Vol. 92: 111-118, 1993

MARINE ECOLOGY PROGRESS SERIES
Mar. Ecol. Prog. Ser.

Macromolecular labelling patterns and
inorganic nutrient limitation of a
North Atlantic spring bloom

Ralph E. H. Smith, Frances M. L. D'Souza*

Biology Department, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1

Published January 26

ABSTRACT: Synthesis rates of macromolecular classes (protein, polysaccharide, neutral lipid, glyco-
lipid and phospholipid) were measured using '*C incorporation to assess the physiological condition of
phytoplankton during a spring bloom in the northeastern Sargasso Sea. The relative allocation of
labelled photosynthate to polysaccharide increased with incubation irradiance, and declined over-
night; opposite trends were found in the protein fraction. The rate of protein synthesis at night was a
small fraction (0 to 23 %) of the day-time rate. Incubation irradiance and overnight metabolism had rel-
atively little effect on total or class-specific lipid synthesis. Inorganic nutrients decreased to below an-
alytical detection during the sampling period, with coincident declines in chlorophyll a concentrations.
The relative allocation of photosynthate to protein was much reduced in the nutrient-depleted stations
later on in the bloom, while the allocation to polysaccharide was increased. Total lipid synthesis was
only slightly higher in the later stations, but the proportion of neutral lipid was significantly increased.
The changes in macromolecular labelling patterns were consistent with a physiological response to nu-

trient depletion by the phytoplankton, and a reduction of 50 % or more in specific growth rates.

INTRODUCTION

The biologically mediated transfer of CO, to the
deep ocean 1s an important component of the pro-
cesses by which the oceans influence the global carbon
cycle, and is an object of intensive study in recent
years (Ducklow 1989, SCOR 1990). Nutrient supply is
critical not only to the total rate of phytoplankton pro-
duction but also to the fraction that is available for ex-
port from surface waters to the deep ocean (Harrison et
al. 1987, Legendre & Gosselin 1989). Much of the ex-
portable production in the oceans is thought to be asso-
ciated with transitory blooms of phytoplankton, sup-
ported by locally elevated nutrient supplies (Vezina &
Platt 1987). By analogy with events in nutrient-limited
batch cultures of microalgae, we might expect that
phytoplankton would experience stress, and reduced
growth rates, due to nutrient limitation as blooms
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reach their peak and begin to decline. However, there
Is surprisingly little evidence to indicate that phyto-
plankton in the open ocean experience severe, or even
moderate, limitation of growth rates due to nutrient
limitation. Although it is difficult to measure the
growth rates of natural phytoplankton populations, a
variety of evidence indicates that high growth rates
can be maintained even in waters of strongly depleted
nutrient concentrations, due to efficient recycling of
nutrients within the surface mixed layer (e.g. Goldman
et al. 1979, Laws et al. 1984).

The chemical composition of phytoplankton is a
useful indicator of their physiological condition and
specific growth rate (Goldman et al. 1979, Healey &
Hendzel 1980, Morris 1981) and has provided some of
the evidence for high specific growth rates under nutri-
ent-depleted conditions. The allocation of photosyn-
thate to different intracellular macromolecules can also
yield information on physiological state, and has the
advantage of minimizing interference from non-algal
organisms and material in the samples (Morris 1981,
Smith & Geider 1985). Results with algal cultures indi-
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cate that enhanced allocation to storage polymers (es-
pecially polysaccharides) relative to protein is charac-
teristic of nutrient-limited and light-sufficient popula-
tions (Healey & Hendzel 1980, Smith & Geider 1985).
The ratio of protein to polysaccharide synthesis, for ex-
ample, is thus a useful index of physiological condition.
To our knowledge, the patterns of photosynthate allo-
cation through the development and decline of an
open-ocean bloom have not yet been studied.

Lipids comprise one of the macromolecular classes
routinely defined in measurements of photosynthate
allocation, yet the patterns of lipid synthesis relative to
major environmental variables (light, temperature,
nutrients) remain much less well-characterized than
those of protein or polysaccharide. A better knowledge
of the factors regulating lipid synthesis would be desir-
able because lipids are important in marine tropho-
dynamics and in transport of hydrophobic contami-
nants (Parrish & Wangersky 1987, Volkman et al.
1989). Lipids comprise several classes of compounds
of widely differing physiological function (Harwood &
Russell 1984), and the different classes may well
respond differently to major environmental variables.
Neutral lipids, for example, are associated mainly with
carbon and energy storage, and should be synthesized
most rapidly when light is abundant and/or nutrients
are in short supply (Pohl & Zurheide 1979, Parrish
1987, Taguchi et al. 1987, Nichols et al. 1989). Almost
the opposite patterns would be expected for glycolip-
ids and phospholipids, which are largely components
of membranes. Relatively few studies have been made
of lipid class composition in natural populations of
microalgae (e.g. Parrish 1987, Nichols et al. 1989),
and very few of lipid class synthesis (Palmisano et al.
1988).

In April of 1990, a cruise to the northeastern
Sargasso Sea was made in an effort to find the North
Atlantic spring bloom in progress, and to follow its
temporal development (Platt et al. 1991, Head & Horne
1992). Nutrient and chlorophyll concentrations typical
of a spring bloom were encountered, and followed as
they declined with time. The work reported here was
intended to elucidate the patterns of photosynthate

allocation, including lipid class synthesis, of the phyto-
plankton through the apparent decline of the bloom.
We are particularly concerned in the present paper to
use the data to (1) further test the inference (Platt et al.
1991) that nutrient depletion caused the observed de-
cline of photosynthetic rates and, by implication,
phytoplankton growth rates, and (2) test the hypothe-
sis that the major lipid classes would differ in their
responses to light and nutrient supply.

MATERIALS AND METHODS

The work was carried out during cruise 90-001 (T.
Platt, chief scientist) of CSS 'Hudson’ to the northeast-
ern Sargasso Sea from April 5 to 28, 1990. Latitude
and longitude of stations in the study area appear in
Table 1. The cruise was part of the Joint Global Ocean
Flux Study.

Water for the experiments was obtained using a sub-
mersible pump system (Herman et al. 1984}. Sampling
was performed in the morning so that experimental
incubations could be initiated and run through most of
a natural light-dark cycle. Sample water was pre-
screened (200 pm mesh), inoculated suitably with
NaH!COj;, and then dispensed to 500 ml polycarbo-
nate bottles for incubation. All incubations were con-
ducted in deck incubators, cooled by continuously-
circulating surface sea water. Neutral-density screens
attenuated the irradiance to 3, 22 or 90 % of surface in-
cident in the incubators. Bottles were wrapped in sev-
eral layers of dense black plastic for overnight incuba-
tions. All sampling and incubation containers were
acid-washed and rinsed with fresh sea water before
use.

The standard incubation period was nominally 24 h,
with samples taken at time zero (ideally, at dawnj,
dusk, and the following dawn to elucidate the diel pat-
tern of end-product synthesis and metabolism. Actual
starting times were always later than dawn (Table 1).
At each sampling time, duplicate samples (10 ml) were
filtered for determination of total particulate '*C.
Duplicate samples (100 ml) were also filtered for deter-

Table 1 Sampling stations occupied for the present work during cruise 90-001 on CSS ‘Hudson' in the North Atlantic Ocean

Date Time Latitude {N)
April 12 08:15 h 37°33°
April 13 10:05 h 37°27°
April 14 08:00 h 37° 22
April 15 08:10 h 37° 18’
April 20 10:45 h 37° 07’
April 21 10:15 h 37° 14"
April 22 11:15 h 37°13°

Longitude (W) Depth (m) Chl a (ug 17"
40° 03’ 30 0.69
40° 09’ 10 0.86
40° 14’ 5 0.81
40° 21° 10 0.89
40° 53’ 20 0.34
41° 05’ 10 0.57
41° 14’ 10 0.40
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mination of photosynthetic end-products and lipid
class synthesis. Duplicate aliquots (0.1 ml) were taken
for verification of total "C activity at the beginning of
each experiment. All filtrations used glass fibre filters
(GF/F; pre-combusted for lipid class analysis), and
samples were frozen immediately pending analysis.
Filters for determination of end-products and lipid
classes were frozen in vials previously rinsed with 2:1
chloroform:methanol and flushed with oxygen-free
nitrogen gas.

Additional experiments were carried out to assess
the time course of labelling of end-products, with sam-
ples taken approximately every 4 h during the natural
light period only. Experiments were also conducted to
compare patterns of end-product synthesis between
the <1.0 pm and > 1.0 um size fractions, but the results
will not be presented in detail here. We will report the
patterns of end-product synthesis by the entire plank-
ton assemblage, as observed during the entire natural
light period, to more fully resolve the time course of
events at the study site.

The method used to separate photosynthetic end-
products followed Smith & Geider (1985). The method
produces 4 fractions: the methanol-water soluble
material {low molecular weight material, or LMW for
short); chloroform soluble material (lipid); material sol-
uble in hot 5 % trichloroacetic acid {mainly polysac-
charides, but also nucleic acids) and the insoluble resi-
due (mainly protein, but also chitin). The lipid fraction
was dried under oxygen-free nitrogen gas and stored
frozen pending further analysis.

Labelled lipid classes were separated by silica gel
chromatography, essentially the same technique as
Palmisano et al. (1988} but using pre-packed columns
(Sep-Pak, Waters Associates). Our particular method
was a slight modification from Yongmanitchai (1991),
and employed a sequence of 6 solvent phases of in-
creasing polarity. The solvent phases were: chloroform
+ ca 1 % ethanol, 1:1 chloroform:acetone, pure ace-
tone, 2°1 chloroform:methanol, 1:1 chloroform:meth-
anol, and pure methanol. The first phase elutes the
neutral lipids, phases 2 and 3 elute the acetone-mobile
polar lipids (largely glycolipids) and phases 4 and 5
elute the phospholipids. Phase 6 elutes low molecular
weight contaminants and break-down products, which
were always negligible (< 1 % of total lipid activity) in
our samples. Standards used to verify the technique
were *H-triolein and *C-phosphatidyl choline (Dupont
Canada Ltd) as markers for neutral and phospholipid
respectively, and chlorophyll a (Sigma) as a marker for
acetone-mobile lipids. Chlorophyll a in eluent fractions
was detected by fluorescence, while the radiolabelled
standards were detected by liquid scintillation spec-
troscopy. Recovery was always > 90 % on the samples
analyzed here.

Chlorophyll a values reported here (B. Irwin,
Bedford Institute of Oceanography, pers. comm,) were
measured by fluorescence (Yentsch & Menzel 1963)
after extraction of the sample (on GF/F glass fibre fil-
ter) in 90 % acetone for 12 to 24 h. Pure chlorophyll a

was used to calibrate the fluorometer.

RESULTS

The stations occupied for the present work are listed
in Table 1 to facilitate comparison with other publica-
tions resulting from the cruise. All of our samples were
taken from the surface mixed layer. Chlorophyll a con-
centrations at the sampling depths were relatively
high, and perhaps increasing, during the first 4 d.
Concentrations were distincfly lower during the last
3d.

Time courses of C incorporation measured on April
12 and 15 yielded similar results (Fig. 1). Incorporation
during the light period into total particulate carbon,
and into each of the 4 photosynthetic end-products
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Fig. 1 Time course of "*C incorporation into photosynthetic
end-products during incubation at 3 % (upper) and 90 %
(lower} of surface irradiance on April 15, 1990. LIP: lipid;
LMW: low molecular weight material; PRO: protein; and
POLY: polysaccharide. Lines were fitted by linear regression
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Table 2. Rates of synthesis (means of duplicates) of photosynthetic end-products during light and dark phases of diel incubations
at the time series station (see Table 1 for details of sampling stations). All rates in mg C mg ' chl ah ', irradiance as % of surface
value. LIP: lipid; LMW low molecular weight material; PRO: protein; POLY: polysaccharide

Date Phase Light LIP
April 13, 1990 Light 3 0.046
22 0.628

90 0.692

Dark 3 -0.013

22 —0.082

90 -0.078

April 20, 1990 Light 3 0.047
22 0.801

90 0.912

Dark 3 0.007

22 —0.038

90 —0.096

April 21, 1990 Light 3 0.028
22 0.297

90 0.401

Dark 3 0.000

22 -0.022

90 -0.021

LMW PRO POLY Sum
0.036 0.284 0.169 0.536
0.667 2.940 2.415 6.651
0.990 3.47 2.220 7.37
-0.015 —0.056 -0.068 —0.040
-0.111 -0.032 -0.289 -0.510
-0.183 —0.094 -0.132 —0.490
0.049 0.213 0.153 0.463
0.638 1.817 3.657 6.914
0.536 1.743 3.971 7.163
0.064 0.115 0.102 0.288
0.023 0.074 -0.293 -0.230
0.093 0.048 -0.395 —0.350
0.022 0.135 0.135 0.330
0.330 0.962 2.639 4.227
0.290 0.705 2.230 3.627
0.007 0.037 -0.012 0.031
0.109 0.120 -0.230 -0.020
0.047 0.165 ~0.265 -0.070

(lipid, LMW, protein, and polysaccharide) was fairly
linear at the 2 higher irradiance levels (22 and 90 %).
By contrast, incorporation was always most rapid dur-
ing the middle time period (centred roughly on solar
noon) in samples incubated at the 3 % irradiance level.
On average, the share of label in the LMW pool at dusk
(10 to 11 h elapsed incubation time) was 34 % lower
than after 2 h elapsed incubation time. Similarly, the
polysaccharide fraction was on average 14% lower,
while the protein and lipid fractions gained 5 and
0.8 % respectively. The average changes in the distri-
bution of label between 2 and 10 to 11 h elapsed incu-
bation time in the light were not statistically significant
(p >0.05, ANOVA).

Rates of day-time '"C incorporation were lower at
3 % irradiance than at 22 or 90 % in all experiments,
but rates did not differ systematically between the
2 higher irradiances. Table 2 shows examples, for the
3 experiments on diel labelling patterns. ANOVA
(2-way) confirmed that irradiance had a significant
(p < 0.001) and dominant (compared to inter-experi-
ment variability) effect on the rate of day-time '*C in-
corporation into total particulate carbon and into each
of the photosynthetic end-products. The day-time irra-
diance also had a significant positive effect on the sub-
sequent night-time loss of label from total particulate
carbon, lipid and polysaccharide (p < 0.01, ANOVA).
The loss or gain of C in LMW and protein at night
was not significantly influenced by the preceding day-
time irradiance, according to 2-way ANOVA (p >0.05)
on all 3 experiments. However, there was a highly sig-
nificant (p < 0.01) interaction between irradiance and

experiment factors for LMW and protein, suggesting
an important but variable influence of preceding irra-
diance. There was apparently little or no net loss of **C
from the particulate organic carbon at night in the 3 %
irradiance treatments, but there was always a net loss
at the higher irradiances (Table 2). Most of the loss was
usually from the polysaccharide, while gains were
most commonly noted in the protein (Table 2).
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Fig. 2. Proportional distribution of '*C among photosynthetic

end-products (mean of duplicatesj at the end of the light

period (dusk) and at the end of the subsequent nicght period

(dawn), after incubation at 3 % and 90 % of surface irradiance
on April 13 and 21. Abbreviations as for Fig. 1
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the end of the subsequent night period (dawn), after incuba-

tion at 3 % and 90 % of surface irradiance on April 13 and

21 NL: neutral lipid; AMPL: acetone-mobile polar lipid;
PL: phospholipid

The distribution of *C among the intracellular pho-
tosynthetic end-products differed between dusk and
dawn times of the diel experiments, and it varied with

irradiance (Fig. 2). The proportion of *C found in pro-
tein generally varied inversely with irradiance, and in-
creased overnight, while the opposite trend was noted
in the polysaccharide fraction (effects significant at
p<0.01, ANOVA). The proportion of label in lipid var-
ied weakly, but positively, with irradiance, and tended
to decrease overnight (p <0.04, ANOVA). The propor-
tion of label in LMW was not significantly affected by
irradiance, and did not change consistently overnight.

The distribution of “C among the 3 major lipid-
classes (Fig. 3) was less systematically related to irradi-
ance and effects of darkness than was the labelling
pattern of protein and polysaccharide. ANOVA indi-
cated that irradiance level and a period of darkness
were both significant (p <0.05) influences on the pro-
portion of label in neutral lipids and phospholipids, but
interaction and experiment factors were also signifi-
cant. Irradiance did not have a significant influence
on the proportion of label in acetone-mobile polar
lipids, but the dark period, and experiment and
interaction factors, did have a significant effect. In gen-
eral, interaction and experiment factors explained as
much, or more, of the variation in the distribution of
label among lipid classes as did irradiance and dark-
ness factors, indicating that the proximate effects of
irradiance and photoperiod were highly variable
among experiments. Inspection of the data (Fig. 3)
leads to a similar conclusion.

To elucidate changes in photosynthetic
and physiological characteristics amongst
sampling dates, we made comparisons of
rates and properties measured in incuba-
tions of 9to 11 h (our standard 'day period’)
under the 3 different irradiance levels (3, 22
and 90 %). This allowed us to combine the

results from the diel labelling experiments,
the time course experiments, and 2 other
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Fig. 4. Time series of photosynthetic and physiological variables in the study

area, as measured during 9 to 12 h incubations at 22 % of surface irradiance.

(A) Total particulate photosynthesis and protein synthesis, both normalized

to chlorophyll a. (B) Percentage of incorporated C in protein and poly-

saccharide, and the ratio (mean of duplicates} of protein:polysaccharide
activity

to chlorophyll a, showed a similar but much
more distinct pattern; protein synthesis dur-
ing the last 3 sampling dates was only about
half as rapid as during the first 4 dates
(Fig. 4A). The distribution of '*C among
photosynthetic end-products also differed
between the earlier and later dates. The
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proportion in protein declined, while the proportion in
polysaccharide increased. The ratio of protein to poly-
saccharide labelling decreased from an initial value of
nearly 2.0 to an average value of about 0.5 for the last
3 dates (Fig. 4B).

The proportion of label found in lipid changed little
over the period of observation. However, the distribu-
tion of label among lipid classes was significantly dif-
ferent between earlier and later dates. Our 2 measure-
ments of lipid class labelling in the later part of the
sampling period (April 20 and 21) had an average dis-
tribution of 27 % NL, 34 % AMPL and 38 % PL after
9 to 11 h incubation at 22 and 90 % irradiance. Our
only experiment in the earlier part of the sampling
period (April 13) had an average distribution of 18 %
NL, 27 % AMPL and 54 % PL, with 95 % confidence
intervals that did not overlap with those of the later
experiments.

DISCUSSION

The intention of the cruisc was to follow a parcel of
water and observe within it the temporal progression
of the spring bloom in the North Atlantic Ocean. The
dynamics of chlorophyll a and dissolved inorganic
nutrient concentrations suggested that the study area
indeed provided a picture of the peak and decline of
the spring bloom. Only those few samples that corre-
sponded to our experimental preparations were re-
ported here (Table 1), but a more complete analysis of
pigment dynamics at the study site also suggested an
initial slight increase, followed by a progressive de-
cline in phytoplankton biomass with time on station
(Platt et al. 1991). Photosynthetic rates (normalized to
chlorophyll a) declined simultaneously, coincident
with progressive depletion of silicate and nitrate from
initial values of ca 2 mmol 17! to the limits of analytical
detection by approximately April 16 (Platt et al. 1991,
W. G. Harrison pers. comm.). In this view, the cruise
may have succeeded in achieving a Lagrangian study
of an important phase of the spring bloom.

However, there is also evidence that the study area
was influenced by water of 2 distinctly different
sources, and that the apparently simple progression of
events masked a more complicated scenario in which
changing mixtures of the 2 water types, and temporal
changes within the water types, determined the events
(Head & Horne 1992). Salinity and temperature char-
acteristics of the water column, and the observed track
of the drifter, suggested that the earlier stations were
influenced mainly by Eastern Basin Water, of relatively
high biomass and nutrient concentrations, while later
stations were influenced primarily by North Atlantic
Central Water, of lower biomass and nutrient concen-

trations; shifts in pigment composition of the particu-
late matter were also suggestive of such a dual influ-
ence (Head & Horne 1992). Our samples (Table 1)
would, in this view, have derived from Eastern Basin
Water except for the last 3 sampling dates, which
would have been principally North Atlantic Central
Water.

Regardless of which precise interpretation is fol-
lowed, the early and later stations provided a clear
contrast between North Atlantic phytoplankton under
bloom conditions of relatively abundant nutrients, and
phytoplankton of the same oceanic province in a later
stage of depleted nutrients and declining biomass.
While changes in community composition may have
occurred (Head & Horne 1992), our results were in
accordance with the physiological changes to be ex-
pected in phytoplankton experiencing an increasing
degree of nutrient limitation (Healey & Hendzel 1980,
Morris 1981, Smith & Geider 1985). Patterns of end-
product synthesis shifted away from protein and to-
wards polysaccharide with time, and the chlorophyll a-
specific rate of protein synthesis declined (Fig. 4). The
ratio of protein:polysaccharide synthesis at light satu-
ration (22 and 90 % irradiance) in the early stations
was > 1.0 (Fig. 4), which would suggest very mild, or
no, nutrient deficiency (Healey & Hendzel 1980, Smith
& Geider 1985). The ratio declined to about 0.5 in the
later stations, consistent with moderate or severe nutri-
ent limitation. Similar shifts in allocation and biochem-
ical composition have been documented in coastal and
upwelling bloom situations (Hitchcock 1978, Barlow
1982a, b), but this appears to be the first demonstration
that similar changes accompany the dynamics of the
spring bloom in the open North Atlantic Ocean. The
shifting allocation patterns of the phytoplankton sup-
port the inference (Platt et al. 1991) that photosynthetic
rates were reduced in response to nutrient depletion as
the bloom declined.

The rate of protein synthesis, insofar as it reflects the
synthesis of an essential and conservative class of
macromolecule, may be more closely related to growth
rate than is the total photosynthetic rate (Morris 1981,
Rivkin 1989) and offers additional evidence for re-
duced growth rates in the later stations. By this meas-
ure, phytoplankton growth rates were reduced by
about 50 % during our limited period of observation
(Fig. 4A). By normalizing protein synthesis to chloro-
phyll a. we have probably underestimated the decline
in growth rates because chlorophyll - C ratios of phyto-
plankton are themselves expected to decline in re-
sponse to nutrient limitation (Sakshaug et al. 1989).
Even the apparent 50 % reduction in growth rate,
however, would probably be enough to permit simulta-
neous loss processes to dominate over growth, and
help to bring about a reduction in algal biomass.
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The relative allocation of photosynthate to total lipid
was much less variable with irradiance and over the
night period than was the allocation to protein and
polysaccharide (Table 2, Fig. 2). A relatively invariant
pattern of allocation to total lipid is common in studies
of phytoplankton biosynthesis (e.g. Barlow 1982b,
Smith & Geider 1985), possibly because different
functional classes of lipid respond in complementary
fashion to major environmental variables, such as irra-
diance and nutrient supply. The patterns of photosyn-
thate allocation among the 3 major lipid classes did
not, however, vary strongly with irradiance in our ex-
periments (Fig. 3). We had expected the neutral lipid,
which 1s associated mainly with carbon and energy
storage, to be preferentially synthesized under higher
irradiance, and to be preferentially metabolized at
night to help support biosynthesis of the other 2 lipid
classes. The results did not support such a generaliza-
tion, with the patterns of allocation sometimes the re-
verse of our expectation. It appeared that the neutral
lipid fraction did not behave as a dynamic, short-term
storage pool analogous to the carbohydrate portion of
the polysaccharide fraction, but was instead relatively
conservative. Such a result is consistent with classical
notions that storage lipids are used primarily for
relatively long-term energy storage (Morris 1981,
Harwood & Russell 1984), but additional study of other
phytoplankton communities is needed before any gen-
eralizations can be made.

In algal cultures, it is sometimes possible to stimulate
large rates of lipid synthesis by imposing nutrient limi-
tation, particularly in cases of severe silicon limitation
of diatoms (Shifrin & Chisholm 1981, Taguchi et al.
1987). We did not observe a large increase in allocation
of photosynthate to lipids, but allocation among lipid
classes did appear to respond to the changing nutrient
status of the community, with the neutral lipid fraction
forming a significantly higher portion of the total in the
later stations than in an early station. The time cover-
age of the measurements was admittedly sparse, but
the shift to neutral lipids was consistent with the re-
sponse expected of nutrient-limited microalgae (Pohl &
Zurheide 1979, Harwood & Russell 1984, Parrish 1987,
Parrish & Wangersky 1987). Other microalgal commu-
nities have previously been shown to display increased
synthesis and/or abundance of neutral lipids at times of
presumed nutrient limitation and maximal light avail-
ability (Parrish 1987, Palmisano et al. 1988, Nichols et
al. 1989). This appears to be the first demonstration
that phytoplankton of the open ocean may behave sim-
ilarly. It is an interesting question whether continued
observation of the declining bloom would eventually
have revealed a substantially increased total lipid syn-
thesis, as the algae continued to synthesize storage
lipid. Alternatively, such severely nutrient-limited

populations may be quickly lost from the system and
replaced by others that can maintain higher specific
growth rates, and lower relative allocation to lipid.
Further, and more prolonged, time-series studies of
oceanic blooms are needed to elucidate the processes
that mediate the transition from bloom conditions to
typical oligotrophic conditions, and the consequences
for algal biosynthesis and composition.

A problem with experiments like the ones presented
here is that, with increasing incubation time, the tracer
will appear increasingly in organisms and pools other
than the algae {Smith et al. 1984). At the same time,
useful information on respiration and grazing rates in
the microplankton can potentially be extracted from
the kinetics of the diel labelling patterns (e.g. Lancelot
et al. 1991). Lacking enough kinetic data, or any inde-
pendent information on the proportion of label occur-
ring in non-algal organisms, we considered it inappro-
priate to attempt such analysis here. However, it was
evident that the rate of labelled carbon loss at night
was quite small, and there was actually a net gain of
carbon overnight at the 3 % irradiance level on April
20 and 21 Unless the samples were inadvertently ex-
posed to light during the nominal dark period, the net
gain of carbon must reflect some sort of heterotrophic
process and/or anaplerotic uptake of inorganic carbon.
Even where net carbon loss was observed (at 22 and
90 % irradiance levels), its interpretation 1s proble-
matic; retention of label in microheterotrophs (Smith et
al. 1984) and use of older, unlabelled, respiratory sub-
strates by the algae (Smith et al. 1990) can cause seri-
ous underestimates of respiration and other loss rates
in such labelling experiments. [sotopic disequilibrium
among intracellular precursor pools can also cause
biased estimates of macromolecular synthesis and, in
particular, might help explain why the night-time pro-
tein synthesis rates were so much lower than day-time
rates (Table 2). Thus, the immediate impression of a
phytoplankton community that respires relatively
little, and supports relatively little protein synthesis at
night, should be taken with a great deal of caution.
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