MARINE ECOLOGY PROGRESS SERIES

Vol. 216: 83-94,2001 Mar Ecol Prog Ser

Phytoplankton photosynthesis-irradiance

Published July 6

parameters in the near-shore UK coastal waters

of the North Sea: temporal variation and
environmental control vuz (VA

VLAAMS INSTITUUT VOOR DE ZE:

Peter J. Shaw*, Duncan A. Purdie

cience. University of Southampton, Southampton Oceanography Centre, European
Southampton S014 3ZH, United Kingdom

ABSTRACT: Chlorophyll-specific photosynthesis-irradiance (P-E) parameters of natural phytoplank-
ton in the near-shore UK coastal waters of the North Sea were determined during six 2 wk surveys
carried out from 1993 to 1995. The initial slope of the P-E curve (aB) varied from 0.02 to 2.44 mg C
mg-1 chi a d_I (pmol photons m~2s-1)1 between winter 1993 and October 1994; the light-saturated
rate of photosynthesis (PBmax) ranged from 8 mg C mg*“l chi a d“l during winter surveys to 332 mg C
mg-1chiad“lduring October 1994. Values ofauand PBmnaxdetermined during October 1994 were sig-
nificantly higherthan in other survey periods. Although phytoplankton cell biomass was significantly
higher during the June 1995 survey (due to high abundance of Phaeocystis spp. at some sites) than in
October or winter surveys, the October peak in P-E parameters coincided with a period in which
dinoflagellates accounted for a high proportion of phytoplankton carbon biomass. Multiple linear
regression analysis revealed that aBcould be predicted from the total photosynthetically available
radiation (PAR) incident at the surface during the daylight period, whilst P Bmax could be predicted
from a linear combination of total incident PAR and sea-surface temperature. Temporal variations of
aBand PBmax did not result in significant temporal variation of the light-saturation onset parameter
(Ek) and the overall mean value of Ekwas 176 £ 6 pmol photons m~2s-1. The high turbidity of near-
shore surface waters of the western North Sea appears to restrict penetration of irradiance to the
extent that phytoplankton are notexposed to PAR levels at which photoadaptation of their photosyn-
thetic apparatus is induced.
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INTRODUCTION

The response ofphytoplankton to the highly variable
conditions encountered in near-shore coastal waters
such as those of the North Sea is not well understood.
In the estuaries and near-shore waters of the northeast
UK North Sea, levels ofimportant phytoplankton nutri-
ents such as nitrogen and phosphorus are often high,
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whilst turbidity is extremely variable (Holligan et al.
1989, NERC 1992). Low levels of light penetration into
the water column in turbid estuaries do not necessarily
preclude the occurrence of appreciable rates of photo-
1992).
If photosynthesis can take place at appreciable rates

synthesis (Joint & Pomroy 1981, Fichez et al.

within the highly turbid water of the Humber estuary
and its plume (Morris 1988, NRA 1993), then the high
concentrations of nitrogen and phosphorus in these
1988, NERC 1992, NRA 1993)
may be sufficient to support high levels of phytoplank-

same waters (Morris

ton biomass. In contrast, surface waters in other re-
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gions within UK North Sea coastal waters have rela-
tively low concentrations of suspended particulate
material (Holligan et al. 1989), allowing deeper pene-
tration of light. Under such conditions, the higher
availability of light can potentially lead to high rates
of photosynthetic production, but only if available
nutrients are sufficient to support the synthesis of new
phytoplankton biomass. Concentrations of available
nitrogen and phosphorus in the UK coastal regions of
the North Sea tend to be lower in waters of low turbid-
ity than waters of high turbidity (Brockmann et al.
1990, NERC 1992) and may therefore not be sufficient
to support high rates of phytoplankton growth. In par-
ticular, the dilution of nutrient-rich and turbid estuar-
ine discharge by clearer coastal waters-with lower
nutrient concentrations generates steep and opposing
gradients of light and nutrient availability within the
plume of the Humber estuary.

High rates of phytoplankton growth in near-shore
marine environments may be associated with blooms
of 'nuisance' phytoplankton (Joint & Pomroy 1981, Reid
et al. 1990). If the occurrence of such blooms is to be
predicted, it is important that the response of phyto-
plankton growth to changes in the physical and chem-
ical conditions (e.g. irradiance, turbidity and nutrient
availability) is understood, particularly in coastal waters
in which conditions are highly variable. It should also
be considered that the quantities of dissolved nutrients
available to phytoplankton in more offshore regions can
bereduced as aresultofphytoplankton nutrient assim -
ilation in estuaries and near-shore coastal waters (San-
ders et al. 1997a,b, Shaw et al. 1998a,b).
Distributions of phytoplankton biomass and

. . 56.00
production in the western North Sea are
known to be extremely heterogeneous and
tend to be observed in discrete and mobile 55.50-

patches (Horwood 1978, 1982, Horwood et
al. 1982, Holligan et al. 1989, Joint & Pom-
roy 1993). Given the variability of factors 55.00-
such as light and nutrient availability in

oS

the near-shore UK coastal waters of the
North Sea and their importance for phyto- 34.50-
plankton, it is likely that phytoplankton
photosynthesis in this region is controlled
54.00H
by environmental variables.

Considerable research effort has been
devoted to quantifying the relationship be- 53.50-
tween phytoplankton photosynthesis and
growth with light (e.g. Prézelin & Matlick
1980, Gilstad et al. 1993) and nutrients 53.00-
(e.g. Cullen et al. 1992). Differences in the
responses of phytoplankton to environ-
mental variables have been identified, but

Newcastle +

plankton species (e.g. Falkowski et al. 1985, Langdon
1988, Cullen et al. 1992). Survey-based studies of
European seas have focused on arecal production rates
(e.g. Gieskes & Kraay 1984, Joint & Pomroy 1993,
Gowen & Bloomfield 1996, Tillmann et al. 2000) rather
than the environmental variables which control or limit
the photosynthetic activity of natural phytoplankton
assemblages, as has been shown in other coastal
waters (e.g. Harrison & Platt 1980, Coté & Platt 1983,
1984).

The aim of this study was to determine the variabil-
ity of photosynthesis-irradiance /[P-E) relationships of
natural phytoplankton assemblages sampled through-
out UK near-shore North Sea coastal waters over
different-seasons and to identify the environmental
variables causing the temporal variations of P-E para-
meters.

METHODS

Survey cruises of 2 wk duration were conducted dur-
ing November and December 1993, October 1994 and
April, June and July 1995. Experiments to determine
primary production were carried out daily at locations
within a narrow coastal strip (30 km wide) encompass-
ing near-shore coastal waters of the North Sea from the
Scottish borderto East Anglia (Fig. 1). Samples forpro-
duction experiments were collected from a depth of
5 m using Go-Flo or Niskin bottles with Teflon-coated
springs mounted on a CTD rosette.
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Concentrations of dissolved nutrients were deter-
mined spectrophotometrically. Phosphate, ammonium,
nitrate and urea were determined in discrete samples
collected directly from the CTD sampling rosette. Dis-
solved phosphate concentrations were measured using
the molybdate and ascorbic acid method (Parsons et al.
1984). Ammonium concentrations were determined by
the sodium nitrocyanoferrate and phenol method (Par-
sons et al. 1984). Concentrations of urea were deter-
mined using the diacetylmonoxime and thiosemicar-
bazide method (Mulvenna & Savidge 1992). Nitrate
was determined by shipboard autoanalyser (Skalar)
using a sulphanilamide and N-(I-naphthyl)-ethylene-
diamine method (Parsons et al. 1984).

Measurements of surface water temperature, salin-
ity and attenuation were made using instrumentation
mounted on the Ship's CTD rosette (Neil Brown Instru-
ments). Attenuation was measured at 660 nm using a
transmissometer with a path length of 10 cm (Neil
Brown Instruments). Surface incident photosyntheti-
cally available radiation (PAR) was continually mea-
sured with a shipboard sensor (4rc), and the position of
the ship was recorded by GPS navigation equipment.

Chlorophyll a (chi a) was measured on water sam-
ples filtered through 0.2 pm pore size polycarbonate
membrane filters (Millipore). The filters were stored
frozen and then subsequently extracted in 90 % acetone;
the fluorescence was measured using a Turner Designs
Model 10 fluorometer before and after addition of
2 drops of 10% HCI1 (Lorenzen 1966). The fluorometer
was calibrated with a pure chi a standard solution
(Sigma), the concentration of which was determined
spectrophotometrically (Parsons et al. 1984). Replicate
samples of 100 ml seawater were preserved with either
Lugol's iodine or buffered 4 % formalin (Parsons et al.
1984) and returned to the laboratory for inverted
microscope analysis. Sub-samples (10 to 25 ml) were
placed in sedimentation chambers and left to settle for
at least 24 h prior to enumeration and identification of
cells. Counts for individual species were converted to
volume from measurements of cells (Kovala & Lar-
rance 1966) and then to cell carbon using the cell
volume/carbon relationships given by Eppley et al.
(1970) as described by Holligan et al. (1984). Cell car-
bon estimates of the individual species identified were
subsequently grouped to enable quantification of the
contributions of major groups (diatoms, flagellates,
dinoflagellates, coccolithophores, ciliates or heterotro-
phic dinoflagellates) to total cell carbon.

Primary production measurements were made at
I location d_1 (Fig. ) using the on-deck simulated in situ
incubation system of Joint & Pomroy (1993) oran adap-
tation of this system. The adapted system consisted of
6 shallow plastic boxes secured to an unshaded area

of the ship's deck. Surface seawater was pumped

through the incubator boxes to maintain them at ambi-
ent sea-surface temperature. Each of 5 boxes was cov-
ered with a Perspex sheet enclosing a neutral filter of
different density. The sixth box was left uncovered to
give a series of boxes with a range of light transmis-
sions at 100, 60, 30, 16, 3 and 0.3% of ambient light.
The original system of Joint & Pomroy (1993) consisted
of Perspex tubes with neutral density filters giving 97,
75,36,21,6 and 1% of ambient light with surface sea-
water pumped through to maintain surface seawater
temperature.

Foreach production experiment, a sample was taken
1 h before dawn from a depth of 5 m. Aliquots of
60 ml were transferred to 60 ml polycarbonate bottles
and inoculated with 185 kBq NaH14C 03 (Amersham
International). Three bottles were placed in each of
the on-deck incubation units, and 3 further bottles
were placed in a temperature-controlled light-proof
box. The
dusk and then transferred to a dark container (again

samples were incubated from dawn to

maintained at sea-surface temperature) for the hours
of darkness. After a 24 h light/dark incubation, each
sample was filtered (0.2 pm pore size polycarbonate
membrane, Millipore), rinsed with 15 ml of filtered
seawater and transferred to a plastic scintillation vial.
The activity of the 14C added to each of the incubated
samples was determined by pipetting separate 60 pi
aliquots of the NaH 14C 03 solution to each of 3 plastic
scintillation vials to which 60 pi of ethyl ethylamine
was added as a trapping agent. A 4 ml aliquot of
scintillation fluor was added (Optiphase HiSafe: Wal-
lac) to each vial and the 14C content of the filter retén-
tate determined using a liquid scintillation counter
(Wallac 1411) calibrated using an external standard,
channels ratio method.

Parameters describing the relationship between pho-
tosynthesis (P) and irradiance (E) were determined by
fitting experimentally derived production rates to the
equation of Webb et al. (1974) by means of an iterative
non-linear regression programme (SigmaPlot: Jandel
Scientific). Although numerous mathematical models
of the P-E curve have been developed (Jassby & Platt
1976), there appears to be little advantage in selecting
any particular model (Lederman & Tett 1981) unless
inhibition of production occurs at higher levels of irra-
diance. Pronounced photoinhibition of production at
higher levels of PAR was not evident in any of the
experiments, and the equation of Webb et al. (1974)
was appropriate to model the P-E curves derived. The
slope of the initial part of the P-E curve is denoted a
and indicates the efficiency with which incident light
energy is converted into photosynthetic production by
the phytoplankton community. The maximum photo-
synthetic carbon production rate attained (Pnfy;) indi-
cates the light-saturated photosynthetic rate.
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Irradiance for each of the separate incubator boxes
was taken as the mean of PAR recorded during the
daylight part of the incubation period and scaled
according to the light transmission of the neutral den-
sity filters placed over each box. Values of P deter-
mined during in situ incubations using the 14C tech-
nique were not corrected for dark uptake, but 14C
uptake rates at all 7 PAR levels (dark to 97 or 100%
incident PAR) were used to determine values of a
and Pmax. Derived P-E parameters were normalized to
phytoplankton biomass to enable direct comparison of
photosynthetic rates. Values of ¢ and Pmax normalized
to chi a are denoted by aBand P Bmax, respectively.

RESULTS
Temporal variation of photosynthetic parameters

Variation of photosynthetic parameters on a tempo-
ral basis was investigated by comparing mean aBand
-PBmax values. Mean chi a-normalized photosynthetic
parameters were higher during October 1994 than in
other surveys (Fig. 2A,B). Values of aBwere not nor-
mally distributed and statistical comparison (Kruskal-
Wallis 1-way ANO VA on ranks) indicated statistically
significant differences between median aBvalues for
the different surveys. Pairwise multiple comparison
(Dunn's method) isolated only 2 pairs of surveys (Octo-
ber 1994 and April 1995; October 1994 and June 1995)
as significantly different at the p < 0.05 level. Values
of PBmx for each survey were normally distributed
and statistical comparison (l-way ANOVA) indicated
significant differences between the survey means.
Surface incident irradiance levels during December
1993 were insufficient for photosynthesis to reach an
asymptote in all except 1 of the 6 incubation experi-
ments conducted. The curve-fitting procedure used
thus produced only 1 reliable estimate of PBmax and
1 corresponding value of the light-saturation onset
parameter (Ek) for December 1993 (Fig. 2). Isolation of
the surveys which differed in terms of mean P Bmax by
pairwise multiple comparison (Tukey test) showed that
the high values of P Bnax observed during October 1994
(Fig. 2B) were significantly different (p < 0.05) to those
measured during other surveys. No other pairs of sur-
veys were significantly different in terms of P Bnax.

P-E curves generated from t4C production measure-
ments were also quantified by calculation of Ek as the
ratio of Pmaxto a (Tailing 1957). M ean values of Ekdur-
ing the surveys conducted in June 1994 and November
1993 were relatively high compared to other months,
and the standard error of the means indicated that Ek
was more variable during these periods (Fig. 2C). Val-
ues of Ek for surveys were not normally distributed, and
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Fig. 2. Mean chi a-specific photosynthetic parameters an (mg
C mg-1 chi a d_1 [pmol photons m-2 s-1}-1), PBmx (mg C mg*l
chi a d-1) and light-saturation onset irradiance, Ek (pmol pho-
tons rrr2 s 1) determined in experiments carried out during
each of the 6 survey cruises. Vertical bars show standard error.
One value only of PBrex and Ek is shown for December 1993

although statistical comparison (Kruskal-Wallis 1-way
ANOVA on ranks) indicated significant differences in
the median values of Ek/ pairwise multiple comparison
(Dunn's method) did not indicate any survey to be
significantly different to another.

Temporal variation of phytoplankton biomass and
community composition

Temporal changes in phytoplankton were considered
by comparing mean cellular carbon biomass and com-
munity composition for each survey together with chi a
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concentration. Phytoplankton samples from the survey
conducted in December 1993 were not available for
enumeration. Mean chi a concentrations (Fig. 3A) were
highest during June 1995 (2.8 + 0.8 mg nr3) and par-
ticularly low during the winter surveys (<0.2 mg m*“3).
Cell carbon concentrations also indicated relatively
high biomass during June 1995 (Fig. 3B,C). Variations
of phytoplankton carbon (Fig. 3C) between surveys
followed a similar seasonal pattern to chi a (Fig. 3A).
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Fig. 3. (A-C) Mean phytoplankton biomass, (D) mean ratios

of chi a to cell carbon and (E) heterotrophic to total cell carbon

for each of the survey cruises. ND: not determined; vertical
bars show standard error

Variations of phytoplankton carbon biomass and chi a
between surveys were analysed using ANOVA and
pairwise multiple comparison tests (1-way ANOVA and
Tukey tests for normally distributed data; Kruskal-
Wallis 1-way ANOVA and Dunn's method for data not
normally distributed). Median chi a concentration in
summersurveys (June and July 1995) was significantly
different to median values observed during October
1994 and November and December 1993 (Table 1).
A significant difference between median chi a concen-
tration in April 1995 and December 1993 was also
identified (Table 1). Despite the apparent marked dif-
ference in chi a concentration, total cell carbon and
photoautotrophic cell carbon between June and July
1995 (Fig. 3A-C), differences in median values were
not significant (Table 1).

Mean ratios of chi a to photoautotrophic cell carbon
were similar throughout most of the surveys, but were
markedly higher during the survey in April 1995
(Fig. 3D). Mean ratios of heterotrophic cell carbon to
total cell carbon varied little between most surveys,
with heterotrophic species accounting for 11 to 16% of
the total cell carbon in April and June 1995, October
1994 and November 1993 (Fig. 3E). In July 1995,
photoautotrophic phytoplankton species accounted for
only 66% of total cell carbon (Fig. 3E) due to hetero-
trophic species comprising a major fraction of the total
cell carbon (71 to 76%) in 3 of the 11 production exper-
iments conducted.

W hen tested statistically using ANOVA and pairwise
multiple comparison procedures, the median ratio of
chi a to photoautotrophic cell carbon was significantly
different between the April 1995 survey and the June
1995 and October 1994 surveys (Table 1). A significant
difference of the mean proportion of photoautotrophic
cell carbon was identified only between April and July
1995 (Table 1).

The composition of the phytoplankton was first
considered in terms of the mean proportion of the
total biomass accounted for by major groups (Fig. 4).
Diatoms were present at appreciable levels (i.e.
>10% of total cell carbon) in all surveys, whilst the
mean proportion of dinoflagellates varied markedly
between surveys, reaching a maximum in October
(Fig. 4). Flagellate biomass was higher than for other
major groups during all survey periods except Oc-
tober, but accounted for a relatively small proportion
(<30%) of the total plankton biomass in July 1995
(Fig. 4). Heterotrophs (ciliates and heterotrophic
dinoflagellates) comprised a smaller proportion of
the total cell biomass than the photoautotrophic
phytoplankton (Fig. 4). Coccolithophores and other
groups accounted for negligible proportions (<1%) of
the total phytoplankton biomass during all survey
periods.
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Table 1. Summary of statistical differences between phytoplankton biomass mea- The dominant groups and individual
sures and ratios. Variables for which differences between means ormedians were species of phytoplankton enumerated
significant (p < 0.05) are shown as follows. Upper diagonal: Chlorophyll median
(Chi), median total cell carbon (CT), median photoautotrophic cell carbon (CPH).
Lower diagonal: median ratio of chi a to photoautotrophic cell carbon (ChhCpn),

in experimental samples collected dur-
ing the spring and summer surveys in

mean photoautotrophic cell carbon as a proportion of total cell carbon (CPu%) 1995 and autumn 1994 are shown in
Table 2. Phytoplankton samples were
Apr 1995 Jun 1995 Jul 1995 Oct 1994 Nov 1993a Dec 1993a not enumerated from the majority of
experimental stations during Novem-
Apr 1995 CT CT - Chi ber and December 1993 surveys; how-
Cha Ch . . . ever, a number of additional surface

Jun 1995  ChlL-CpH Chi Chi Chi .
samples were counted during the No-
Jull99s CPHY Chi Chi Chi vember survey. These samples indica-
Oct 1994 ChhCpH - - - ted that in most areas of the survey
Nov 19932 ND ND ND ND R region, flagellates formed a high pro-
Dec 19932 ND ND ND ND ND portion ofthe photoautotrophic carbon

(30 to 80%) in November, with dia-
toms and dinoflagellates accounting
for 10 to 40% of the phytoplankton

carbon. Few individual species of dia-

aNo phytoplankton data: significance of differences not determined (ND)

) toms or dinoflagellates represented >10% of total

A Diatoms phytoplankton biomass at any of the stations sampled
in November. In April, prior to the spring bloom,
phytoplankton biomass was low (<10 mg m~3 cellular
carbon) in comparison to other months (Fig. 3B).
Diatoms represented >10% of phytoplankton carbon
at 7 of the 9 stations counted, with dominant species
B Dinoflagellates being Coscinodiscus concinnus (2 stations), Pleuro-
sigma sp. (3 stations) and Thalassiosira cf. rotula (1 sta-
tion) (Table 2). In April, dinoflagellates were absent or
present in very low abundance (<5 % of phytoplankton
carbon) at all stations, whereas flagellates represented
between 20 and 90% of the total phytoplankton bio-
mass at all 9 stations counted. In early June all experi-
C Flagellates mental samples were within the region south of Flam-
borough Head (Fig. 1). One additional surface sample

collected offshore of Berwick-upon-Tweed was counted

and revealed >75 % ofthe phytoplankton biomass to be

dominated by diatoms (mainly Leptocylindricus mini-

mum), although the total phytoplankton carbon bio-

mass was low (14 mg m-3). Stations to the north of the

Humber mouth also had low carbon biomass (<33 mg

m-3) and chi a concentration (<1.4 mg m '3) but were

dominated by diatoms, notably Asterionella glacialis

and Lauderia annulata (Table 2). These stations also

had a high proportion of heterotrophic carbon (14 to

D Ciliates 37%) and a high proportion of flagellates, although
these were not Phaeocystis cells. This observation was

in contrast to the 4 stations to the southeast of the

E Heterotrophic dinoflagellates

Fig. 4. Mean composition of the microplankton for each survey
cruise shown as the proportion of total cell carbon biomass
accounted for by each of the major microplankton groups identi-
fied. Vertical bars show standard error. Microplankton samples
for December 1993 were not available for microscopic analysis
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Table 2, Important phytoplankton groups and species con-

tributing to cellular biomass during survey cruises. The num-

ber of experimental samples is shown in which cellular car-

bon of each group or species accounts for >10% of total
photoautotrophic carbon

Survey date: Apr 1995 Jun 1995 Jul 1995 Oct 1994

Experimental samples: 9a 7 11 8
Diatoms 7 3 5 6
Asterionella glacialis - 1 1 -
Coscinodiscus concinnus 2 - 1
Lauderia annulata - 2

Leptocylindricus danicus - 1 -
Pleurosigma sp. 3

Rhizoselenia alata - - 1 -
Rhizoselenia delicatula - - 2 -
Thalassiosira cf. rotula 1 - - -
Dinoflagellates - - 7 7
Ceratium furca - - - 3
Ceratium lineatum - - 4 1
Ceratium tripos - - 1 -
Dinophysis acuta - -
Dinophysis acuminata - - 2 -
Katodinium rotundatum - - 3 -
Flagellates 9 7 10 8
Flagellates 4 pm 9 3 8 7
Flagellates 2 pm 6 1 4 2
Cryptomonad 4 1 4 2
Phaeocystis - 4 R -
Coccolithophores - - 1 -

aPhytoplankton sample from 1 station in the Humber plume
not counted due to amount of sediment present

Humber mouth in the outer plume region, at which
Phaeocystis cells dominated the photoautotrophic
carbon (80 to 95%) and chi a (ca 4.5 mg nr3)and simi-
larly cell carbon concentrations (ca 350 mg m-3) were
elevated. At all stations sampled in June, dinoflagel-
lates formed a very small proportion of
the total photoautotrophic carbon.

In early July, the 5 stations sampled
northwest of the Humber mouth had
high numbers of dinoflagellates, inclu-

erally present at high proportions closer to the Humber
mouth. At one station, east of Flamborough Head, coc-
contributed >10%
carbon, with Syracosphaera sp. and Emiliania huxleyi

colithophores to phytoplankton
being most abundant. At 9 of the 11 stations sampled,
heterotrophic carbon represented >10% of total car-
bon and at 3 more northerly near-shore stations this
proportion increased to >70%.

During the autumn survey in October 1994, although
6 of the 8 stations sampled had >10 % diatom carbon as
a proportion of phytoplankton carbon, no single spe-
cies dominated at any station. Chi a (<0.6 mg nr3)and
phytoplankton carbon levels (<35 mg m~3) were low
during this survey. However, dinoflagellates were pre-
sentat 7 out of the 8 stations at >10 % ofphytoplankton
carbon and accounted for >50% of phytoplankton
carbon at 4 stations, with dominant species being Cer-
atium furca, Ceratium lineatum and Dinophysis acuta
(Table 2). Flagellate carbon was variable (15 to 80 %) at
the different stations during October, but Phaeocystis
cells were not present in any of the samples counted.

Relationships of photosynthetic parameters with
environmental variables

Relationships of photosynthetic parameters with en-
vironmental variables were quantified using multiple
linear regression analysis. A forward selection proce-
dure (Kleinbaum et al. 1998) was adopted in which cor-
relation tests (Pearson product moment) were first con-
ducted to determine the environmental variable most
highly correlated (i.e. highest r) with each photosyn-
thetic parameter (Table 3). The statistical significance
(p value) of the most highly correlated variable as a
predictor of each photosynthetic parameter was then

Table 3. Correlation coefficients (r) and p values (in parentheses) for relation-
ships between photosynthesis parameters and environmental variables (NS: not
significant, p > 0.05). PAR: photosynthetically available radiation

ding Ceratium lineatum, Ceratium tri- Variable aB PBmax
pos, Dinophysis acuminata and Kato-
dinium rotundatum (Table 2) and Mean PAR -0.618 (<0.001) -0.610 (<0.001) -0.170NS
o Total PAR -0.652 (<0.001) -0.670 (<0.001) —0.131Ns
tepresented >45% of the photoan- Attenuation -0.234N8 20.270N  —0.191N\8
totrophic carbon. At stations south of Temperature 0.327Ns 0.340 (0.046) 0.074Ns
the Humber plume, diatoms were more [PO43-] 0.020Ns -0.014N8 -0.130Ns
abundant and each of the following [NH;‘_H 00;)331;; -8.(1);?\]5 o 1sens
. N O -0. -0. NS -0.156Ns
species represented >10% of the pho- EUrea]) 0.354 (0.040)  0.360 (0.040) -0.063xs
toautotrophic carbon: Asterionella gla- Diatom cell C 0.008NS 0.050NS 0.201NS
cialis (1 station), Coscinodiscus con- Dinoflagellata cell C 0.239N8 0.255Ns 0.001Ns
cinnus (1 station), Leptocylindrus Fl.a.gellate cell C —0.182N\8 -0.197Ns -0.048Ns
danicus (1 station), Rhizosolenia deli- Ciliate CeHC, . -0.154ns -0.172N8 0.109ns
. Heterotrophic dinoflagellata cell C —0.121NS 0.074Ns 0.089Ns
catula (2 stations) and Rhizosolenia N 35 34 34

alata (1 station). Flagellates were gen-
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determined. If the most highly
correlated variable was found not
to be a significant predictor of aB,
P Bmax or Ek (p > 0.05), it was con-
cluded that none of the remaining
and less correlated environmental
variables were significant predic-
tors of aB, P Bmax or Ek. If significant,
the most highly correlated variable
was included in the linear model
and further variables contributing
significantly to the prediction of the photosynthesis
parameters were identified by an iterative procedure,
in which only significant predictors were considered
and variables with the lowest p value included in the
model at each iteration {Kleinbaum et al. 1998). Exper-
imental data were included in this process only when a
full set of photosynthetic parameters and environmen-
tal variables (Table 3) were available.

Both mean daylight incident PAR and total incident
PAR were significantly correlated with aBand P Bmx
(Table 3). However, co-linearity of mean PAR and total
PAR was observed: total incident PAR was selected as
the measure of PAR for consideration as a predictor of
aBand PBmx due to its higher correlation coefficient
(Table 3). Multiple linear regression analysis identified
that only total incident PAR contributed significantly
to predicting the initial slope of the P-E curve (aB);
no other environmental variables contributed signifi-
cantly in this respect (Table 4). P Bnax could also be pre-
dicted from the total incident PAR, but inclusion of sea-
surface temperature in the linear model gave a higher
level of explained variance (12 = 57%) and a lower
standard error (Table 4). Although the concentration
of urea was also significantly correlated with aBand
» smax (Table 3), this variable did not contribute signifi-
cantly to the prediction of ocBor P Bnax when included in
linear models (Table 4). Ek was not significantly corre-
lated with any of the environmental variables consid-
ered but was most strongly correlated to ammonium
concentration (Table 3). Ammonium was not, however,
found to be a significant predictor of Ek when assessed
by multiple linear regression.

DISCUSSION

The mean chi a concentrations measured during the
survey periods (Fig. 3) are comparable to those of pre-
vious reports for similar times of year. Chi a concen-
trations of less than 1 mg m~3 have previously been
observed in UK North Sea coastal waters throughout
winter and early spring, rising to 1-2 mg nr3 during
autumn and >2 mg m-3 during late spring to early
summer (Horwood 1978, 1982, Joint & Pomroy 1993).

Regression equation

aB= 1.527 - (0.0214 xPARtot)
PBimx = 236.8-(3.515 xPARtof)
PBmx = 1214 - (3.543 XPARtot) + (11,82 x T) 61.33 (75%)

Table 4. Linear regression equations relating photosynthesis parameters to environ-

mental variables and associated statistics. Standard error of estimates is expressed in

the units of the dependent variables (aBand PBmx) and as a percentage of the mean

values of aBand P Bmx (PARtatis the incident surface PAR summed over the daylight
period, mol photons m~2; 7'is sea surface temperature, °C)

SE of estimate 12 F P

0.433 (75%) 0.425 25.09 <0.001
68.54 (84%) 0.450 26.98 <0.001
0.573 21.45 <0.001

Localized chi a patches in excess of 4 mg m~3have also
been observed adjacent to the estuaries of the Tees
and Humber, the north Norfolk coast and Flambor-
ough Head. These previous studies also showed evi-
dence that chi a concentrations and production rates
are high during late April, May and early June in these
coastal waters. The results presented here from the
first2 wk of April 1995 do notindicate a clearly defined
'spring bloom' of phytoplankton, although diatoms were
dominant particularly at more northerly stations and
the high chi a:phytoplankton cell carbon in April
(Fig. 3D) suggests the population was actively grow-
ing. Additional data collected in this region during
mid- to late April (authors' unpubl. data) revealed chia
concentrations up to 30 mg m~3in surface waters to the
north of 54°N, indicative of the diatom spring bloom,
whereas below 54° N chi a concentrations were <2 mg
m~3.These values are much higher than those detected
by Joint & Pomroy (1993) for this region, but it is likely
that the peak of the spring bloom in 1989 occurred in
mid- to late April, between their surveys. By early May,
chi a concentrations north of 54°N had decreased
again to mostly <2 mg m~3, whereas south of 54°N
values up to 50 mg m-3 were recorded (authors'
unpubl. data), suggesting that growth of the spring
bloom advances down the coast from north to south.
In June 1995 chi a values were elevated in the outer
Humber plume due to the presence of Phaeocystis spp.
(Table 2). This organism is well known to produce
extensive blooms in the eastern and southern parts of
the North Sea in May (Lancelot et al. 1991, Joint &
Pomroy 1993) but was notreported by Horwood (1982)
as a major component of the phytoplankton in UK
North Sea coastal waters. In July, chi @ concentrations
were low throughout the region, although at a station
within The Wash, levels were elevated where Rhi-
zosolenia delicatula dominated.

There have been few previous studies of seasonal
changes in phytoplankton species abundance in UK
coastal waters of the western North Sea. Horwood
et al. (1982) found that the natural phytoplankton
assemblages of this region were largely dominated
by either diatoms or dinoflagellates during surveys
in February to October 1976 and that dinoflagellates
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were most abundant during mid-summer (June/July)
and autumn (September/October). The results from
the current study broadly agree with their obser-
vations, although some differences in the dominant
species of diatoms between the 2 studies exist. The
method of collection of phytoplankton used by Hor-
wood et al. (1982) (nylon filtering net with mesh aper-
ture of 35 pm) would not have concentrated small
flagellate species. Mills et al. (1994) included some
phytoplankton data collected during spring surveys
in 1989 from 2 stations: CS (55°30'N, 0°55'E) to the
east of the northern sector of the current survey region
and AB (52°42'N, 2°25’E) off the east coast of East
Anglia, slightly to the south of the current survey
region. Novarino et al. (1997) reported the presence or
absence of dominant flagellates and dinoflagellates
from a number of stations sampled throughout the
North Sea but only one (Stn DF east of the Tees estu-
ary) was within the region sampled as part of the
current study. The dominant dinoflagellata species

reported by Novarino et al. (1997) and Mills et al.

(1994) are generally in agreement with Horwood et al.

(1982) and results from the current study. The results of
this study show that small flagellate species including

Phaeocystis are also an important component of the

phytoplankton in near-shore coastal waters of the

western North Sea (Fig. 4).

This study has shown that chi a-normalized photo-
synthetic parameters were not significantly different
in the near-shore UK coastal waters of the North Sea
throughout most of the survey periods, but differed
only during the October 1994 survey. Ranges of oB
and PBnax measured during surveys from November
1993 to July 1995 compare closely to those previously
reported for other regions of the North Sea (e.g. Till-
mann et al. 2000) and fall within the ranges reported
for a number of coastal environments (Keller 1988).
Studies of P-E parameters of phytoplankton in near-
identified that aB tends
to vary little on a seasonal basis in the northern Irish
Sea (Gowen & Bloomfield 1996) or the North Friesian
Wadden Sea (Tillmann et al. 2000). M arked seasonal
variations of aBhave, however, been reported for the
Bedford Basin, Nova Scotia, by Co6té & Platt (1983).
With regard to PBmx the general lack of a marked

seasonal variability observed in the present study cor-

shore coastal waters have

responds closely to observations of Gowen & Bloom-
field (1996)
marked seasonality of P Bmx has been noted for phyto-
plankton in the Bedford Basin (Harrison & Platt 1980,
Coté & Platt 1983) and in the North Friesian Wadden
Sea (Tillmann et al. 2000). Ek showed no consistent
seasonal pattern, with a mean value of 176 £ 6 pmol

in the northern Irish Sea. In contrast,

photons nr2 s_l. This mean is lower than the mean
seasonal value reported by Tillmann et al. (2000) of

216 pmol photons mf2 s 1 but within the
reported for other coastal phytoplankton populations
(Pennock & Sharp 1986).

It should be noted, however, that Coté & Platt's
(1983) conclusions were based on daily measurements
of P-Eparameters rather than the less freguent surveys

range

of the present study or, for example, that of Gowen &
Bloomfield (1996). We suggestthatthe lack of seasonal
variability of aBand P Smax between the different survey
periods observed in the present study and others (e.g.
Gowen & Bloomfield 1996) may be due in part to the
relatively low number of incubation experiments
which can be conducted during survey cruises: more
frequent and numerous experiments would provide
more extensive data which may identify a statistically
significant seasonal signal in P-E parameters, such as
has been observed for aB(Co6té & Platt 1983) and P Brax
(Coté & Platt 1983, Tillmann et al. 2000) when a more
frequent sampling programme was employed.

Laboratory culture experiments have identified sev-
eral environmental factors (e.g. temperature, nutrient
availability and irradiance) which lead to variation in
phytoplankton photosynthetic activity and may explain
the temporal variations of aBand P Bmaxobserved in the
natural environment. Field studies have also shown
that temporal variations in aBand PBmaxare influenced
by temporal variations in phytoplankton community
structure (Harrison &Platt 1980, Coté & Platt 1983, Till-
mann et al. 2000). The relationship between the photo-
synthetic activity of phytoplankton and available light
may be due to specific characteristics of different spe-
cies or groups. The optical absorption cross-section of
photosynthetic apparatus, for example, varies between
species (Falkowski et al. 1985) and determines P Bmx
(Sakshaug et al. 1997). The efficiency with which ab-
sorbed light energy is converted into photosynthetic
carbon is also an important factor which underpins the
relationship between phytoplankton activity and irra-
diance (Langdon 1988) and which may vary between
species.

In the present study, flagellates comprised a major
part of the total cell biomass in April and June 1995,
and November 1993 (Fig. 4), during which similar mean
values of aBand PBmxwere observed (Fig. 2). This ap-
parent consistency of aBand PBmx may be attributable
to similarities in the photosynthetic apparatus and
quantum efficiency of flagellates during the different
survey periods. Although total cell carbon during July
1995 differed in comparison to other survey periods
in that diatoms, flagellates, dinoflagellates, ciliates and
heterotrophic dinoflagellates were present in similar
proportions (Fig. 4), this shift in the phytoplankton
community structure did not result in significant differ-
ences in mean values of aBand PBnax when compared
to those observed during the April, June, November
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and December surveys (Fig. 2). Observed values of
aBand PBnax, however, represent the combined P-E
response of the autotrophic phytoplankton community.
Differences between the P-E characteristics of differ-
ent groups or species do not necessarily combine with
changes in the community structure in such a way as to
change the overall aggregate P-E characteristics of a
mixed natural phytoplankton assemblage.

The significantly higher aB and PBmx values
observed during October 1994 (Fig. 2) coincide with
a shift towards relatively high contributions of dino-
flagellates to total cell carbon (Fig. 4). Multiple regres-
sion and correlation tests carried out on results from
all incubation experiments showed that cell carbon
concentrations of major phytoplankton groups were
not significantly correlated with either aB or P Bmx
(Table 3) and did not contribute to the prediction of
P-E parameters (Table 4). Although multiple linear
regression analysis (Table 4) did not confirm the
possible importance of dinoflagellates in influencing
aBand PBnax (Figs. 2 & 4), we suggest that the high
mean values of aB and PBmnax during October 1994
(Fig. 2) may be attributable to interspecific differences
between the P-E characteristics of dinoflagellates
and other major phytoplankton groups. Coté & Platt
(1983) showed values of aB for Bedford Basin phy-
toplankton were lower when dinoflagellates were
dominant than when green flagellates or Dinobryon
sp. were more abundant; the present study shows
higher P-E parameters during periods in which dino-
flagellates comprise a high proportion of phytoplank-
ton. The results of the present study and those of Coté
& Platt (1983) indicate that the P-E characteristics of
natural phytoplankton communities can be modified
when dinoflagellates account for a major part of the
phytoplankton biomass, although values of aBmay be
either higher or lower than when other groups domi-
nate phytoplankton biomass.

Multiple regression analysis showed that aBcould be
predicted on the basis of total incident PAR, whilst
PBmxcould be predicted by a linear combination of total
incident PAR and sea-surface temperature (Table 4).
These regressions do not, however, offer a particularly
good means of predicting aBand P Bmaxsince the linear
models derived explained only 43 and 57 % ofthe vari-
ation in aBand P Bmx, respectively (Table 4), The neg-
ative relationship of aBand P Bnax with total incident
PAR (Tables 3 & 4) contrasts with the generally accep-
ted paradigm that P Bnax decreases as phytoplankton
become adapted to lower light levels (e.g. Falkowski
1980). The positive relationship of P Bnax with tempera-
ture corresponds to the role of temperature-dependent
enzymatic processes controlling Pmax in microalgae
(Geider & Osborne 1992). Similar positive relationships
between PBmaXand temperature have been reported

previously in a number of field-based studies (e.g. Coté
& Platt 1983, 1984, Tillmann et al. 2000).

It is widely believed that the photosynthetic activity
of phytoplankton is determined partly by adaptive
responses to changes in the level and duration ofexpo-
sure of cells to PAR (e.g. Falkowski 1980, Prézelin &
Matlick 1980, Sakshaug et al. 1997). Ek (Tailing 1957)
is considered to indicate acclimation or conditioning of
phytoplankton cells to available PAR. Sakshaug et al.
(1997) suggest that the value of Ekshould increase with
increasing PAR as a result of phytoplankton cells main-
taining an optimum balance between light and dark
reactions of photosynthesis.

The lack of a statistically significant difference in
values of Ek observed between the survey periods in
the present study (Fig. 2) indicates that photosynthetic
activity of the phytoplankton in these coastal waters
did not respond markedly to the seasonal changes in
incident irradiance commonly observed in temperate
northern latitudes. Moreover, variations in Ek were not
significantly correlated to any of the environmental
variables considered (Table 3) and none of these vari-
ables were found to contribute significantly to the
prediction of Ek (Table 4). These observations contrast
to previous reports of laboratory culture experiments
which have identified changes in the P-E characteristics
of phytoplankton and their pigmentation in response to
changes in the intensity of PAR to which they were
exposed (Marra 1980, Prézelin & M atlick 1980) and the
light/dark cycle of exposure to PAR (Gilstad et al.
1993). Adaptation of the photosynthetic apparatus of
phytoplankton and their P-E characteristics has been
observed in experiments in which cultures have been
exposed to PAR of different intensities sustained over
several days (e.g. Prézelin & Matlick 1980, Garcia &
Purdie 1992). The mixing regime within the water col-
umn rarely results in exposure of phytoplankton cells
to constant and sustained levels of PAR (Kirk 1994) and
may therefore preclude physiological adaptations in
the photosynthetic activity or photosynthetic apparatus
of phytoplankton in their natural environment. It has
been proposed (Uncles & Joint 1982) that short vertical
mixing timescales combined with high levels of water
turbidity lead to conditions in which phytoplankton are
exposed to high levels of PAR only for short periods
which are insufficient to induce the physiological chan-
ges observed in laboratory studies of phytoplankton
photoadaption or photoacclimation (e.g. Marra 1980,
Prézelin & Matlick 1980).

High levels of turbidity in near-shore marine envi-
ronments considerably reduce the overall exposure of
phytoplankton cells to irradiance in well-mixed waters
(Uncles & Joint 1982, Kirk 1994). In the study area
(Fig. 1), the near-shore coastal waters to the south of
Flamborough Head are mixed throughout the year,
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whilst more northerly regions tend to become ther-
mally stratified from spring through to autumn (Hor-
wood et al. 1982, Huthnance 1991, Tett & Mills 1991).
In the present study, the average level of exposure of
phytoplankton cells to PAR ranges from 0.3 to 7.8% of
surface incident PAR (E0) if mixing of phytoplankton
cells through the entire depth of the water column and
uniform vertical distribution of light-absorbing parti-
cles are assumed. During the summer period in which
stratification may occur, the surface mixed layer is
commonly less than 10 m and gradually deepens (Hor-
wood et al. 1982). If it is assumed that exposure of
phytoplankton to high levels of PAR near the surface
is maximized by water column stratification which
restricts vertical mixing to a 10 m surface layer, mean
exposure to PAR ranges from 0.8 to 16.5% of E0. Mean
incident PAR during the spring and summer surveys
(April to July 1995) ranged from 825 to 890 pmol
photons m~2s-1 and mean exposure of phytoplankton
to PAR is consequently limited to a range of up to
ca 150 pmol photons m~2s 1 if stratification and a 10 m
surface mixed water layer are assumed. During winter
periods (Novemberto December) the whole study area
is well mixed and mean exposure to PAR was conse-
quently only up to ca 30 pmol photons mr2 s-1 under
the conditions at the time and place of sample collec-
tion. Since the overall mean Ek value for the study is
176 pmol photons nr2 s~\ exposure to light of phyto-
plankton cells moving randomly within the water col-
umn is unlikely to be sufficient for Pmax to be attained,
even when the incident irradiance is high and shallow
stratification occurs. Inhibition of photosynthesis due
to prolonged exposure to high levels of PAR is even
more improbable.

On the basis of this study, it can be concluded that
the P-E relationships of natural phytoplankton assem-
blages in the near-shore UK coastal waters of the
North Sea vary little, except when dinoflagellate spe-
cies account for a large proportion of the total cell car-
bon. The turbidity of the water in the study area was
also found to be an important factor in that the rapid
attenuation of light by absorbing particles reduces
exposure of phytoplankton to PAR to the extent that
there is no evidence of photoadaptation to seasonal
changes in the intensity of incident solar radiation.
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