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Abstract

Understanding the dynamics of upwelling systems, especially the interactions between nutrients and light, has
benefited from the application of models of varying complexity. Validation of such models using unialgal cultures
or field observations has often proven difficult, but short-term incubations of contained natural assemblages and
use of instantaneous physiological indicators offer an alternative approach. In May and June 1996, phytoplankton
communities deep in the euphotic zone were sampled from nearly identical physical environments. Replicate
samples (20 l volume) were incubated on deck at 50% surface irradiance with either no nutrient additions (Controls)
or additions of 20 µM nitrate (Enrichments). Over 24 h, variable fluorescence (Fv:Fm), nitrate reductase activity
(NR), nutrients, chlorophyll a and particulate C and N were monitored. Initial chlorophyll a (∼3 µg l−1), phosphate
(∼0.2 µM), nitrate (∼1.5 µM) and silicate (∼3 µM) were similar in both months. Changes in NR and Fv:Fm
indicated clear physiological responses to changes in irradiance and added nitrate that differed between months. In
May, Controls and Enrichments responded in the same way. Fv:Fm stayed constant (0.5), chlorophyll a increased
slightly, and NR activity increased markedly in all samples. In contrast, in June, treatments responded quite
differently. Fv:Fm was near the theoretical maximum (0.7–0.8) initially and remained constant in Enrichments,
but fell sharply in Controls. Declines in controls were also seen for chlorophyll a, and NR activity. Thus, the
addition of 20 µM nitrate had a significant effect even though ambient levels of nitrate (>1 µM) should not have
been limiting. Small (<20 µm) flagellates predominated in the May samples, but in June large and chain-forming
centric diatoms constituted a significant proportion of the phytoplankton community. We conclude that the response
of a phytoplankton community to environmental changes can depend on factors that are poorly represented by bulk
measurements of chlorophyll, nutrients and particulate elements.

Introduction

The spatial and temporal complexity of marine plank-
tonic systems necessitates the use of conceptual and
mathematical models in order to examine ecological
and biogeochemical functioning (e.g. Fasham et al.,
1990). One area where such an approach has been
used extensively is in examining how phytoplankton
respond to changes in irradiance and nutrient concen-

tration (e.g. Laws et al., 1985; Cullen, 1990; Geider
et al., 1998; Flynn et al., 2001). While, in the past,
models have tended to use simplistic formulations
based in uniform responses of parameters such as
chlorophyll or carbon to environmental changes, more
recently attempts have been made to improve models
by using more complex, mechanistic formulations of
processes such as nutrient interactions, and by allow-
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ing parameters describing phytoplankton responses to
vary based on cell size (see review by Flynn, 2003).

The degree to which models represent phytoplank-
ton physiological processes in nature is often difficult
to assess. Carrying generalizations from single algal
species in the laboratory to species assemblages in dy-
namic environments in the field is more problematic
(see Haney & Jackson, 1996). An intermediate method
is to contain natural assemblages in larger volume
containers for short periods. This permits repeated
sampling and allows manipulations to be performed
under semi-natural conditions (i.e. ambient irradiance
and temperature regimes).

Such an approach has been used extensively to
examine how phytoplankton from deep, low-light,
nutrient rich environments respond when upwelling
brings them to the surface. Dugdale and colleagues
have characterized a ‘shift-up’ in phytoplankton meta-
bolism in a variety of upwelling systems (e.g. Wilk-
erson & Dugdale, 1987; Dugdale et al., 1990). A
shift-up in metabolism highlights the importance of
physiological acclimation and has typically been char-
acterized by examining nutrient uptake kinetics. One
limitation of these experiments is a lack of sub-
cellular physiological information. Moreover, other
researchers have sometimes failed to observe shift-up
phenomena and have identified potential methodolo-
gical problems with nutrient uptake kinetic studies that
could lead to erroneous conclusions (e.g. Dickson &
Wheeler, 1995; see also discussion in Kudela et al.,
1997). Kudela et al. (1997) have commented on the
lack of evidence for up-regulation of N-assimilation at
a molecular and biochemical level.

In this study, we wished to examined the effects
of upwelling on the organisms from deeper water
using physiological indicators of carbon and energy
metabolism (the capacity for photosynthesis, indexed
through variable chlorophyll a fluorescence, Fv:Fm),
and nitrogen metabolisms (the capacity for nitrate as-
similation measured as the activity of the enzyme
nitrate reductase, NR), by manipulating irradiance and
nitrate concentration. NR measurements have been
applied before in mesoscale upwellings over larger
spatial scales (e.g. Packard et al., 1978; Blasco et al.,
1984; Dortch & Postel, 1989; Berges et al., 1995). In
this case, we considered the effects of smaller scale
upwelling.

The north-west Irish Sea provides an opportunity
to do this. Relatively weak tidal mixing allows devel-
opment of stratification in deeper waters, but towards
the coast this is not stable (see Gibson et al., 1997,

Dickey-Collas et al., 1997). The area begins the grow-
ing season with water masses that are very similar
in optical properties and nutrient concentrations, but
local influences (water depth, tidal mixing and strati-
fication) lead to blooms developing at different times
in different locations (Gowen et al., 1999; Gibson
et al., 1997). Phytoplankton distributions are often
patchy (e.g. Montagnes et al., 2001) with small-scale
areas of high productivity that are not associated with
abrupt changes in sea-surface characteristics (Savidge
et al., 1984), but which can contribute substantially
to benthic production in some years (Trimmer et al.,
1999). Nitrogen-limitation appears to be the rule; ni-
trate and ammonium are depleted by July, well in
advance of phosphate or silicate (Gibson et al., 1997).
Because of the nature of nutrient distributions, small
scale wind-driven upwelling may bring phytoplankton
into fields of higher irradiance either with or without
elevating nutrients concentrations.

Our results demonstrate that physiological indicat-
ors can provide evidence of shift-ups in metabolism
more quickly with greater sensitivity than conven-
tional measurements, but also that physiological re-
sponses may depend upon the species composition of
the initial phytoplankton community.

Materials and methods

Two cruises were conducted in the Irish Sea aboard
the RV Lough Foyle May 5–9 and June 4–8 of 1996.
Work centred on a station was selected near the Irish
coast (Fig. 1; 53◦ 34.31′ N, 5◦ 50.40′ E; cf. DANI
Station 46, Gibson et al., 1997) where the water depth
was approximately 60 m. On each cruise, profiles of
temperature and salinity were recorded using a Hydro-
Bios CTD mounted on a rosette sampler. In May 1996,
instrumentation included a fluorometer (Aquatracka
Mk III, Chelsea Instruments, West Molesey), but in
June 1996 the fluorometer was not available, so an
ADM Elektronik transmissometer (ASD Sensortech-
nik GmbH, Trappenkamp) was used in its place.

Irradiance measurements

Measurements of downwelling irradiance over 1 m in-
tervals to a depth of 25 m were made using a LiCor
(cosine corrected) quantum sensor. Hourly-integrated
solar radiation data for sampling and incubation peri-
ods was obtained from the Irish Meteorological Ser-
vice for Dublin Airport (53◦ 25.67′ N, 6◦ 14.45′ E),
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Figure 1. Map of the Irish Sea showing the sampling station for both May and June 1996 cruises (53◦ 34.31′ N, 5◦ 50.40′ E; cf. DANI Station
46, Gibson et al., 1997).

and converted from radiometric to quantum units us-
ing a factor of 2.9 × 1018 quanta s−1 W−1 (Kirk,
1994).

Simulated upwelling

On two dates (May 6 1996 and June 4 1996), replicate
water samples were taken from depths corresponding
to approximately 20% of surface irradiance, where
clear peaks in fluorescence or attenuation were ob-
served. These corresponded to 18 m in May and 16 m
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Figure 2. Vertical profiles of temperature, salinity and relative fluorescence (May 1996) or relative attenuation (June 1996) at the sampling
station (see Fig. 1). Temperature and salinity were measured using a HydroBios CTD. Fluorescence was measured with a Chelsea Instruments
Auqatracka III fluorometer. Attenuation was measured using an ADM Elektronik transmissometer.
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in June (Fig. 2). Water samples were screened through
300 µm mesh to remove larger zooplankton, and di-
vided amongst four 20 l acid-cleaned polypropylene
collapsible water containers (Reliance, Hong Kong),
essentially as described in Berges et al. (1995). To
ensure samples were as similar as possible while min-
imizing on-deck handling, the contents of eight 10 l
Niskin bottles from a single cast were used to fill each
container, i.e. each container received 2 l from each
of 8 bottles. Duplicate samples were enriched with
additions of 20 µM nitrate, while unenriched samples
served as controls. Containers were placed in incubat-
ors with flowing seawater to control temperature and
irradiance was adjusted to 50% of surface values using
neutral density screening. Samples were taken from
containers at the start of experiments, and at 3–4-h
intervals for as period of 20 to 24 h. We chose a
relatively short experimental period in order to minim-
ize containment effects, but also because we wished
to focus on the early physiological responses of the
phytoplankton community.

Analyses for chlorophyll, inorganic nutrients, species
composition, and CN

Chlorophyll a concentrations were determined fol-
lowing Tett (1987). Replicate 250 ml samples were
filtered onto GF/F glass fibre filters, and stored at
−20 ◦C until analysis could be performed. Pigments
were extracted in 90% acetone for 24 h at 4 ◦C in
the dark, and fluorescence measured with a Turner
Designs Model 10 fluorometer, correcting for phae-
opigments using the acidification technique (8% HCl).

Inorganic nutrients (NO−
3 , NO−

2 , PO3−
4 , SiO−

2
and NH+

4 ) were measured in 50 ml samples, filtered
through GF/F filters and frozen immediately after col-
lection at −20 ◦C. Samples were measured using a
Bran and Luebbe segmented continuous-flow analyser
(TRAACS) using colorimetric methods. For samples
taken from the incubations, separate nitrite analyses
were not performed, thus concentration are expressed
as ‘nitrate + nitrite’.

At the beginning and end of incubations, samples
for phytoplankton species composition were taken
and preserved with acid Lugol’s iodine. Twenty-five
ml samples were settled overnight in 25 mm dia-
meter chambers, and then examined using a Nikon
inverted microscope under 100 × to 200 × magnifica-
tion. Identification and nomenclature followed Tomas
et al. (1997). The whole chamber was examined, giv-

ing a detection limit for any group of approximately
40 cells l−1 (cf. McKinney et al., 1997).

Samples for determination of particulate C and
N were filtered onto pre-combusted (460 ◦C for 6 h)
GF/F filters and stored at −20 ◦C for later analysis.
Filters were thawed, dried at 60 ◦C and measured
using a Carlo Erba 1500 NC, CHN analyser, using
acetanilide as a standard.

Variable fluorescence

Variable chlorophyll a fluorescence was measured us-
ing a Turner Designs Model 10 fluorometer (Cullen
& Renger, 1979; Geider et al., 1993). Samples were
dark-acclimated at in situ temperatures for 15 min
prior to measurement. Measurements were made be-
fore (Fo) and after (Fm) the addition of dichloro-
dimethylurea (DCMU) to a final concentration of
50 µM. Fv:Fm was calculated as (Fm−Fo)/Fm. Blanks
to account for background fluorescence were prepared
by filtering replicate samples through 25 mm 0.2 µm
polycarbonate membranes (Nalgene) and subtracting
the background from both Fo and Fm measurements.

Nitrate reductase activity

NR activity was measured essentially as described by
Berges et al. (1995). 500 ml samples were filtered
onto Gelman A/E glass fibre filters, homogenised on
ice using a glass-Teflon tissue-grinding tube in a phos-
phate buffer with additions of dithiothreitol, polyvinyl
pyrrolidone and bovine serum albumin (see Berges
& Harrison, 1995) and centrifuged to remove filter
fragments. The homogenate was added to replicate as-
say tubes containing final concentrations of 0.2 mM
NADH and 10 mM KNO3; in one of the paired rep-
licates the reaction was immediately stopped by the
addition of trichloroacetic acid, while the other was
incubated for 30 min at the in situ temperature before
being stopped. The nitrite in both tubes was measured
colorimetricaly (Parsons et al., 1984) and the rate of
nitrite production calculated as Units per litre of wa-
ter, where one Unit is one µmol nitrite produced per
minute.

Statistical analyses

Simple linear regressions of parameters (e.g. nutri-
ent concentration, chl a, NR activity) versus time
were used to determine whether significant changes
had occurred. All analyses were performed with the
probability of a Type I error set to 5%.
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Results

Hydrography, irradiance and nutrients

The station selected was in approximately 60 m wa-
ter depth. Salinity showed little variation with depth,
averaging 34.5 on both cruises (Fig. 2). Weak thermal
stratification was observed on both occasions; in May
there was a broad thermocline between 8 and 30 m, but
in June surface waters were warmer and the thermo-
cline was below 40 m (Fig. 2). Based on measurements
taken in the upper 25 m of the water column, the
average vertical attenuation coefficient, kd, averaged
approximately 0.1 m−1 (giving a 1% light depth of
about 40–50 m). No differences in spectral irradi-
ance were observed between the two dates (data not
shown).

In May, numerous peaks in the depth profile of
fluorescence were noted (Fig. 2). Bottle casts and
microscopic examination indicated that these corres-
ponded to patches of phytoplankton. Fluorescence
measurements were not available in June, however,
small-scale variations in attenuation (based on trans-
missometer measurements, ignoring the large near-
bottom peak due to resuspended sediment) showed a
similar pattern and bottle casts also revealed a patchy
vertical structure in phytoplankton.

Based on data from the Dublin airport, samples
incubated on deck in May (5–6) received a total ir-
radiance of 1505 J cm−2, while in June (4–5), the total
was 1982 J cm−2 (Fig. 3).

In terms of nutrients, samples collected for incub-
ations showed very similar concentrations in May and
June. Nitrite concentrations were variable, but always
between 0.06 and 0.1 µM. Initial nitrate concentra-
tions were not significantly different (1.83 ± 0.8 µM
in May, 1.23 ± 0.27 µM in June, mean ± stand-
ard deviation, n = 3), nor were phosphate (0.24 ±
0.03 µM in May, 0.23 ± 0.03 µM in June, mean ±
standard deviation, n = 3) or silicate (1.74 ± 0.3 µM
in May, 1.96 ± 0.62 µM in June, mean ± standard
deviation, n = 3). Only trace concentrations of urea
and ammonium were found; values were often below
detection limits and always below 1 µM.

Incubations

Nutrient measurements taken from containers dur-
ing incubations were highly variable and this made
analysis of trends problematic. Judged using linear
regressions, there were no significant changes in phos-
phate or nitrate + nitrite in either control or enriched

cultures on either date (Fig. 4, P > 0.05 in all cases).
Silicate did not change significantly with time in May
in either treatment, but in June incubations, there were
small, apparent increases in silicate concentrations in
both treatments (P < 0.01).

Chl a increased very slightly in both control and
enriched treatments in May (Fig. 5, P < 0.05 in both
cases), however, while enriched treatments increased
in June (Fig. 5, P < 0.05), control treatments did not
(P > 0.05); in the last three samplings of cultures in
June, control cultures showed significantly lower chl a
than initial values, and these were significantly lower
than enriched treatments as well (Fig. 5).

Species composition of phytoplankton differed
between cruises. Phytoplankton were grouped into
three categories to facilitate comparisons: small fla-
gellates (less that 20 µm diameter, including dinofla-
gellates such as Gyrodinium spp.), small unicellular
diatoms (less than 20 µm diameter in all linear dimen-
sions e.g. Nitzschia spp.), and large and chain forming
species (larger than 20 µm diameter in any linear
dimension, such as Rhizosolenia spp. and Chaeto-
ceros spp.). In May, initial samples were dominated
by small flagellates (most of which could not be
identified to species, but which included Peridinium-

Figure 3. Patterns of irradiance during incubations in samples taken
from the Irish Sea sampling station (see Fig. 1) in May and June
of 1996. Time 0 corresponds to 13:30 h local time for May and
15:15 h local time for June incubations. Hourly-averaged solar ra-
diation data for sampling and incubation periods was obtained from
the Irish Meteorological Service for Dublin Airport (53◦ 25.67′ N,
6◦ 14.45′ E), and converted from radiometric to quantum units using
a factor of 2.9 × 1018 quanta s−1 W−1 (Kirk, 1994).
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Table 1. Phytoplankton species composition and abundance in samples taken from the
Irish Sea (see Fig. 1) in May 5 or June 4, 1996 and incubated on-deck at 50% surface
irradiance either without additions of nutrients (Control) or with additions of 20 µM
nitrate (Enriched). All counts are expressed as cells l−1 (× 103).

Experiment Treatment Small Small Large and

flagellates unicellular chain-forming

diatoms diatoms

May 1996 Initial 153 ± 51 11.1 ± 6.4 <0.04

Final–Control 287 ± 50 13.7 ± 1.1 <0.04

Final- Enriched 424 ± 119 5.9 ± 0.9 <0.04

June 1996 Initial 60.1 ± 11.0 5.1 ± 1.6 0.7 ± 0.4

Final- Control 63.1 ± 12 4.6 ± 0.9 0.6 ± 0.1

Final- Enriched 59.8 ± 9.2 6.5 ± 1.8 4.9 ± 1.5

and Prorocentrum-like species) (Table 1); and some
small pennate diatoms. Although non-systematic sur-
veys of multiple settled samples showed that a few
cells of some larger diatom species were present (e.g.
Rhizosolenia styliformis, Chaetoceros decipiens, Bid-
dulphia sinensis, and Coscinodiscus radiatus) these
were at too low a density for accurate counting. Over
the course of incubation, the only change noted was an
apparent increase in small flagellates in both Control
and Enriched treatments, but this was not statistic-
ally significant. In June samples, there were initially
fewer small flagellates and small unicellular diatoms,
but a much greater number of large and chain forming
diatoms were present (e.g. Rhizosolenia alata, R. stol-
terfothii, Coscinodiscus radiatus, Biddulphia sinen-
sis, Melosira borreri, Thalassiosira nordenskjoldii,
T. gravida and Chaetoceros curvisetus) (Table 1). The
only change observed over the incubation was that
the number of large and chain forming diatoms appar-
ently increased significantly in Enriched cultures only
(Table 1). Mean increases were well above what could
have been expected from growth rate alone, but vari-
ability was high as well. In both May and June diatom
cysts were found in samples, but these were neither
identified nor enumerated.

Particulate C and N values for both cruises were
highly variable and well above the variation normally
found for CHN techniques (cf. Berges et al., 1995).
As a result, no trends could be identified and data
are not presented. C:N ratios in May averaged 10–12
(mol:mol) and did not vary over time and were not
different between treatments (Fig. 5). In contrast, in
June, C:N ratios were initially lower (approximately
8) and did not change with time in enriched treatments

(P > 0.05), but were significantly higher in control
treatments (P < 0.05, paired t-test). Linear regres-
sions performed on particulate nitrogen over time were
not significant for either treatment in May cruises,
but slopes corresponded to values of 0.055 µmol
N min−1 l−1 for control and 0.045 µmol N min−1 l−1

for enriched treatments. In June, regressions were
both significant and gave 0.1217 µmol N min−1 l−1

for control and 0.35 µmol N min−1 l−1 for enriched
cultures.

In May no difference in variable fluorescence val-
ues (Fv:Fm) were found either over time or between
control and enriched treatments (Fig. 6); overall, val-
ues averaged 0.5. In contrast, in June initial Fv:Fm
values were higher (0.7–0.8) and these declined sig-
nificantly over time in both treatments (Fig. 6). In the
last two samplings of the control treatments, Fv:Fm
values fell to zero (Fig. 6); this corresponded with
a decline in chl a (Fig. 5). Both Fo and Fm de-
creased in controls, the fall in Fv:Fm being due to a
proportionally greater decline in Fm than Fo.

In May, NR activity increased significantly in both
treatments, in a similar manner. In June, NR activities
in Enrichments also increased significantly, reaching
a plateau (Fig. 6), but in Controls, NR activity de-
clined significantly; no NR activity was detected at
the final sampling. Overall, NR activities were of the
same order as the changes in particulate N calculated
above (1 U l−1 corresponds to 1 µmol NO−

3 converted
min−1 l−1).
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Figure 4. Change in phosphate, nitrate+nitrite and ammonium concentration in samples taken from the Irish Sea sampling station (see Fig. 1)
and incubated on deck under 50% natural irradiance either without nutrient additions (Control samples, open symbols���), or with additions
of 20 µM nitrate, Enriched samples, closed symbols ���). Samples were measured using a Bran and Luebbe segmented continuous-flow
analyser (TRAACS) using colorimetric methods. Points represent the mean of duplicate samples from two separate containers. Error bars
represent standard errors of means. Solid bars on X-axes indicate the dark period.

Discussion

Basic conditions in May and June are comparable
to those measured in previous studies. For example,
Gowen et al. (1999, 2000) recorded essentially
identical hydrographic conditions in May and June of
1997, with 30–50 m euphotic depths in the region.
Nutrient concentrations were slightly lower, but gen-
erally similar, and chlorophyll a averaging 2.5 µg l−1,
almost exactly what was found in the present study.
Average inorganic N:Si:P molar ratios in May and
June 1996 were 7.6:7.2:1 and 4.5:8.6:1, not very dif-
ferent from water-column averaged values of 9.5:6.4:1
presented in Gibson et al. (1997). The species com-
position was also very similar to that of previous years
(McKinney et al., 1997); indeed Gowen et al. (2000)
noted that in near surface sample, while small fla-
gellates (<15 µm) were numerically dominant over
larger diatoms species in May 1997 (198 × 103

cells ml−1 vs. 9.3 × 103 cell ml−1), flagellate num-
bers fell and diatoms increased one month later (64 ×
103 cell ml−1 vs. 110 × 103 cell ml−1). Moreover,
patches of diatoms in deep water have also been re-
corded previously; Montagnes et al. (1999) provide
evidence of sedimentation of Rhizosolenia blooms

into deep water. Thus, the conditions we observed are
not likely to be unusual.

Physiological results obtained in May and June
1996 provide clear support for a shift-up in meta-
bolism of phytoplankton brought from deep water
to higher surface irradiances. In May, both Con-
trols and Enrichments showed increases in NR within
hours long before changes in other variables could
be measured. In contrast, variable fluorescence re-
mained constant and at relatively low values, suggest-
ing that photosynthetic capacity did not change over
the period. Since the shift-up response often takes
place over a course of days (Wilkerson & Dugdale,
1987), it may be that the response in photosynthetic
apparatus simply takes longer to respond to increased
irradiance than the period of these experiments. Al-
ternatively, because Fv:Fm in some species reaches a
maximum at lower values (cf. Berges et al., 1996), it
may be that phytoplankton in these experiments were
already near their maximal photosynthetic capacity.
In June, Fv:Fm was much higher and varied little in
either Controls or Enrichments until late in the in-
cubations. Such high values of Fv:Fm are typical of
diatoms, when measurements are made using DCMU
(e.g. Berges & Falkowski, 1998; Boyd et al., 1998).
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Figure 5. Changes in chlorophyll a (Chl a) and C:N ratios in samples taken from the Irish Sea sampling station (see Fig. 1) and incubated on
deck under 50% natural irradiance either without nutrient additions (Control samples, open symbols µ), or with additions of 20 µM nitrate,
Enriched samples, closed symbols λ). Chl a as measured using fluorometric methods on 90% acetone extracts. C and N were measured using
a Carlo Erba CHN analyser. Points represent the mean of duplicate samples from two separate containers. Error bars represent standard errors
of means. Solid bars on X-axes indicate the dark period.

Enrichments showed a shift-up response in NR similar
to May experiments, but control cultures experienced
a large and rapid decline in NR, and also a precipitous
decline in Fv:Fm towards the end of the incubations.
Once again, NR changed more quickly than other
parameters. This rapid response probably reflect the
fact that NR in diatoms can turn over on a scale of
hours (see Vergara et al., 1998). Interestingly, although
impairment of photosynthetic metabolism can occur
extremely quickly (on a scale of minutes), driven by a
rapid turnover in certain photosynthetic proteins such
as D1 in Photosystem II (e.g. Vasilikiotis & Melis,
1994), Fv:Fm did not change until quite late in the
incubations.

Overall, there were few differences in initial con-
ditions between the two cruises that could explain
the differing responses to nitrate enrichment. Silicate
concentrations were somewhat higher in June and ac-
tually appeared to rise slightly during incubations for
reasons that remain unclear. However, the differences
were very small and silicate was never significantly
depleted in incubations. Total irradiance was slightly
higher during the June cruise, largely because incub-
ations took place over a longer period into the second

day, but differences (especially between NR activit-
ies) had developed well before this became a factor.
The key remaining difference appears to be the ini-
tial assemblages of phytoplankton: the May cruise was
dominated by small flagellates, while samples taken in
June contained a larger proportion of large and chain-
forming diatoms. This difference was not reflected
at all in chlorophyll a concentrations. Diatoms usu-
ally dominate in areas where deep water is upwelled,
because they can grow quickly and can survive excep-
tionally well in darkness (Guillard & Kilham, 1977;
Peters, 1996) and so can persist in deep waters in re-
latively good physiological condition; the high Fv:Fm
values found during the June cruise support this idea.

Another intriguing issue is why nitrate enrichment
(20 µM) in June 1996 had such a strong effect rel-
ative to controls. Nitrate was not at obvious limiting
levels at the beginning of incubations (averaging about
1.5 µM), and it did not decline significantly during
incubations. Why then did additions of 20 µM nitrate
result in such a profound difference between control
and enriched treatments? A major difference between
initial and final cell counts in Controls and Treatments
can be seen in the large diatoms (Table 1): large di-
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Figure 6. Changes in variable fluorescence emissions (Fv :Fm) and nitrate reductase (NR) activity in samples taken from the Irish Sea sampling
station (see Fig. 1) and incubated on deck under 50% natural irradiance either without nutrient additions (Control, open symbols µ), or with
additions of 20 µM nitrate (Enriched, closed symbols�). Fv :Fm was measured using a Turner Designs Model 10 fluorometer, with and without
10 µM DCMU. NR activity was measured by following production of nitrite in homogenates of samples, as described in the Materials and
Methods. Points represent the mean of duplicate samples from two separate containers. Error bars represent standard errors of means. Solid
bars on X-axes indicate the dark period.

atoms increased in Enrichments, but not in Controls.
The magnitude of the increase (7-fold) is likely to have
been exaggerated due to sampling variability; such
an increase is improbably, given that typical diatom
growth rates in this region at this time of year are on
the order of 1.0 d−1 (Gowen et al., 2000). Nonethe-
less, it seems clear that the diatoms did increase in
number. Hatching of diatom cysts (noted in samples,
but not enumerated) may have played a factor, because
nitrate depletion can induce the formation of spores
and physiological resting cells, and high nitrate (on
the order of 20 µM) can lead to recovery and increases
in cell numbers within a 24-h period (e.g. Kuwata &
Takahashi, 1999).

Diatoms in particular have been noted to exhibit
biphasic nitrate uptake kinetics, with apparent satur-
ation of uptake at low micromolar concentration, but
then additional uptake with transition points at 10 and
50 µM; for some Thalassiosira species, nitrate uptake
does not appear to saturate even at 100 µM (Collos
et al., 1992, 1997). Such uptake kinetics are com-
monly found in higher plants (Siddiqui et al., 1990),
but have not often been considered for phytoplankton.

A comparable situation has been described for silicate:
Brzezinksi et al. (1997) noted that in the Monterey Bay
upwelling, silicate uptake in diatoms became substrate
limited at 5 µM, a relatively high concentration. In-
creased uptake abilities at elevated nitrate could help
explain why enriched cultures were able to take ad-
vantage of nitrate additions, but it cannot entirely
explain why control cultures declined.

Alternatively, elevated nitrate may also have be-
nefited normal, vegetative cells, by providing a sink
for electrons. It has been previously noted that under
conditions of elevated irradiance, cells are capable of
taking up nitrate, reducing it and excreting it, thereby
dissipating excess energy (Berges, 1997; Collos, 1998;
Lomas & Glibert, 1999). In contrast, the Controls with
lower nitrate may not have been able to take advantage
of such a strategy. Unfortunately, because we meas-
ured only nitrate + nitrite in the incubated samples,
we are unable to determine whether this occurred.
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Conclusion

Our results demonstrate the potential usefulness of
both short-term incubations of natural phytoplank-
ton assemblages, and of physiological measurement
of carbon and nitrogen metabolism in understanding
the dynamics of algal assemblages in small-scale up-
welling. The ability to make measurements at the
level of messenger RNA would be a logical extension;
though such work has so far been confined to labor-
atory cultures for NR (e.g. Smith et al., 1992), work
on the carbon-fixing enzyme Rubisco is well advanced
(see, e.g. Pichard et al., 1997; Wyman et al., 2000).

Our work emphasizes that species composition
can play a poorly-defined but potentially important
role in predicting responses to environmental changes.
Species composition is often not considered in ocean-
ographic work (and in particular in earlier modeling).
A smaller number of more recent models of nutrient
uptake have attempted to add components of species
diversity, based either on size-specific scaling of up-
take parameters, or creating different groups of phyto-
plankton with different requirements (e.g. silicate-
requiring versus non-silicate-requiring) (Flynn, 2003).
This situation contrasts sharply with the case for fresh-
water ecology, where the emphasis is often on ecology
of individual species and where biogeochemical pro-
cesses have received less attention (e.g. Knoechel &
Kalff, 1978; see also Kilham & Heckey, 1988). Integ-
rating taxonomic information into modeling continues
to be a challenge for modeling; experiments using
short-term incubations of natural phytoplankton as-
semblages and improved physiological measurements
have important roles to play in validating models and
in guiding new developments.
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