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ABSTRACT: Three large diatoms, Stephanopyxis palmeriana (Greville) Grunow, Pseudoquinardia recta
von Stosch, and Navicula sp. (cell volumes 1.15 x 10° to 3.83 x 10° um?), were isolated from the
Sargasso Sea and cultivated in batch cultures under low irradiance. Growth rates u of each species
occurred in 2 phases, an exponential phase where u varied from 0.72 to 1.12 d~! and a much slower
transition phase that lasted from 3 to 6 d. We suspect that diffusion limitation of nutrient transport
controlled growth rates during this latter phase. Exponential growth rates were rapid enough to meet
the requirements of a bloom scenario whereby total annual new production in a locale such as the
Sargasso Sea could be met in a single 21 d bloom. The C:N:P ratio of all 3 species was close to the
Redfield proportions during exponential growth. Uncoupling between photosynthesis and nutrient
acquisition was evident in 1 species, S. palmeriana, with carbon accumulation, both in the form of
phytoplankton carbon and dissolved organic carbon, continuing well into the stationary phase, long
after nutrients were depleted from the growth medium. In fact, 50 % of particulate organic carbon
production occurred after the culture entered the stationary phase. Clearly there is ambiquity in the
traditional definition of new production which implies that over a relatively short time scale a balance
exists between new nitrogen entering the euphotic zone and new carbon production, assuming a
Redfield stoichiometry between cellular carbon and nitrogen. The excess carbon, both particulate and

dissolved, could lead to large discrepancies in estimates of new production.

INTRODUCTION

Large diatoms (> 10° um® in volume) are ubigitous in
oligotrophic regions of the world's oceans. Generally,
they are present in very low numbers, ranging from ca
50 cells 17! for fairly large species such as Hemiaulis
hauckii and Rhizosolenia alata {(ca 10° to 5 X 10°um?)
(Guillard & Kilham 1977) to < 1 cell m~* for the giant
species Ethmodiscus rex (> 5 x 10® um®) (Belyayeva
1972). Why these large species persist in nutrient
impoverished environments and why they frequently
bloom in such regions are unanswered questions that
have plagued oceanographers for a long time (Guillard
& Kilham 1977, Clemons & Miller 1984).

As one of us has concluded in recent papers (Gold-
man 1988, in press), the role these large phototrophs
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play in oceanic primary production may be far more
important than previously believed. Specifically, large
diatoms, by blooming episodically, may make a dispro-
portionately high contribution to new production that
could go unnoticed with conventional sampling
strategies. This conclusion is based on the simple facts
that the carbon content of 1 large diatom equals that of
‘many’ small phototrophs and that a very small seed
population of large cells residing at the base of the
euphotic zone has the potential to respond rapidly to an
episodic injection of new nutrients across the nutricline
with a burst of new primary production. The large cells
could sink quickly into deeper waters or be grazed by
vertically migrating large metazoans or fish, leading to
a short, efficient food chain. Only a few such events,
which would be exceedingly difficult to document,
could account for a sizeable fraction of the higher
contemporary estimates of new production {(Goldman
1988, in press).
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A key question regarding the potential role of large
diatoms as important contributors to new production is
whether or not growth rates of these phototrophs in
relatively dim light (corresponding to levels that might
be found at the base of the euphotic zone of oligo-
trophic waters) are fast enough to meet the require-
ments of different episodic scenarios such as those
constructed earlier to form the basis of the large diatom
—~new production scheme (Goldman 1988, in press). For
example, according to one scenario developed, the
entire contemporary estimate for annual new produc-
tion in the Sargasso Sea of Jenkins & Goldman (1985)
(5 mol O, m™2 yr™!) could be achieved in one 21 d
bloom period if the phytoplankton growth rate was
sustained at ca 0.6 d7!, assuming the following: a seed
population of 1 diatom 17!, cell volume 5 x 10° um?®
[equivalent cell diameter (ecd) ca 100 pum], photo-
synthetic quotient (PQ) 1.4, and all new production
restricted to the bottom 25 m of the euphotic zone
(Goldman in press). To address this type of question
one of us grew in batch culture 6 recent isolates of large
diatoms ranging in size from 3.2 x 10 to 6.8 x 10° um?®
(ecd ca 40 to 110 um). Growth rates of 4 species in this
group were found to be fast enough at low light (60
nEinsteins m~2 s7!) to meet the requirements of several
different episodic scenarios (including the one just
described) that would result in levels of new production
equivalent to the Jenkins & Goldman estimate (Gold-
man in press). In the current study we expand on these
results to characterize the cellular chemistry of the 3
fastest growing species in this group under bloom condi-
tions simulating those found at the base of the euphotic
zone of a typical oligotrophic locale. Suprisingly, there
are scant data of this type available in the literature for
large diatoms. The results have bearing on the impor-
tant questions of what the sources of biomass exiting in
surface waters are and how this new production is
coupled to new nutrient input into the euphotic zone.

METHODS

Test species and enrichment medium. Three large
diatoms, Stephanopyxis palmeriana (Greville) Grunow
(cell volume 3.83 x 10° um?®, ecd 90 um), Pseudoquinar-
dia recta von Stosch (cell volume 1.15 x 10° um?®, ecd
60 pm), and Navicula sp. (cell volume 1.46 x 10° um?,
ecd 65 um) (see Table 1) were obtained by net tows at
about 100 m depth in the Sargasso Sea during May
1989 and June 1990. Isolates of each species were
prepared by pipetting individual cells into pasteurized
and weakly enriched Sargasso seawater in test tubes
immediately after the net was retrieved. The tubes
were held in an incubator aboard ship under low, blue-
filtered light (ca 60 uFinsteins m~2s7!) and at 20°C and

then under similar conditions in the laboratory upon
return to port. No attempt was made to make the
isolates axenic. The enrichment medium (Schéne &
Schone 1982) contained 40 uM NaNQOj;, 2.58 uM
NaHPO,, 35.7 uM Na,SiO;, 2.16 uM Na,EDTA, 0.215
uM FeSQ,, 0.073uM MnCl,, and 0.5 pug 17" each of
vitamin Bj,, biotin, and thiamine added to Sargasso
seawater that was filtered through glass fiber filters
(Whatman GF/F) and pasteurized at 90°C for 2 h in
polycarbonate bottles. This medium was used both to
maintain the cultures and for the batch growth studies.

Batch growth experiments. Three batch growth
experiments were performed in 121 glass carboys hold-
ing 81 of medium, 1 for each species. The carboys were
positioned in a rectangular flowing water bath made
of plexiglass, lighted on both sides with fluorescent
bulbs that were filtered with blue acetate sheeting.
Irradiance levels nominally were 80 pEinsteins m™2 s~}
(see Table 1) and were measured directly in the car-
boys with a Biospherical Instruments QSL-100 4x
sensor. Cultures were maintained at 20°C on a 12 h
light-dark cycle. Inocula for each experiment were a
few cells ml~! taken from stock cultures. Samples for
cell counts and some nutrient measurements were
taken daily throughout the course of the experiments
which generally lasted for 2 to 3 wk until cultures had
reached the late stationary phase. Sampling for cellular
constituents was started several or more days after
visible growth was observed. The cultures were mixed
once daily just before sampling. Specific growth rates
(1 in d™1) were calculated by regression analysis as the
slope of the linear portion of the curve of In cell number
vs time.

Chemical and biological measurements. Cell counts
were made on 25 ml samples preserved in Lugol's
solution. The entire sample was counted with a stereo
microscope in the early stages of growth and smaller
subsamples were counted as cell numbers increased.
One ml samples were counted in a Sedwick-Rafter
slide and greater volumes in a 5 cm plastic Petri dish. A
minimum of 50 and more typically 200 to 1000 cells per
sample were counted. Particulate organic carbon
(POC) and particulate organic nitrogen (PON) were
measured with either Perkin Elmer 240C or 2400 Ele-
mental Analyzers on 25 to 100 ml samples retained on
Whatman GF/F glass-fiber filters that were pre-
combusted overnight at 550°C. Particulate organic
phosphorus (POP) was measured on 25 ml samples
retained on acid washed and pre-combusted GF/F fil-
ters. The samples were combusted and dissolved
according to the procedures of Solorzano & Sharp
(1980) and then soluble reactive phosphorus was mea-
sured (Murphy & Riley 1962). Biogenic silica was mea-
sured on 25 ml samples retained on 1.0 um Nuclepore
filters (Paasche 1980). Chlorophyll a was measured on
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25 ml samples retained on GF/F filters (Strickland &
Parsons 1972). Ammonium (McCarthy & Kamykowski
1972), NO3~ and NO,~ (Wood et al. 1967), soluble
reactive phosphorus, and dissolved silicon (Parsons et
al. 1984) were measured on the filtrates.

Dissolved organic carbon (DOC) was measured in all
3 experiments whereas total dissolved nitrogen (TDN)
was measured only in the experiments involving
Stephanopyxis palmeriana and Pseudoguinardia recta.
Concentrations of DOC and TDN were determined by
high-temperature catalytic oxidation (Suzuki et al.
1985, Sugimura & Suzuki 1988). Several modifications
have been made, however, and these are described by
Hansell {in press). In essence, a quartz combustion tube
was maintained at a temperature of 720°C in a Ther-
molyne Type 21125 tube turnace. Hydrocarbon-free
oxygen carrier gas delivered the important combustion
products (CO, and NO)j first to a Beckman Model 880
non-dispersive infrared CO; detector and then, in series
with the infrared detector, to an Antek Model 720
chemiluminescence detector for NO counts. With the 2
detectors in series, simultaneous DOC and TDN mea-
surements were possible with each 100 ul injection.
With 4 to 5 replicate injections the coefficient of varia-
tion was generally less than 5 % for both DOC and TDIN.
Dissolved organic nitrogen (DON) concentrations were
calculated as the difference between the concentration
of TDN and total DIN. Procedures for calibration of the
analytical system and for daily conditioning of the
combustion column have been described by Hansell et
al. (in press). Due to cost and availability considerations,
0.5% Pt on alumina (Shimadzu Corp.) was used rather
than the 3 % Pt on alumina catalyst (Sumika Chemical
Analysis Service) used by Sugimura & Suzuki (1988).
Although they argued that the quantity of Pt on the
catalyst support is a critical variable for efficient com-
bustion of DOC, Hansell et al. (in press) found no
significant difference between these 2 catalysts.

RESULTS
Growth and nutrient uptake characteristics

Cell division occurred in 2 phases in each experi-
ment, an initial exponential phase (phase Ij followed by
a slower transitional phase (phase II} (Figs. 1A, 2A &
3A). The phases are depicted in appropriate figures
with vertical dashed lines. Specific growth rates p
during the initial exponential phase were 0.72 d~! for
Navicula sp., 0.87 d™! for Pseudoguinardia recta, and
1.12 d7! for Stephanopyxis palmeriana (Table 1). The
duration of the transitional phase and u during this
period varied from ca 3 d and ca 0.2 47! for S. pal-
meriana to ca 6 d and 0.1 d~! for the other 2 species.

The experiment involving P. recta was ended before
the stationary phase (phase IIl) was reached (Fig. 2A).
Cell numbers about doubled through the transition
phases for each species. Growth of Navicula sp. was
marked by a long lag period of 5 d (Fig. 3A).

The patterns of nutrient utilization varied between
experiments. Dissolved nutrients (NO;~, PO,~3, and
silicon) were in excess at the end of the exponential
phase in all 3 cultures (Figs. 1B, C, D, 2B, C, D, 3B, C,
D). In fact, they never were exhausted in the culture of
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Fig. 1. Stephanopyxis palmeriana. Time course of growth and
nutrient transformations during batch cultivation. (A)
Changes in cell numbers (o) and chlorophyll a (0); (B) changes
in PON + NO;~ (9), NO3;~ (0}, and PON (e); (C) changes in
POP + PO,™% (o) PO, (e), and POP (c); (D) changes in
dissolved silicon + particulate silicon (o), dissolved silicon (e),
and particulate silicon (0); (E) changes in TOC (a), POC (o),
and DOC (o). Curves in all figures were drawn by visual
inspection to show trends only
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Fig. 2. Pseudoquinardia recta. Same as Fig. 1

Pseudoguinardia recta (Fig. 2B, C, D) and only NO;~
was undetectable by the end of the transition phase in
the culture of Navicula sp (Figs. 3B, C, D). In the culture
of Stephanopyxis palmeriana, however, depletion of
NO;~ and PO, 2 occurred by the end of the short
transition phase (Fig. 1B, C) although silicon remained
in excess throughout the experiment, falling to about
3 ug-at. 17! by the early stationary phase before rising
slightly to ca 5 pg-at. 17" at the end of the experiment
(Fig. 1D). Decreases in NO;~, PO, %, and silicon were
matched by increases in the respective particulate
components so that a mass balance for each nutrient
was maintained throughout the course of the experi-
ments. PON values were not obtained in the experi-
ment involving Navicula sp. due to problems with the
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Fig. 3. Navicula sp. Same as Fig. 1

Perkin Elmer 2400 analyzer. Instead, PON was esti-
mated in this experiment by changes in NO;3;~ con-
centration between sampling intervals (Fig. 3B).
Ammonium concentrations remained below the detec-
tion limit throughout all 3 experiments. Similarly, NO,~
was undetectable in the experiments involving S. pal-
meriana and P. recta, but did increase slightly through-
out the exponential phase in the culture of Navicula sp.
to ca 0.6 ug-at. 17! before falling to ca 0.1 ug-at. 17! by
the end of the experiment. Increases in chlorophyll a
matched those for the other particulate constituents,
except that chlorophyll degradation was evident dur-
ing the latter stages of the transition phase in the
culture of P. recta (Fig. 2A) and during the stationary
phase in the culture of Navicula sp. (Fig. 3A).
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Table 1. Summary of irradiance levels used, cell sizes, growth rates, and cell quotas for various cell constituents of large diatoms
grown in batch culture

Pseudoguinardia recta

84
1.152
60

0.87
0.11

Navicula sp.

80
1.460
65

0.72
0.08

¢ Based on a spherical shape

Parameter Stephanopyxis palmeriana
Irradiance level (uEinsteins m~%s™ 1) 76
Cell volume (10° um3) 3.833
Equivalent cell diameter® (um) 90
Specific growth rate x (d™!)

Exponential 1.12

Transition 0.19

Photosynthetic carbon production and DOC excretion

A common feature of the experiments involving
Stephanopyxis palmeriana and Navicula sp. was for
POC to increase continuously even after the cultures
had reached the stationary phase (Figs. 1E & 3E). In
effect, photosynthetic carbon incorporation became
uncoupled from cell division and nutrient assimilation
well into the stationary phase in both of these cultures.
There was no evidence of this uncoupling in the culture
of Pseudoguinardia recta, at least for nitrogen and
silicon (Figs. 2B, D}, as the stationary phase was never
reached and these 2 nutrients were assimilated along
with carbon throughout the experiment. However, POP
production ceased midway into the transition phase in
this culture (Fig. 2C).

Concomitant with the switch to the transition phase in
all 3 cultures was the accelerated production of DOC
which continued until the experiments were ended (Figs.
1E, 2E & 3E). Concentrations of DOC shown in these
figures are the difference between total DOC values and
initial values, which represent the background DOC in
the Sargasso seawater and in the EDTA and vitamins
added to the medium. Production of DOC was most
pronounced in the culture of Stephanopyxis palmeriana:
40 % of the total organic carbon (TOC) produced after
the exponential phase (TOC = POC + DOC) and 34 % for
the entire experiment was as DOC as opposed to 22 and
20 % respectively in the culture of P. recta and 13 and
13 % respectively in the culture of Naviculasp. (Table 2).
Virtually all of the DOC produced in the culture of
Navicula sp. before the transition phase actually oc-
curred during the lag phase (Table 2, Fig. 3E).

There was no evidence of DON production through-
out the two experiments in which DON was measured.
A mass balance for the sum of PON + NO3;~ was
maintained in both experiments and total DON showed
no consistent pattern of increase through the experi-
ments (Fig. 4). The DON that was measured originated
from the Sargasso seawater and the EDTA and vit-
amins added to the medium.

Cellular nutrient quotas and ratios

Cell quotas for chlorophyll, nitrogen, phosphorus,
and silicon were relatively invariant throughout the
experiment involving Stephanopyxis palmeriana
(Figs. 5A, C, D, E); there was, however, a pronounced
increase in the carbon cell quota from ca 5 ng C cell ™!
during exponential growth to ca 9 ng C cell”! by the
end of this experiment (Fig. 5B), resulting in large
increases in both the cellular C:N and C:P ratios
during this period (Fig. 6A, B), but not the cellular N: P
and Si:N ratios (Figs 6C, D).
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Fig. 4. Changes in DON (e} during time course experiments
with (A) Stephanopyxis palmeriana and (B) Pseudoquinardia
recta. Data for PON + NOj3™ (0) repeated in both panels from
Figs. 1B & 2B for comparison
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Table 2. Percent contribution of particulate organic carbon (POC) and dissolved organic carbon (DOC) to total organic carbon
production during different growth phases of large diatoms in batch cultures

Growth phase Stephanopyxis palmeriana

POC DOC
Exponential 100 0
Transition-stationary 60 40
Total 66 34

# All production occurred during lag phase

Pseudoguinardia recta Navicula sp.
POC DOC POC DOC
87 13 84 16¢
78 22 87 13
80 20 87 13
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Fig. 5. Stephanopyxis palmeriana. Time course changes in

cell quotas for different nutrients during batch cultivation.

{A) Chlorophyll a; (B) carbon; (C) nitrogen; (D) phosphorus;
(E) silica
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Fig. 6. Stephanopyxis palmeriana. Time course changes in

cellular nutrient ratios during batch cultivation. (A) C: N ratio;

(B) C:P ratio; (C) N:P ratio; (D) Si:N ratio. Artows in panels
indicate respective Redfield ratios

Cell quotas for all nutrients in the experiment involv-
ing Pseudoguinardia recta displayed a similar pattern
of decreasing through the exponential phase, increas-
ing in the early stages of the transition phase before
leveling off (Fig. 7) and, in the the case of phosphorus,
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Fig. 7. Pseudoquinardia recta. Same as Fig. 5

actually decreasing by the end of the experiment (Fig.
7D). These cell quota changes translated to relatively
invariant cellular C:N (Fig. 8A) and Si: N ratios (Fig.
8D) in this experiment, but to large increases during
the transition phase in the cellular C:P (Fig. 8B) and
N: P ratios (Fig. 8C). The patterns of change in both the
cellular nutrient quotas (Fig. 9) and cellular nutrient
ratios (Fig. 10) during the experiment dealing with
Navicula sp. generally seemed to follow those in the P.
recta experiment although the data were too limited
during the exponential portion of this experiment to
allow firm comparison to be made between the 2
experiments. There also was a small increase in the
cellular C:N ratio from ca 7:1 during exponential
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Fig. 8. Pseudoquinardia recta. Same as Fig. 6

growth to ca 9:1 by the end of the experiment involv-
ing Navicula sp. (Fig. 10A), unlike the invariant C:N
ratio displayed in the experiment involving P. recta
(Fig. 8A).

The cellular nutrient quotas and ratios of the 3
species were compared at the end of exponential
growth (Table 3) by drawing lines through the data by
visual inspection. The 2 data sets for cell quotas and
ratios compiled in Table 3 are not internally consistent
for this reason. For example, nutrient ratios presented
in this table are slightly different than those based on
cell quota values.

The magnitude of the cell quotas generally reflected
the size of each species. On a per unit volume basis, it
was clear that Navicula sp., although intermediate in
size between the other 2 species, had the highest
amounts of chlorophyll, carbon, nitrogen and phos-
phorus and almost the same amount of silicon as
Stephanopyxis palmeriana, which was over 2.5 times
larger by volume (Table 3). The nutrient ratios were
very close to the Redfield C:N:P ratio of 106:16:1 for



264 Mar. Ecol. Prog.

0.4

0.3 -

Chlorophyll a

0.1

0.0

20
16~ B
12 |

Carbon

20

1.5 [

Nitrogen

0.5
04 D

Cell Nutrient Quota (ng/cell)

03 -
0.2 -

0.1
00 b 1l Lo

Phosphorus

2.0

® —‘*. -
°® 1

Silica
—
<

0.5 { e
|

.
;
i
;
.
.
.
[ 1
e '
.
.
.
! .
Low 0 a1 i ]

0 4 8 12

16

Incubation Period (days)
Fig. 9. Navicula sp. Same as Fig. 5

all 3 species. The Si:N ratio by atoms was highest for
S. palmeriana (1.3-1) and lowest for Navicula sp.
(0.4:1) (Table 3).

DISCUSSION
Growth potential of large diatoms

Physiological studies on large phytoplankton cells
represent a largely neglected research area. To date,
growth rate estimates of large (>10° wum?®) diatoms
cultured in the laboratory are restricted to the few
studies summarized in Table 4. These data, which are
for conditions of light saturation, were normalized to a
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Fig 10. Navicula sp. Same as Fig. 6

common temperature of 20°C for comparison with the
data from the present study. Even though this data set
is limited, 2 important points emerge regarding the
potential contribution of large phytoplankton species to
new production. First, it does not appear that growth
rates of large diatoms are tightly coupled to cell size.
Although cell volumes in the data set (including our
own data) span 3 orders of magnitude, no apparent
allometric relationship between cell size and growth
rate is evident (Fig. 11). Banse (1982) first pointed out
the weakness of such relationships for diatom cell vol-
umes between 10 and 10° um® and Schoéne (1982)
corroborated the weakness for bigger diatoms, the data
of which are included in Fig. 11.

Although the bulk of the data from Tables 1 and 4 fall
near to or below the weak allometric relationship
developed by Banse (1982} (which we extrapolated to
larger volumes in Fig. 11), growth rates of at least 1
species, Stephanopyxis palmeriana (1.12 to 1.37 d™ )
fall considerably above this curve. We suspect that the
slightly higher value of u for this species reported by
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Table 3. Approximate values of cell nutrient quotas and nutrient chemical ratios at the end of exponential growth of large diatoms
grown in batch culture

Nutrient constituent Stephanopyxis palmeriana
Cell quota [ng cell™ (fg um ™))
Chlorophyll a 0.11 (0.3)
Carbon 5.0 (13.1)
Nitrogen 0.8 (2.1)
Phosphorus 0.14 (0.4)
Silicon 2.5 (6.5)
Nutrient ratio, by atoms
C:N 6.0:1
C:P 95:1
N:P 15:1
Si:N 1.3:1
C:N:P 95:15:1

Pseudoguinardia recta Navicula sp.

0.03 (0.3) 0.15 (1.0)
10 (87 4.0 (27.4)
02 (1.7) 07 (48)
0.03 (0.3) 0.1 (0.9
0.25 (2.2) 07 (4.8)
6.5:1 7.0:1
105:1 105:1
16:1 16:1
0.7:1 04:1
105:16:1 105-15:1

Table 4. Summary of sizes and growth data for large marine diatoms obtained from the literature. All cultures were maintained
under saturating irradiance and growth rates were adjusted to 20°C using a Qo of 1.88 from Eppley (1972)

Specific growth rate, u Source

(d™h

Species Cell volume
(10° um?®)

Coscinodiscus wailesii 140
Coscinodiscus asteromphilus 3.27
Ditylum brightwellii 1.18
Coscinodiscus sp. (C38B) 2.75
Coscinodiscus sp. (CoA) 62
Coscinodiscus radiatus 2.20
Rhizosolenia robusta 1.70
Rhizosolenia alata 3.54
Stephanopyxis palmeriana 3.50

0.48 Eppley & Sloan (1966)
0.36

1.01 Blasco et al. (1982)
0.62
0.55

0.65 Schoéne (1982}
0.78
0.69
1.37

Schone (1982) (Table 4) relative to our value resulted
because we did not attain light saturation in the current
study. Sommer (1989) similarly found that growth rates
of some Antarctic phytoplankton species were greater
than predicted by the Banse equation. In particular, the
large diatom Corethron criophilum (volume 1.92 x 10°®
um?®, ecd 72 um) was found to grow at 0.40 d~ ! at 0°C,
which, when extrapolated to 20°C with a Q;, of 1.88
(Eppley 1972), would be comparable to the growth
potential displayed by S. palmeriana both in the pre-
sent study and that of Schone (1982). Results of this
type defy the commonly accepted notion that small
cells should, on physiological principles alone, grow
faster than large ones.

It is impossible to generalize from the limited data on
rapid growth rates of large oceanic diatoms. We can not
discount the possibility, however, that Stephanopyxis
palmeriana is representative of many large diatoms
capable of attaining rapid growth rates considerably
above those expected from allometric relationships. The
reasons why some large oceanic diatoms possess such

high growth potential are obscure, but may represent an
evolutionary adaptation to variable nutrient distribu-
tions that seem to exist in pelagic surface waters, both
spatially and temporally; in effect, this capability can be
viewed as a way for large diatoms to cope with a feast or
famine existence, a survival mechanism common to
many oceanic microbes (Fenchel 1982).

The second point regarding the potential for large
diatoms to contribute significantly to new production is
that virtually all of the growth rate data in Fig. 11 fall
above the curve constructed by Goldman (in press) to
represent the episodic scenario in which new produc-
tion equivalent to the contemporary estimate of 5 mol
0, m~? yr~! occurs during a single 21 d bloom for cells
of varying size, assuming an inoculum of 1 cell17!, a PQ
of 1.4, and all production occurring in the bottom 25 m
of the euphotic zone. Thus it is plainly seen that large
diatoms have the potential to make a sizeable contribu-
tion to annual new production during episodic growth
periods and that this production could easily go
unnoticed with conventional sampling strategies.
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We can only speculate as to why growth rates of all 3
species slowed down considerably during the pro-
longed transition phases that lasted for 3 to 6 d. Even
though major nutrients (NO3~, PO, 73, silicon) were not
exhausted at the start of the transition phases in all
three experiments, particularly in those experiments
involving Pseudoquindaria recta (Fig. 2) and Navicula
sp. (Fig. 3) in which nutrients were in large abundance
when exponential growth ended and the transition
phases were longest, we can not discount the possibil-
ity of a switch from nutrient-saturated to nutrient-
limited growth during this phase. This switch in nu-
trient status may have been caused by diffusion limita-
tion of nutrient flux to the cell surface of these large
diatoms, particularly since the cultures were only
mixed once daily. Since this flux is controlled by the
concentration gradient of a particular nutrient in the
bulk fluid and at the cell surface and by cell size
(Pasciak & Gavis 1975), it is apparent that the ambient
nutrient concentration could have decreased to a criti-
cal level during exponential growth leading to diffu-
sion limitation and a concomitant decrease in growth
rate. The impact of diffusion limitation would be most
pronounced for large cells having relatively high half
saturation coefficients K; for nutrient uptake or growth
(Gavis 1976). We know virtually nothing about the
kinetics of nutrient uptake by large marine phyto-
plankton, although there is evidence that some large

cold water diatoms do have unusually high K values
for silicon (Sommer 1986).

Given the recent interest on the role iron may play in
controlling new production in some oceanic locales
(Martin & Fitzwater 1988, Morel et al. 1991), it is tempt-
ing to suggest that iron limitation was the cause of the
reduced growth rates in the present study. This sugges-
tion seems unlikely, however, because the concen-
tration of chelated iron (0.215 uM) was in great excess
relative to the maximum biomass produced as POC (ca
480 uM in the experiment involving Stephanopyxis
palmeriana), assuming that the ratio of iron to POC in
marine diatoms typically is ca 1 to 10 wmol/mol™!
(Morel et al. 1991).

Physiological characteristics of large diatoms

Sournia (1982) pointed out vividly the tremendous
range in size between phytoplankton species indige-
nous to different oceanic locales and the disproportion-
ate contribution of large species to total phytoplankton
biomass. Unfortunately, however, the tremendous
recent interest in the microbial loop and in small photo-
trophs (< 5 wm) has masked the importance of the
larger species to new production. In fact, it is evident
from our own data that a single diatom such as
Stephanopyxis palmeriana has a carbon content (ca 5
ng C cell™!) that is equivalent to ca 10* to 10° cyanobac-
terium cells with a carbon content of ca 0.2 pg C cell™!
(Waterbury et al. 1986). Thus it is important to recog-
nize how difficult it is to represent adequately all the
important phototrophs that may contribute to primary
productivity when performing standard '“C assays on
small volume samples; other techniques must be
employed to gauge the contribution of the larger, rarer
species to new production (Goldman 1988, in press).

Attainment of the Redfield ratios during exponential
growth with excess nutrients present in the cultures is
characteristic of phytoplankton growing at maximal
rates (Goldman et al. 1979), and reinforces the general
concept that the Redfield ratio is a good indicator of the
nutrient status of phytoplankton populations. Equally
important is the fact that in the present study the
Redfield ratio was attained under light-limiting condi-
tions. From other studies (Goldman unpubl.), we know
that the light intensity used in this study (80 nEinsteins
m~2 s7!) was sub-saturating for all 3 species. The
results, particularly for Stephanopyxis palmeriana, are
similar to what one of us attained earlier in showing
that the relationship between the C:N:P ratio and the
nutrient status of phytoplankton populations is inde-
pendent of light intensity (Goldman 1986). Light inten-
sity only sets the maximum possible growth rate; it is
the relative growth rate at any light intensity that
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Fig. 12. Schematic diagram of (A) con-
ventional description of new production
and (B) excess carbon description result-
ing from uncoupling between photo-
synthesis and nutrient acquisition

determines the cellular C:N: P ratio. These conclusions
are at gross odds with the views of Tett et al. (1985).

The 2- to 3-fold range in cellular nutrients per unit
volume we observed between the 3 species (Table 3)
probably has little significance, given that there was
only a 3-fold range in cell volumes. As shown by Mullin
et al. (1966) in their examination of a wide variety of
phytoplankton species, a decrease in the carbon con-
tent per unit volume with decreasing cell volume can
be expected, but this relationship is very weak. For
example, they observed a 1 order of magnitude
decrease in the cellular carbon content per unit volume
over 7 orders of magnitude increase in cell volume.
Brzezinski (1985), having measured the cellular car-
bon, nitrogen, and silicon content of 27 species of
marine diatoms ranging in size from > 100 um? to > 10°
um?® (including Stephanopyxis palmeriana) and grow-
ing exponentially under different light regimes,
observed a general trend of decreasing volumetric car-
bon content with increasing cell volume; but once
again no apparent trend was obvious over a narrow
range of cell volumes. His values for S. palmeriana (the
only species common to his study and ours) of 54 to
11.5fg C um™2and 0.8 to 1.7 fg N um ™ were, however,
similar to our results (13.1 fg C um ™ and 2.1 fg N um ™3,
Table 3).

The relatively high Si:N ratio we observed for
Stephanopyxis palmeriana (1.3:1 by atoms) most likely
results from the heavily silicified connections between
cells (Brzezinski 1985) and the unusually thick and well
developed frustule (Drebes 1966) that characterizes

POC = 12 PON (66%)

" le—| CYANOBACTERIA
| PROTOZOA

MICROBIAL LOOP

this species. Brzezinski (1985) also found that the Si: N
ratio of S. palmeriana (Greville) Grunow (1.5:1 by
atoms under a light-dark cycle), was at the high end for
the group of diatoms he studied, as the bulk of his data
fell between 0.5:1 and 1.5:1 with a mean of 1.1:1.

Uncoupling between photosynthesis and nutrient
acquisition

New production, as defined by Dugdale & Goering
(1967) and later by Eppley & Peterson (1979), is that
fraction of total primary production that is fueled by
allochthonous nutrient inputs into the euphotic zone. In
effect, a balance is maintained whereby the input of
major nutrients such as dissolved nitrogen and phos-
phorus into the euphotic zone is equal to the flux of
biogenic counterparts into deeper waters. The flux of
carbon as new production is, by convention, considered
to be equal to new PON production times the Redfield
C:N ratio of 6.6 (by atoms) (Fig. 12A). If we consider
our results with Stephanopyxis palmeriana as being re-
presentive of oceanic diatoms that are able to sustain
photosynthetic rates long after nutrient depletion
occurs in the water column, then our view of what
constitutes new production must be revised. In princi-
ple, the continuation of photosynthesis after nutrient
depletion by some marine phytoplankton represents a
switch from protein to carbohydrate synthesis in order
to maintain cellular energy reserves. Many phyto-
plankton species, and diatoms in particular, are cap-
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able of prodigious carbohydrate production after nu-
trient depletion occurs and cell division stops (Mykle-
stad 1974) so our results with S. palmeriana are not
novel. However, the results provide a striking example
of how new carbon production can be uncoupled from
new nutrient input. In fact, in the current experiment
with S. palmeriana, 50 % of POC production occurred
after nutrients were depleted, leading to an increase in
the particulate C:N ratio to ca 12:1 by atoms. Thus in
this case new POC production would be about double
that based on wusing the traditional Redfield
stoichiometry between cellular carbon and nitrogen
(Fig. 12B).

The situation is compounded even further when con-
sidering that DOC excretion by phytoplankton, which
is photosynthate lost from the cells, is a component of
new production (Legendre & Gosselin 1989). Using our
own values for Stephanopyxis palmeriana as an exam-
ple, if we include DOC production, then the C:N ratio
increases to 18:1 and total new carbon {TOC = POC +
DOC) increases to 3 times that based on the Redfield
ratio (Fig. 12B}. We suspect that this 'excess’ carbon is
composed primarily of complex heteropolysaccharides,
similar to what others have found in carbohydrate-
producing diatoms (Myklestad et al. 1972, Frew et al.
1990). Both S. palmeriana and Pseudoquinardia recta
are chain formers that produce loosely bound
aggregates during growth which turn into highly con-
densed gelatinous masses after nutrient depletion
(Goldman in press). Blooms of gelatinous-type species
and subsequent aggregation are common occurrences
in marine waters (Billett et al. 1983, Smetacek 1985,
Alldredge & Gotschalk 1989, Riemann 1989, Revelante
& Gilmartin 1991, Smith et al. 1991, Cushing 1992),
frequently leading to the release of massive quantities
of exudate (Ittekkot et al. 1981, Lancelot 1983). Wood &
Van Valen (1990) argue that exposure to high
irradiance under conditions of nutrient depletion is a
major factor controlling the release of early products of
photosynthesis because the energy storing capacity of
the cell is exceeded and photorespiratory pathways are
not available. Other factors must be involved because
exudate release occurred at low light in our study and
there was no apparent effect of light intensity on excre-
tion by the haptophyte Phaeocystis pouchetii in the
study of Lancelot (1983) on North Sea phytoplankton
dynamics.

The problem of exudate release by bloom-forming
phytoplankton is tightly connected to the current con-
troversy over the magnitude of DOC and DON concen-
trations in oceanic waters (Suzuki et al. 1985, Sugimura
& Suzuki 1988). One part of this controversy centers
around the contention of Sugimura & Suzuki (1988)
that both DOC and DON concentrations in marine
surface waters are considerably higher than previously

measured and that the C:N ratio of these organic frac-
tions is about 6:1 to 7:1. Although there still is much
uncertainty regarding the accuracy of the newer DOC
numbers generated by high temperature combustion
techniques (similar to the method we used in the pre-
sent study), it has been far more difficult to replicate the
higher DON numbers originally presented by Suzuki et
al. (1985) (Walsh 1989, Maita & Yanada 1990, Koike &
Lupas in press, Hansell et al. in press). In fact, it is
difficult to conceptualize just where the DON would
originate from to give such low C:N ratios. As seen in
our study and in many other laboratory and field
studies, non nitrogenous compounds (chiefly carbo-
hydrates) are the major exudates of phytoplankton.

A major unanswered question centers around the
fate of these exudates. As diagrammed in Fig. 12B,
some fraction of DOC must fuel bacterial growth within
the microbial loop. Kirchman et al. (1991) found high
turnover rates of DOC during a spring phytoplankton
bloom in the North Atlantic, suggesting that at least
some fraction of the exudate was highly labile. The
sources of nitrogen to support both bacterial and photo-
trophic activity within the microbial loop clearly would
be derived from regenerative processes during grazing
resulting in NH,* excretion and recycling (Fig. 12B). In
contrast, some other fraction of this DOC must be
resistant to bacterial degradation, since it is known that
phytoplankton exudates often are precursors of humic-
type materials which are known to be refractory
(Rashid 1985, Gillam & Wilson 1985). Earlier studies
showing bacterial resistance to oxidation of deep ocean
DOC (Barber 1968) support this latter view.

Fate of large diatoms

What is clear from our previous (Goldman in press)
and current work is that there is no physiological bar-
rier to large diatoms making a sizeable contribution to
new production. The fact that some of the fast growing
species such as Stephanopyxis palmeriana and
Pseudoquinardia recta can aggregate into large masses
probably increases their sinking speeds tremendously.
Thus direct export by sinking with minimal food chain
losses most likely is an important process that follows
new production (Cushing 1992). Another intriguing
possibility, based on the concepts advanced by Long-
hurst and co-workers (Longhurst & Harrison 1988, Lon-
ghurst et al. 1990), is that vertically migrating nekton
and zooplankton graze large diatom populations at
night in the euphotic zone and then migrate hundreds
of meters to respire and excrete products at depth
during the day. Such a rapid transport system would
result in short and relatively efficient food chains with
minimal losses (i.e. high new production). Some myc-
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tophid fish such as Ceratoscopelus warmingii, in fact,
are known to graze on mats of Rhizosolenia spp., which
are similar in form to aggregates produced by the
chain-forming species in this study (Robison 1984).
Whether or not this form of grazing is important in the
ocean remains to be determined.
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