used above gives a maximum estimate of the
amount of phytoplankton carbon grazed by micro- and mesozooplankton since it assumed that
zooplankton grazes only phytoplankton. The calculation ignores the fact that mesozooplankton
also graze on microzooplankton and that microzooplankton graze on bacteria. However, the
calculation does indicate the maximum amount of phytoplankton carbon that will be grazed
within the surface mixed layer. An alternative calculation has been made by estimating the
respiration of the heterotrophic assemblage. Table 6 shows the estimated respiration of
mesozooplankton, microzooplankton, and heterotrophic bacteria at OMEX 1 and 3, which are
compared with the daily primary production rates for each month; all data are expressed as

Fig. 13. Differences between phytoplankton production and the grazing requirement of the mesozooplankton,
microzooplankton, and bacterioplankton for each month at the Goban Spur. Negative values indicate that the carbon
requirement of the heterotrophic community exceeded phytoplankton production.
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mgCm�2 d�1 and are integrated to the base of the surface mixed layer, or to 200m in the absence
of a seasonal thermocline. The mesozooplankton estimate again assumes that animals migrate
from the upper 200m into the euphotic zone and that all ingestion takes place in the surface mixed
layer. The mesozooplankton and bacterial respiration estimates are related to the grazing
estimates (see Section 2), but the microzooplankton rates are independent, being derived from
biomass estimates and not grazing experiments.
Like the grazing calculations, these estimates of respiration indicate an excess of autotrophy

over heterotrophy within the surface mixed layer for much of the year. At OMEX 1, total
respiration is greater than carbon fixation in June, July, and October. The annual respiration of
the heterotrophic community at OMEX 1 is ca. 103 gCm�2; therefore, ca. 60 gCm�2 fixed by the

Table 6
Comparison of primary production and respiration estimates for each month at OMEX 1 and 3a

Month Phytoplankton
production

(P)

Mesozooplankton
respiration

(Rmeso)

Microzooplankton
respiration

(Rmicro)

Bacterial
respiration

(Rbact)

RTot
(Rmeso+Rmicro
+Rbact)

P�RTot

(mgCm�2 d�1) (mgCm�2 d�1) (mgCm�2 d�1) (mgCm�2 d�1) (mgCm�2 d�1) (mgCm�2 d�1)

OMEX 1

January 150 3.3 19.0 2.2 24.5 125.5
February 213 2.9 30.0 2.2 35.1 177.9
March 610 5.2 50.0 3.3 58.5 551.5

April 1073 19.1 227.3 64.0 310.4 762.6
May 1047 134.4 80.6 41.1 256.1 790.9
June 697 127.3 669.8 77.7 874.8 �177.8
July 410 89.7 772.1 56.9 918.7 �508.7
August 367 97.8 43.3 148.1 289.2 77.8
September 280 59.2 67.2 65.8 192.2 87.8
October 227 107.7 175.7 117.1 400.5 �173.5
November 180 17.8 50.0 22.1 89.9 90.1
December 180 2.6 30.0 2.2 34.8 145.2

OMEX 3
January 150 1.3 19.9 2.2 23.4 126.6
February 213 6.3 30.0 2.2 38.5 174.5

March 610 8.3 50.0 3.3 61.6 548.4
April 1073 8.5 51.2 44.8 104.5 968.5
May 1047 44.0 375.0 50.3 469.3 577.7
June 697 92.5 56.6 96.1 245.2 451.8

July 410 55.0 216.9 52.3 324.2 85.8
August 367 58.7 84.0 92.6 235.3 131.7
September 280 42.4 218.0 38.7 299.1 �19.1
October 227 59.2 167.6 64.8 291.6 �64.6
November 180 5.6 50.0 17.7 73.3 106.7
December 180 5.9 30.0 2.2 38.1 141.9

aValues in italics were obtained by interpolation between months in which microzooplankton biomass was measured.
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phytoplankton is not respired in the surface mixed layer and must be exported into deeper water.
The community respiration at OMEX 3 is estimated to be only 66 gCm�2, leaving ca. 97 gCm�2

for export. These calculations of respiratory rate suggest that between 37% and 60% of the
carbon fixed is not respired in the surface mixed layer.

4.4. New production and excess primary production

The estimates of new production (Table 3) offer an independent confirmation of the potential
vertical flux of carbon from the surface mixed-layer each year. Assuming that the nitrate that
enters the surface mixed layer each year is balanced by the loss of all nitrogen species by
sedimentation, the annual estimates of new production give an upper limit to the potential
sedimentation of phytogenic material. Table 3 shows that the new production in the Celtic Sea is
equivalent to B82 gCm�2 a�1, which is half the estimated annual primary production. That is,
over an annual cycle up to half the phytoplankton nitrogen (and hence the carbon production)
may be exported out of the surface mixed layer to balance the supply of nitrate. This is consistent
with the estimates obtained above comparing grazing pressure with primary production, that 16–
60% of the primary production is not utilised by heterotrophs in the surface mixed layer.
The observed changes in nutrient conditions between winter and summer (when nitrate

concentrations were below the limit of detection) can also be used to determine the maximum
limit for new production that occurs during the spring bloom. Maximum nitrate concentrations at
the Goban Spur measured in January 1994 ranged from 7.0 to 8.7mmolN l�1. The depth of the
seasonal thermocline ranged from 40 to 60m. If the initial assumption is made that there was no
transport of nitrate across the thermocline, the total nitrate content of the water above the
thermocline at the time of seasonal stratification would be 0.52molNm�2. The Redfield ratio of
106C : 16N suggests that this quantity of nitrate could support the fixation of 3.46molCm�2 by
phytoplanktonFor 41.5 gCm�2. This is consistent with the estimates in Table 3, which suggest
that new production in the spring bloom (i.e., the sum of estimates for March–May) is
53.9 gCm�2. However, this calculation does not account for transport of nitrate through the
thermoclineFa process that was not measured. An estimate of the approximate magnitude of this
flux can be obtained from summer new production estimates. Throughout the summer months,
nitrate concentrations were below the limit of detection, but new production, estimated from
nitrate assimilation, was B3 gCm�2 month�1. If it is assumed that this production results from
the utilisation of nitrate transported into the euphotic zone and if nitrate was supplied at this rate
through the spring bloom period, then an addition 9 gCm�2 over the period March–May would
have been fixed as a consequence of nitrate utilisation–equivalent to the utilisation of
0.11molNm�2. That is, a mass balance calculation of nitrate utilisation should include both
the quantity of nitrate present at the onset of stratification (0.52molNm�2) and the flux of nitrate
through the thermocline (0.11molNm�2). This should support primary production of
4.17molCm�2 (50.1 gCm�2). That is, there is almost a perfect agreement between the new
production estimated by 15N-uptake experiments (53.9 gCm�2) and from the change in nitrate
concentration in the surface mixed layer (50.1 gCm�2). From June to winter, new production is
low and ammonium is the most important nitrogen source for the phytoplankton; this is
consistent with the higher heterotrophic activity in this period, since with net heterotrophy,
ammonium production should be maximised.
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The change in nutrient concentrations also can quantify the potential importance of diatoms in
the spring bloom. Winter concentrations of nitrate and silicate were 8.7 mmolN l�1 and
2.8mmol Si l�1, respectively. Assuming that diatoms utilise nitrate and silicate with an atomic
ratio of 1, that silicate was depleted in the spring bloom and that silicate was not rapidly recycled,
diatoms would account for 32% of the new production in April and May.

4.5. Remote sensing estimates of new production

The question that has not been addressed so far in this paper is whether there was any
measurable enhancement of phytoplankton production as a consequence of upwelling at the
Goban Spur shelf break. The measurements of nitrate concentration in the surface water are
equivocal and do not show any clear increases in nitrate concentration. However, the half-life of a
nitrate signal in upwelled water is much shorter than that of temperature because of rapid
assimilation of nitrate by phytoplankton. That is, it takes much longer for heat input to warm the
cold water than it does for phytoplankton cells to assimilate nitrate in a well-illuminated
oligotrophic environment such as the surface water of the Celtic Sea. Pingree (1984) has shown
patches of high nitrate concentration associated with cooler water at the Celtic Sea shelf break
south of the Goban Spur, but few of the measurements made in the OMEX project have shown
increases in nitrate concentration. Therefore, what evidence is there that there is enhanced
production at the shelf edge; is there any more than just a temperature signal? Rees et al. (1999)
found increased f-ratio in the vicinity of the shelf break in October 1995. In September 1993,
Elskens et al. (1997) found that nitrate concentrations were below the limit of detection at the
Goban Spur, but concentrations increased along the continental shelf with concentrations up to
2mmolN l�1 in the vicinity of La Chapelle Bank. The f-ratio ranged from 0.29 to 0.70 and
mirrored the nitrate distribution in the surface waters. The highest relative nitrate utilisation
occurred at shelf stations that were characterised by intensive mixing and enhanced nitrate
availability. These observations support the hypothesis that upwelling at the shelf break brings
nutrients into the surface mixed layer, which are utilised by phytoplankton and enhance
phytoplankton production.
Table 4 has shown that estimates of new production based on satellite remote sensing are

comparable to those obtained by experiment; the satellite estimate is 46 gCm�2 for the period
April through September, and the comparable measured value is 57 gCm�2. This gives credence
to the estimates of new production obtained from satellite remote sensing. Since there is evidence
for increased f-ratio at the shelf break and since satellite estimates of f-ratio are comparable to
measured rates, the satellite data have been used to investigate the spatial variability in f-ratio.
Fig. 6 suggests that the region of cool water along the shelf break translates into an area of
elevated f-ratio.

4.6. Comparisons with sediment trap data

Finally, how does the material collected in the sediment traps compare with the monthly
estimates of primary production in the euphotic zone? Microcrystalline barite, accounts for
between 50% and 100% of the total barium in oceanic suspended matter (Dehairs et al., 1992).
Material from the sediment traps was analysed for barium-barite and the data were used to
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calculate carbon export flux according to the rationale of Francois et al. (1995); the data were
corrected for trapping efficiency (Antia et al., 2001) and for advection of Ba-barite. Furthermore,
the Francois et al. method was adapted to account for the fact that in continental margin settings
apparently a smaller amount of Ba-barite is produced per unit POC exported as compared to
open ocean systems (Dehairs et al., 2000). Table 7 shows the carbon exported from the mixed
surface layer, as deduced from the Ba-barite fluxes in the traps at OMEX sites 2 and 3. Values
range from 11 to 20 gCm�2 a�1 for OMEX 3 and from 4 to 7 gCm�2 a�1 for OMEX 2. These
results are significantly lower than the estimate of new production (80 gCm�2 a�1) and suggest
that not all of the exportable carbon estimated from new production is exported as a vertical POC
flux; part may be exported out of the area by advective transport of either POC or DOC.
Furthermore, the lower export values for OMEX 2 suggest that vertical export of carbon over the
slope region proper was smaller than in the deep water stations further offshore.

5. Conclusions

A number of independent estimates suggest that a significant quantity of the carbon fixed by
photosynthesis is not remineralised within the surface mixed layer. The calculations based on
zooplankton herbivory indicate that, at the stations with the greatest water depth, up to 38% of
photosynthetic carbon may be available for export. The respiration estimates suggest that
heterotrophy within the surface mixed layer may be even less important and that between 37%
and 60% of the primary production is not respired. Annual new production is estimated to be ca.
82 gCm�2. If nitrate supply to the surface mixed layer is assumed to be balanced by losses of
organic and inorganic nitrogen to deeper water, ca. 50% of the carbon fixed must be exported

Table 7
Year-averaged POC and excess-Ba fluxes corrected for trapping efficiency; year-averaged excess-Ba fluxes corrected for

trapping efficiency and advection; calculated export production

Site and depth of trap Trapping efficiencya FPOC
b FBaxs

b Advected fraction of FBaxs
c ExPd

(m) (%) gCm�2 a�1 mg cm�2 a�1 FBaxs mg cm�2 a�1 gCm�2 a�1

OMEX 2
600 0.38 1.95 1.2 0.27 0.8 7.2

1050 0.85 2.10 1.2 0.47 0.7 4.6

OMEX 3

580 0.34 1.79 1.8 0.08 1.7 20.0
1440 0.98 3.53 2.4 0.34 1.6 16.5
3260 1.05 2.14 1.9 0.33 1.3 10.6

4000 0.7 F 1.4 0 1.4 11.4

aTrapping efficiency as given in Antia et al. (1999).
bObserved POC and excess-Ba fluxes corrected for trapping efficiency.
cObserved excess-Ba flux corrected for trapping efficiency and advection of excess-Ba.
dExport production obtained using FBaxs (ExP=22.7(FBaxs)

1.504Depth�0.139; (Dehairs et al., 2000).
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from the seasonally stratified surface layer. This estimate of new production is supported by
calculations of nitrate assimilation in the spring bloom, which indicate that nitrate supports
production of ca. 54 gCm�2 in the spring bloom at the Goban Spur. Also approximately half of
the annual production is by phytoplankton smaller than 5mm, which have minimal sinking rates
and are likely to be remineralised in the microbial loop in the surface mixed layer.
Therefore, the shelf margin of the Celtic sea is potentially a region of significant sedimentation

of organic matter from the surface mixed layer.
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