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ABSTRACT: We measured simultaneously the size-distribution of oxygen consumption, inorganic and 
orgamc dissolved carbon assimilation, and the standing stocks of phytoplankton and bacteria, to 
develop simple carbon budgets and "C exchange models for the microplankton communities of a large 
conhnental shelf system. In spring samples (dominated by large-celled dlatoms) community respiration 
consumed 33 to 100 % or more of the gross primary production (GPP) measured by the 0,-light-and- 
dark-bottle technique and was apparently due entirely to microheterotrophs. In fall samples (domi- 
nated by flagellates) community respiration consumed 100 % or more of the measured GPP, and 
appeared on average to be due equally to autotrophs and heterotrophs. Pnmary production, estimated 
by 14C-CO2 assimilation into particulate matter, often greatly underestimated GPP and community 
metabolism measured by the 0, technique, with apparent photosynthetic quotients (PQ) of about 5.0 in 
the spring samples. Modelling of the tracer dynamics suggested large rates of DOC release (> particu- 
late production) from a small and rapidly cycling pool w i t h  the autotrophs as the cause of the large 
apparent PQ's. The large share of primary production consumed by small microheterotrophs ( c 5  or 
l p) and frequent lack of positive net community production suggested a low efficiency for the 
transfer of microheterotrophic production to larger or.;a~isn?s. 

INTRODUCTION 

There is now considerable evidence that mi- 
croheterotrophs are often major consumers of primary 
production in marine microplankton communities. 
Simple trophic models indicate that 40 % or more of 
primary production can enter the dissolved organic 
carbon pool and the microheterotrophic food web of 
bacteria and their grazers (Williams 1981a, Joint & 
Monis 1982, Peterson 1984). Diverse techniques of 
measurement indicate that bacterial net production 
(i.e. production after respiration losses but before graz- 
ing losses) is from 5 to 25 O/O of primary production in 
coastal and shelf waters (Van Es & Meyer-Reil 1982, 
Ducklow 1983, Azam et al. 1983, Williams 1984a). 
Such measurements can be viewed as minimal 
estimates of total microheterotroph consumption of 
primary production. 

It is still difficult to measure directly the total con- 
sumption of primary production by bacteria and other 
microheterotrophs (Joint & Moms 1982, Williams 
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1984a), particularly due to the lack of an established 
technique for measuring the gross assimilation (net 
production plus respiration) of carbon by natural bac- 
terial populations. Bacterial net production measure- 
ments can be converted to gross assimilation but only 
with a large uncertainty due to a great range (from 10 
to 80 %) in estimates of bacterial growth efficiency 
(Joint & Morris 1982, Newell 1983, Williams 1984a, 
Bauerfeind 1985). The most appropriate value(s) for 
growth efficiency is still an  open question that can be 
resolved only through the measurement of both 
metabolism and production of natural bacteria. 

There is nonetheless a variety of evidence that mi- 
croheterotrophs (MH) may frequently consume most or 
all of primary production in some marine microplank- 
ton communities (Packard & Williams 1981, Williams 
et al. 1983, Holligan et al. 1984a, Laanbroek et al. 
1985). It is important to know how general such a 
situation might be because a chronically large 
(>50 %) consumption of primary production would 
raise fundamental challenges to our accepted 
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trophodynamic concepts (Pomeroy 1974, Williams 
1981a) and could alter our interpretation of primary 
production measurements (Peterson 1980). In particu- 
lar, the potential of MH activity to bias primary pro- 
duction estimates made by 14C, and other techniques, 
has been a long-standing concern (Peterson 1980, 
Jackson 1983, Smith et  al. 1984). Simultaneous mea- 
surements of primary production and its consumption 
by MH are, however, still uncommon. 

One valuable approach to estimating the consump- 
tion of primary production by MH is through the mea- 
surement of O2 production and consumption (Williams 
1981a, 1984b). This approach has been pursued and 
improved with increased analytical precision and with 
the use of size-fractionation (Bryan et al. 1976, 
Williams 1981b, Williams & Jenkinson 1982). The 
resulting evidence for strong concentration of respira- 
tion in small plankton size classes is among the most 
persuasive evidence that MH often dominate commun- 
ity respiration and therefore consume a large share of 
primary production. The separation of the MH share of 
total respiration can be difficult, but is often possible if 
specific indices of auto- and heterotrophic activity are 
also measured (e.g. Bell & Kuparinen 1984). 

In the present study we used size-fractionated mea- 
surements of O2 exchange and of auto- and hetero- 
trophic activity to determine the balance between 
primary production and community respiration, and 
the contribution of MH to community respiration, in 
the microplankton of a large shelf system, the Grand 
Banks of Newfoundland. Simultaneously we measured 
bacterial production rates in pre-screened seawater to 

assess bacterial growth efficiency. We also attempted 
to reconcile rates of primary production measured 
using 14C with the O2 results by means of a simple 
carbon exchange model. In the samples available MH 
metabolism often consumed most of the apparent pri- 
mary production, while primary production itself 
appeared to be underestimated by rates of I4C assimi- 
lation into particulate matter. 

MATERIALS AND METHODS 

We visited the Grand Banks at  3 different times 
during 1984: April (C.S.S. Hudson, Cruise #84-010); 
July (C.G.S. Wilfred Templeman, Cruise #84-015); 
and October (C.S.S. Dawson, Cruise #84-028). The 
sites sampled (Fig. 1) were on or near the Southeast 
Shoal. In April and October, water was sampled using 
a submersible pumping system (Herman et al. 1984) or 
by Niskin bottles, and in July by Niskin bottles only. 
Sahnity, pressure and temperature profiles were mea- 
sured on all cruises. In April and October, in vivo 
fluorescence of chlorophyll a (Chl a)  was also profiled 
using a submersible fluororneter (Aquatracka). On all 3 
cruises, Chl a was also measured on samples (100 to 
200 ml) from 6 to 8 discrete depths, using fluorometry 
of acetone extracts and calibration against pure Chl a. 

Experimental incubations were done in deck boxes 
cooled by running surface sea water. Periodic mea- 
surements showed that the boxes were less than 2°C 
above in situ surface temperature. White linen covers 
and nickel screening were used to attenuate light to 

Fig. 1. Sampling locations on the Grand Banks; numbers denote stations listed in Table 1 
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70 O/O and 10 O/O, respectively, of incident. Black cloth 
bags covered the boxes by night to exclude stray deck 
light. 

To size-fractionate the plankton prior to incubation 
we used, in April and July, reverse filtration through 
nylon mesh (Nitex) of 200, 10, or 5 pm nomlnal pore 
size. In October, we used gentle gravity filtration 
through nylon mesh (5 pm pore size) or polycarbonate 
membrane filters (Nuclepore; 1 pm pore size). Filtra- 
tion of the different size classes was always parallel 
rather than serial. 

Oxygen exchange rates were measured in acid- 
cleaned, 125 rnl borosilicate glass bottles. In April, 14C- 
CO2 assimilation was measured in parallel incubation 
in the same type of bottles, while additional bottles 
were incubated for periodic assessment of bacterial 
abundance, chlorophyll a concentration, and assimila- 
tion of tritiated glucose and anlino acids. In July and 
October, all incubations except those for O2 were done, 
for convenience, in larger polycarbonate bottles (0.5 to 
2.0 1) .  Occasional comparisons did not reveal signifi- 
cant differences in either organic or inorganic carbon 
assimilation rates as a function of bottle type. 

Experimental incubations usually started at dawn, 
but occasionally at noon. When started at dawn, bottles 
were removed at dusk and at the following dawn (and 
for dark bottles, sometimes more frequently) in groups 
of 4 replicates and analyzed for O2 concentration. 
When started at  noon, bottles were removed at dusk 
and the following noon. We used a high-precision, 
automated, VJinkler method (Bryan et al. i976, 
Williams & Jenkinson 1982) for O2 analysis. 

Assimilation of 14C-CO2 was measured at similar 
intervals except that we always included both dusk 
and following dawn measurements to assess overnight 
loss or assimilation. In dawn experiments, we also 
continued the 14C incubations to the second noon to 
assess the ass ida t ion  rates after lengthy confinement 
and exposure to tracer. Parallel dark bottle controls 
generally indicated negligible assimilation compared 
to illuminated samples, with the exception of the smal- 
ler size fractions on April 14 and 16. We did not sub- 
tract the dark bottle values but, as will be shown in the 
next section, this decision had little bearing on the 
interpretation of the data. 

We measured particulate organic 14C activity by 
liquid scintillation spectrometry of samples which had 
been collected (cellulose acetate filters, 0.45 pm pore 
size) under gentle pressure (<50 mm Hg), rinsed with 
filtered sea water, and acidified to drive off residual 
inorganic label. To measure dissolved organic 14C, the 
filtrate and rinse was acidified and the residual activity 
determined by liquid scintillation spectrometry (Smith 
& Platt 1984). Total activities were measured on ali- 
quots mixed with a CO2-trapping agent (NaOH). All 

counts were corrected for quenching by the Compton 
edge displacement (H#) method. No isotope discrimi- 
nation factor was used. 

We measured the rate of assimilation of tritiated 
glucose (New England Nuclear #NET-100A) and/or of 
tritiated amino acid mixture (NEN #NET-250) in 4 to 8 
separate incubations initiated at different times during 
most of the diurnal experiments. In each ~ncubation, 
we sampled at  time-zero, 0.5 and 1.0 h (approxi- 
mately). Samples were filtered onto 0.45 pm pore 
cellulose acetate filters (<50 mm Hg pressure), rinsed 
with filtered sea water, and counted by liquid scintilla- 
tion spectrometry. Occasional comparisons against 
0.2 ym pore polycarbonate filters revealed no signifi- 
cant difference in activity retained. In April and July, 
tracer solution was added to a final activity of 20 to 
80 pCi 1-l, equivalent to 0.5 to 2.0 nM added substrate 
for both glucose and amino acids. In October, smaller 
additions were used (2 to l 0  yCi I- ' ,  or 0.05 to 
0.25 nM). The turnover rate of the added organic trac- 
ers was approximated as  the rate of assimilation into 
particulate matter divided by the total concentration of 
added tracer. 

The concentration of bacterial cells was determined 
by epifluorescent rnicroscopy of DAPI stained samples 
(Coleman 1980, Porter & Feig 1980). In most experi- 
ments, samples for enumeration were taken 4 to 8 
times during the diurnal incubation. To estimate bac- 
terial cell volume, photographs were taken under epif- 
luorescence, the slides projected at  2 0 0 0 0 ~  final mag- 
nification, ce2 dimensions measured and vohmes then 
calculated by geometric approximation. Cell volumes 
were converted to carbon content assuming that bac- 
terial cell carbon is 20 O/O of wet weight (Bratback & 
Dundas 1984). 

Samples for phytoplankton and microzooplankton 
enumeration (150 to 300 ml) were preserved with 
either Lugol's iodine or forrnalin, and were examined 
under phase contrast at 40 to 400x final magnification. 
Autotrophic carbon biomass was estimated as 50x 
Chl a (cf. Eppley et  al. 1977). 

We follow Strickland (1960) and Smith et  al. (1984) 
in our calculation and definition of production rates. 
Gross primary production (GPP) is the photosynthetic 
rate before any losses while net community production 
(CP) is the photosynthetic rate after all losses, includ- 
ing both autotrophic and heterotrophic respiration, in 
the microplankton community. CP is according.!y the 
production available for export from the microplank- 
ton. In operational terms, it is traditional to assume that 
O2 consumption in dark bottles measures community 
respiration while O2 change in light bottles measures 
CP; GPP is thus defined as the sum of the (absolute) 
changes of concentration in light and dark bottle 
(Strickland 1960). By contrast, the question of which 
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production level (GPP, CP, or something else) is mea- 
sured by 14c is stU a largely open question. 

RESULTS 

Plankton abundance and primary production 

Our observations fell into 2 groups on the basis of 
water column structure and phytoplankton species 
composition. The first group comprised all the Apnl 
samples, obtained from cold and deeply-mixed water 
(Table 1). The phytoplankton was dominated by large- 
celled &atoms, especially large numbers of 
Rhzosolenia and Coscinodiscus spp. The second 
group comprised the July and October samples, which 
were obtained either from the surface mixed layer or 
just below in the pycnocline (Table 1).  Stratification 

was strong, and surface temperatures relatively high, 
in July and October. The phytoplankton was domi- 
nated by flagellates, including many Gymnodinium 
and Gyrodinium spp. In October only, there was also 
an abundance of large-celled dinoflagellates, includ- 
ing Ceratium, Dinophysis and Pendinium spp. 

Chlorophyll a concentrations varied by about 1 order 
of magnitude within each group (Table 2). The highest 
chlorophyll a concentrations and gross primary pro- 
duction (GPP) rates were observed in April, but only at 
the edge of the shelf (Stn 2, Fig. 1);  the nearby station 
on the shelf itself (Stn 1) had chlorophyll a concen- 
trations and GPP no higher than those observed in July 
and October (Table 2). The relatively productive shelf- 
edge station was in fact the only one at which we 
measured any excess of GPP over respiratory consump- 
tion. Even in October samples with relatively large 
chlorophyll a concentrations, respiration equalled or 
exceeded GPP in 24 h incubations (Table 2). 

Table 1. Sampling stations (cf. Fig. 1);  depths of stations, samphng, mixed layer (Zm) and Chl a in vivo fluorescence maximum 
(Zchl; no maximum in Apr) and water temperature at samphng depth 

Date (1984) Station 

Stn 

Depths (m)  
Sample Zm Zchl 

Temp. ("C) 

12 Apr 
14 Apr 
16 Apr 

16 Jul 
17 Jul 

4 Oct 
5 Oct 
7 Oct 
9 Oct 

Table 2.  Oxygen exchange (community respiration, R,  and gross primary production, GPP, both estimated from linear regression 
of changes over 24 h), chlorophyll a concentration (Chl a)  and bacterial cell concentration, all f 95 % confidence interval, and 
dissolved organic substrate (DOC) turnover rate Turnover rates are for glucose ( ' )  or amino acids ( '  ' )  or the average of both 
( '  "); the ranges shown are the greater of either 95 % C1 of rephcate measurements or the range of values observed dunng the 

diurnal mcubahon (see text) 

Date 
(1984) 

GPP Chl a DOC turnover 

(pgO2 I- '  h-') I- ' )  (106 cells m]-') (h - ' )  

12 Apr 
14 Apr 
16 Apr 

16 Jul 
17 Jul 

4 Oct 
5 Oct 
7 Oct 
9 Oct 

na: missing data 
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Bacterial abundance and production 

The concentration of bacterial cells was conservative 
among sampling dates, most values being close to 
2.0 mdlion cells ml-' (Table 2). We did not generally 
find clear or consistent changes in bacterial abundance 
during the diurnal ~ncubations. On one sampling date 
only (July 17) we observed roughly exponential popu- 
lation dynamics (increasing) in both the <200 and 
< 5  pm fractions. Otherwise, cell concentrations com- 
monly decreased either initially or for the duration of 
the incubation. Table 3 tabulates the cell concen- 
tration changes observed over 24 h of incubation. 

Table 3. Change in bacterial population size observed over 24 
h of incubation in different prescreened size fractions (as % of 

cells ml-' at time-zero) 

Date Nominal upper size limit of fraction (pm) 
(1984) 

200 2 0 10 5 1 

12 Apr -3.0 - 17.0 0.0 -9.0 - 
14 Apr - 15.0 -23.0 -23.0 - 15.0 - 
16 Apr 16.0 - 14.0 - 1.0 -2.0 - 

16 Jul 0.0 - - 9.0 - 
17 Jul 65.0 - 36.0 - 

5 Oct 20.0 - 13.0 25.0 
7 Oct 0.0 6.0 - 18.0 
9 Oct - 3.0 

-: no data 

W 
Fig. 2. Cumulative size distributions of 0, con- N 

U) 
sumption rates (X, with bars indicating the 95 % 
Cl), bacterial biomass (A). Chl. a concentrations ' 
(a) and "C-CO, assimilation rates (0) in Apr a-' 

samples. Sizes are defined by size of mesh 
through which water was filtered (= nominal 
upper size limit) before measurements, and are 
plotted on a log (2) scale. The largest size class 
(< 200 pm) by definition contains 100 % of each 
measured property, and smaller classes ( < S ,  
< 10, (20 pm) some lesser fraction. Statistical 
imprecision can give apparently > 100 % in 
small size classes when small organisms dorni- 

nate (e.g. O:, consumption, Apr 12) 

There was no clear or consistent evidence for a signifi- 
cant grazing pressure on the bacteria, as 5 and/or 1 pm 
screens failed to permit consistently greater growth. In 
fact, considering the statistical error associated with 
the cell counts (95 % confidence interval about 15 % of 
the mean), there was little evidence for significant 
change of cell concentration in most experiments. 

We did not find significant changes in bactenal 
biovolume during incubation. In October, mean cell 
volumes ranged from 0.069 to 0.085 p.m3 anlong all 
experiments, and in July from 0.062 to 0.094 pm3. We 
did not measure bacterial biovolume in April, but there 
was no subjectively apparent increase of biovolume, or 
change in morphology, during the incubations and no 
obvious difference from the October and July popula- 
t i o n ~ .  It appeared that bacterial biomass production 
was, like cell production, generally not significantly 
different from zero even in our smallest size fractions. 

The turnover rates of glucose and amino acids 
agreed, within a factor of 2, whenever both were mea- 
sured together (April 14 ,  July 16, l?, and October 5). 
Turnover rates in freshly collected water were, on 
average, similar between April and the later sampling 
dates (Table 2). However, turnover rates sometimes 
increased during the diurnal incubations in July and 
October, but not in April; the resulting diurnal average 
turnover rates were accordingly often higher in July 
and October than in April (Table 2). We failed (except 
on July l ? )  to detect corresponding increases of bac- 
terial biomass, as described above, despite our particu- 
lar efforts io identify them when the organic tracer 
turnover rates increased with time. 

APRIL 14 

LIMIT ( 
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Autotroph and heterotroph metabolism 

The Apnl data were distinct from those of July and 
October in the size distribution of plankton organisms 
and their metabolic activity. The large-celled diatoms 
(retained by 20 pm mesh) of the spring samples 
accounted for about 60 % (April 12) or 90 % (April 14, 
16) of the chlorophyll a and I4C-CO2 assimilation 
(Fig. 2). By contrast, respiration rates, bacterial abun- 
dance, and turnover rate of DOC (dissolved organic 
carbon, i.e. glucose and/or amino acids) were not sig- 
nificantly diminished even by 5 pm screening. Appa- 
rent instances of more than 100 % of respiration or 
bacterial biomass in the smaller fractions (Fig. 2) prob- 
ably reflect statistical error and dominance of small 
organisms. These observations strongly suggested that 
community respiration was mainly or enhrely associ- 
ated not with the primary producers but with hetero- 
trophs in the < 5  Km fraction. 

In July and October, both chlorophyll a and 14C-CO2 
assimilation were largely associated with the smaller 
size fractions. In July, our smallest mesh was 5 pm, 
which failed to remove any substantial proportion of 
Chl a ,  14c-CO2 assimilation, bacterial cells, DOC 
assimilation, or respiration. Thus it was impossible to 
discriminate the relative contributions of autotrophs 
and heterotrophs to community metabolism in July. In 
October, the size distributions of populations and 
metabolic activities varied among sampling dates 

OCTOBER 5 

I1 

I I I I 

0 0' 

I 
I 
I 
I 
I 

1 

U 
0 8 32 128 

NOMINAL UPPER 

(Fig. 3). Most of the autotrophic activity (Chl a and 14C- 
CO2 assimilation) was in the < 5 pm fraction, and up to 
roughly 50 O/O was in the < l  ym. The propofion of 
respiratory activity passing the l pm screen was con- 
sistently greater than the proportion of autotrophic 
activity (Fig. 3). Bacterial abundance and DOC tur- 
nover rate were not significantly reduced by 1 or 5 pm 
screening. Together, the observations were consistent 
with the view that both autotrophs and heterotrophs 
contributed to community respiration, but in varying 
proportions among the different experiments in Octo- 
ber. 

We estimated the ratio of autotrophic respiration (RA) 
to community respiration (R) in October by the for- 
mula; 

RA/R = (% respiration > 1 pm)/(% 14C assimilation 
> 1 pm) (1) 

We chose the 1 l m  screen because it yielded the 
greatest difference between autotrophic and hetero- 
trophc activities, and thus a more sensitive measure 
than the 5 vrn screen. In using Equation (l) we 
assumed, Like Bell & Kuparinen (1984), that auto- 
trophic respiration was directly proportional to auto- 
troph abundance and photosynthetic activity over all 
size classes. The estimates of RA/R ranged from 0.0 on 
October 5 to 0.70 on October 4. The average value for 
all the October experiments was 0.50. 

OCTOBER 7 

U 
0 8 32 128 

SIZE LIMIT ( pm) 

1 OCTOBER 9 

Fig. 3. Cumulahve size lstributions for Oct samples. As Fig. 2 except size classes are <200, < 5  and < 1 km 
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Carbon budgets 

The foregoing data allowed us to calculate carbon 
budgets, based on a simple exchange model, for Apnl 
and October. The model (Fig. 4) was a simplified ver- 
sion of others commonly used to describe material flow 
in the microplankton (e.g. Peterson 1984, Fasham 
1985) and was intended primarily to account for 14C 
movement through the autotrophs (see below). The 
model consequently ignored grazing by microhetero- 
trophs, the use by bacteria of substrates other than 
phytoplankton exudate and the possibhty of natural 
(non-grazing) mortality of bacteria (cf. Servais et al. 
1985). The DOC pool of the model was intended to 
represent only the pool of labile products released from 
phytoplankton. These simplifications were also largely 
justifiable by our failure to measure a major grazing 
pressure on small particles (bacteria) and by the fact 
that natural mortality of bacteria is essentially a closed 
loop that has little bearing on the modelling of tracer 
flow or the net flow of carbon to higher trophic levels. 

Fig. 4. Carbon exchange model used in constructing carbon 
budgets (Table 4) ,  together with the corresponding equations 
for I4C tracer dynamics (dA/dt) used to model tracer flow. 
Pools C2 and Cj  together comprise the autotroph carbon pool. 
Carbon fluxes are defined as the product of carbon pool size 
(C,) and rate constant, as shown in the schematic, while tracer 
fluxes are the product of pool activity (A,) and rate constant. 
The rate constants (all normalized to pool of origin) are 
autotroph respiration (r,), autotroph DOC release (e,), DOC 
assimilation by bacteria (h), exchanging to synthetic pool 
transfer (k,), synthetic to exchanging pool transfer (k,) and 
heterotrophic respiration (r,). Gross photosynthetic rate, a, is 
normalized to the autotrophic exchanging pool and is zero by 
night. In Eqn l., a ,  denotes the specific activity of dissolved 

inorganic carbon (assumed constant) 

For these reasons, we found it useful to present, at least 
for illustrabve purposes, the carbon budgets that result 
if the model's simplifications are entertained. 

In a departure from most such material flow models, 
we postulated the existence of 2, functionally-distinct, 
pools within the autotrophs (Fig. 4). While critical to 
the tracer flow modelling, this distinction can be 
ignored for the purpose of developing carbon budgets. 

To construct the budgets (Table 4 )  we assumed a 
respiratory quotient of 0.8 and a photosynthetic quo- 
tient (PQ) of 1.25 (Harris 1978, Williams et al. 1979, 
Burris 1980, Wdliams 1981b) and an approximate 
steady-state in bacterial biomass (consistent with our 
measurements). These assumptions defined the fluxes 
of GPP, algal and bacterial respiration, and bacterial 
gross assimilation in carbon units. If we additionally 
assume a steady state in the DOC pool size, then 
phytoplankton extracellular release rate must equal 

BACT. 

Z 
0 
t- a 1.0 
[r 

" 
6 12 18 24 

TIME ( H O U R S )  

AUTOTR. 

Fig. 5. Results of simulation modelhng for Apr 14. The model 
(Fig. 4) was run with the parameters and initial pool sizes 
shown in Tables 4 and 5. As in all simulations, photosynthesis 
(a) and DOC release (e,) operated only during the 12 h light 
period. AU pool sizes (A) and integrated fluxes (B) are 
expressed in carbon units, scaled relative to an initial auto- 
troph biomass of 1.0 units. (A) Relative dynamics of the dis- 
solved organic carbon (DOC), autotroph (autotr.), and bac- 
terial (bact.) carbon pools. (B) Dynamics of gross photosynthe- 
tic carbon fixation (GPP, the integral of a C2); net community 
production, CP (the integrated, community gain in total fixed 
carbon); the carbon fixed in particulate form, as estimated 
from 14C (POL4C); and the total carbon fixed as estimated by 
I4C (TOI4C). In all the Apr experiments, autotroph respiration 
(R,) was zero, so net primary production equalled GPP 

throughout 
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Table 4. Carbon budgets, calculated according to exchange model (Fig. 4), for diurnal (24 h) experiments. Pools (vg C 1-l), fluxes 
(upper case letters; pg C l..' d-l) and corresponding rate constants (lower case letters; d-l) are defined in Fig. 4, with the 
exception that autotroph respiration and excretion (r,, e,) are normalized here to the enure autotroph carbon pool rather than to 
the exchanging pool. Gross primary production (GPP, yg C 1.' d-l)  was measured both by O2 and by "C. See text for further 

explanations 

Date Pool sizes Rates 
(1984) 

Autotrophs Bacteria DOC RA RH e~ h GPP 
(Id) ( T H )  O2 I4c 

12 Apr 20.5 75.1 187.2 = 0 31.6 (0.42) 1.54 0.156 21.1 5.9 
14 Apr 196.5 28.2 400.0 = 0 65.3 (2.32) 0.33 0.151 83.8 22.5 
16 Apr 198.0 30.3 604.8 = 0 37.4 (1.23) 0.19 0.060 90.7 19.9 

4 Oct 78.5 31.7 583.5 75.6 (0.96) 40.56 (1.28) 0.52 0.067 na 29.4 
5 Oct 28.8 28.4 103.0 = 0 38.4 (1.35) 1.33 0.317 22.3 17.0 
7 Oct 35.0 35.0 45.7 38.7 (0.42) 41.9 (1.20) 0.45 0.650 37.2 13.5 
9 Oct 20.6 16.2 na 31.8 (1.54) 64.5 (3.98) 3.98 na na 4.2 

na: no data 

bacterial gross assimilation rate (Table 4) and the DOC 
pool size must be; 

(DOC) = (DOC release rate)/(DOC turnover rate) (2) 

In all cases, we used an average value for DOC 
turnover rate during the entire diurnal experiment. 

Specific rates of autotroph and heterotroph respira- 
tion and of extracellular release from autotrophs were 
calculated from the pool size and flux estimates 
(Table 4). 

The most prominent feature of the budgets was the 
consistently major role for bacterial metabolism, the 
importance of extracellular release from autotrophs, 
and the generally small contribution of autotroph 
respiration. The pool of DOC that mediated the auto- 
troph to bacteria transfer was apparently larger and 
more slowly-cycled than the living carbon pools, es- 
pecially in April. The flow of carbon to DOC and the 
bacteria accounted for about half (Apnl 14, 16) or all 
(April 12, October 5, 7) of the measured gross primary 
production, GPP (Table 4). 

In Table 4, we also present primary production rates 
calculated from our measurements of short-term (4 to 
6 h) 14C assimilation into particulate matter. Following 
recent suggestions (Williams et al. 1979, Williams et al. 
1983, Holligan et al. 1984b, Smith et al. 1984) that such 
rates should agree with GPP to within a factor of 2, we 
tentatively identified the 14C estimates as alternative 
measures of GPP. We observed, however, that the 14C 
rates were more than 2-fold smaller than GPP esti- 
mated by O2 in all the April experiments and on 
October 7. The I4C-based rates were also much smaller 
than necessary to balance community respiration 
(Table 4). 

Tracer exchange modelling 

The object of the tracer exchange modelling was to 
determine whether the apparently low 14C primary 
production estimates could be reconciled with the O2 
results in terms of the simple model in Fig. 4 while 
simultaneously satisfying 2 other features of the tracer 

Table 5. Inorganic carbon fixation rates (pg C 1-' h- ')  estimated from 'T assimilation by total microplankton ( t 2 0 0  pm) over the 
first 3 to 6 h of incubation (First day) or the first 3 to 6 h of the same incubation after an intervening night penod (Second day). 
Overnight denotes the rate of change of particulate carbon (pg C 1-' h-')  estimated from 14C during the night period. Ranges are 
95 % confidence intervals. PQ is the molar ratio of GPP, by 0, method, to particulate carbon fixation, by I4C, both measured over 

24 h 

First day Second day Overnight I 
12 Apr 
14 Apr 
16 Apr 

4 Oct 
5 Oct 
9 Oct 
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results: the absence of significant overnight loss of 
tracer from the particulate matter, and the mainte- 
nance, on average, of undiminished rates of tracer 
assimilation after 24 h of incubation (Table 5). We 
were limited to the April data set due to scarcity of 
complete, diurnal, O2 and 14C data at other times. 

The equations for tracer flow are given in Fig. 4 .  We 
assumed a 12L:12D light cycle, close to the true 
photoperiod at the time. A PQ (photosynthetic quo- 
tient) of 1.25 was assumed in interconverting the mod- 
elled carbon fluxes with O2 fluxes. Most of the para- 
meter and pool size values needed for the model 
(Fig. 4) were available from the carbon budgets 
(Table 4). However, the relative sizes and cycling 
rates of the 2 intracellular pools of autotroph carbon 
were not so defined. Rather, they were treated as 
unknown variables that could be varied to reproduce 
the observations. We assumed that the autotrophs 
were in balanced growth in the sense that the relative 
sizes of the 2 internal pools would remain constant 
over 24 h. 

Initially, we attempted to reproduce the observations 
on the assumption that pool C2 (Fig. 4) was zero, i.e. 
that the autotrophs were a single, homogenous pool of 
carbon with no internal carbon re-allocation. We could 
not so reproduce the large PQ's and overnight conser- 
vation of particulate tracer (P014C) even if we drasti- 
cally altered the sizes and cycling rates of DOC and 
bacteria pools from the budget estimates. If we 
assumed that DOC and bacterial pools were smaller 
and more rapidly cycled, then PU's as large as 4.0 

Table 6. Parameter values for the exchange model (Fig. 4) 
which were judged to yield acceptable reproduction of the 
Apr results; values not shown were assigned according to the 
carbon budgets (Table 4). Also shown are the resulting pre- 
dicted values, versus observed, of photosynthetic quotient 
(PQ; 24 h values), overnight change of P0I4C (as % of value at 
dusk), and second day rate of PO14C increase (as % of rate on 

first day) 

Parameters Experiment 
12Apr 14Apr 16Apr 

I Predicted vs observed quantities 

Pred. 5.3 
Obs. 5.3 

Overnight Pred. 
Obs. 

Second day Pred. 
pol4c O ~ S .  

could be predicted but calculated overnight loss of 
(P014C) was about 80 %. By contrast, with a DOC pool 
as large and slowly cycled as our budgets indicated, 
we could predict overnight conservation of PO"T but 
not PQ's substantially larger than 2.0. Whether release 
of DOC was continuous or restricted to daytime in the 
model, we could not reproduce our observations with a 
homogeneous autotroph carbon pool. 

We could reproduce our observations, however, by 
assuming that the autotroph exchanging pool was a 
small, but rapidly cycled, part of the total autotroph 
carbon pool and that DOC release occurred only by 
day (Table 6). Lacking the data necessary to fit the 
parameters describing the 2-pool autotroph subsystem 
(e.g. high-resolution 14C time courses) we  could only 
guess at appropriate values for the rate constants con- 
necting the 2 pools. After several such guesses, we 
amved at the values shown in Table 6 which, although 
not precisely reproducing all the observations, came 
close enough to satisfy us that we had found an accept- 
able explanation. 

The essential features of the successful model 
included a rapid passage of "'C into the DOC and its 
retention there (see Fig. 5),  which accounted for the 
large apparent PQ's we measured. Our one measure- 
ment of dissolved organic tacer (DO14C) production, on 
April 14, supported the model by indicating a DOC 
production rate of 1.85 pg C 1-' h-' (vs a POC produc- 
tion rate of 1.00 pg C 1-' h-' over 24 h). The model 
predicted a small increase of DOC pool size (25 %) 
over 24 h for Aprii 14 (Fig. 5j but approximate con- 
stancy for other dates. The bacteria were predicted to 
accumulate little '*C ( < l 4  % of POi4C at 24 h) and 
their respiration accordingly to be only a small influ- 
ence on tracer movement. The interaction of the 2 
autotroph pools was of essential importance. The small 
size and rapid cycling of C2 permitted the rapid move- 
ment of 14C into DOC. The relatively slow exchange 
between C2 and Cg caused an overnight dilution of the 
tracer in C2 and thus a renewed net assimilation of 
tracer upon re-illumination, even when the autotrophs 
appeared to acheive no net production over 24 h (April 
12). This feature could not be reproduced by assuming 
that C2 was small and rapidly cycled but did not 
exchange with Cj. 

Although not shown in Table 6, the successful simu- 
l a t ion~  also correctly predicted (to within 10 %) the 
observed net community production, CP. The model 
also predicted that short and long-term production 
estimates from total organic (i.e. POC + DOC) 14C 
assimilation should be very close to GPP (e.g. Fig. 5). 
Consistent with this prediction, measured total organic 
production for April 14 was 2.85 pg C 1-' h-', yielding 
an apparent PQ of 1.53, acceptably close to the value of 
1.25 assumed in the budget calculations. 
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We do not wish to imply that we have rigorously 
tested the model (Fig. 4) or excluded other possible 
models, but rather to show that at least the simplest 
possible model (a homogeneous autotroph carbon 
pool) was inadequate to account for the observations. It 
appears necessary to invoke a functional heterogeneity 
of autotroph carbon and a diurnal rhythm in DOC 
release if the results are to be explained primarily in 
terms of autotroph physiology. 

DISCUSSION 

Community and microheterotroph metabolism 

It is necessary to reconcile observations on mi- 
croheterotroph (MH) activity with the need for a sub- 
stantial net microplankton production, on average, to 
subsidize higher trophic levels in the plankton and 
benthos (Pomeroy 1974, Williams 1981a, Newel1 & 
Linley 1984). Williams (1981a) has shown that if we 
accept the high bacterial growth efficiency (>50 %) 
indicated by many measurements of labelled organic 
substrate assimilation then a substantial bacterial pro- 
duction (5 to 25 % of primary production) can be envis- 
aged without needing to postulate a primary produc- 
tion much larger than current estimates for manne 
microplankton. We conclude, by contrast, that the 
natural bacteria that we encountered had much lower 
growth efficiencies (near zero), more characteristic of 
bacteria growing on detritus or DOC with a high C :  N 
ratio (Newel1 1983). If this should be generally true, 
then measurements of bacterial production in other 
coastal and shelf waters would extrapolate to a large 
predicted consumption of primary production similar 
to our observations. 

Our working approximation of zero growth effi- 
ciency for the bacteria is undoubtedly an underesti- 
mate insofar as it recognizes no bactiverous activity in 
the < 5  (Apnl) or < 1 pm (October) size fractions (cf. 
Fuhrman & McManus 1984, Wright & Coffin 1984). 
Further, the validity and interpretation of bacterial 
growth estimates based on incubations like ours is 
imperfectly understood at present (Ferguson et al. 
1984, Ducklow & Hill 1985, Li & Diclue 1985). On the 
other hand, pre-screening treatments frequently do 
permit readily measurable increases in bacterial 
abundance that we certainly did not observe (Ducklow 
& Hill 1985). This inclines us to the view that bacterial 
growth yields were at  least at the low end of the 
previously published range (i.e. 10 to 20 % rather than 
80 %), and growth rates accordingly low enough to be 
obscured by statistical errors and a modest grazing 
pressure. So far as our conclusion on the overall effi- 
ciency of MH production is concerned, moreover, the 

precise value for bacterial growth efficiency and activ- 
ity of small bacterivores is not of great importance. 

Our O2 production and consumption measurements 
indicated no positive net community production (CP), 
except during the diatom bloom, and a large consump- 
tion due to MH, whether bacteria or other organisms. 
Thus, regardless of how we define bacterial growth 
yield, there is evidently a frequent lack of primary 
production available for export from the community. 
This situation is not likely to result from variation of 
photosynthetic or respiratory quotients within the rec- 
ognized physiological range (Wdliams et al. 1979, 
Burris 1980, Raine 1983). Adverse effects of contain- 
ment might be involved (e.g. Carpenter & Lively 1980) 
but we detected neither a consistent, progressive, 
impairment of photosynthesis (Table 5) nor a marked 
proliferation of bacteria (Table 3; cf. Ferguson et al. 
1984). It can be expected on the basis of simple trophic 
models (Smith et  al. 1984) and time-course observa- 
tions of dark bottle O2 consumption (Williams 1984b) 
that the O2 technique will underestimate both gross 
primary production (GPP) and community respiration 
but these effects should not bias the estimate of CP. So 
far as these recognized potential error sources are 
concerned, we have no reason to believe that we 
underestimated CP. Rather, it appears that primary 
production was commonly dissipated to a large extent 
by small MH in our samples. It may well be that our 
sparse sampling failed to adequately represent more 
productive episodes (e.g. Platt & Harrison 1985) or 
locations (e.g. Fournier et al. 1984) within the Grand 
Banks system; it is otherwise not obvious how any 
substantial production at higher trophic levels could 
be maintained. 

Carbon exchange and 14C dynamics 

With the growing emphasis on the view that marine 
microplankton constitute a community of both auto- 
trophs and heterotrophs has come a renewed examina- 
tion of what sort of production (sensu  trickl land 1960) 
might be measured by the 14c technique (see Peterson 
1980). Theoretical analyses and direct experimental 
comparisons between 14C and O2 techniques indicate 
that total organic 14C fixation will yield rates generally 
within a factor of 2 of GPP even when MH are active 
(Jackson 1983, Raine 1983, Wdliams et al. 1983, Davies 
& Williams 1984, Holligan et al. 198413, Smith et al. 
1984). Of the total tracer fixed in organic form, the 
particulate is normally expected to be much the largest 
pool (80 to 90 %: Williams 1981a, Jensen 1983, Lan- 
celot 1983, Holligan et al. 1984b). We were therefore 
surprised to find that, at least in April, particulate 14C 
fixation often ylelded carbon fixation rates about 4 to 
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5-fold smaller than either GPP or respiratory demand 
estimated simultaneously by the 0 2  technique, and 
that our budgets (Table 4) required that roughly 50 to 
100 % of GPP should be released as DOC. 

To some extent, the large extracellular release rates 
that we infer depend on the acceptance of a simple 
model (Fig. 4) that attributes all non-autotrophic respi- 
ration to bacteria and insists that extracellular release 
must meet the metabolic demand of the bacteria. For 
the October samples, these assumptions are especially 
questionable, and direct extracellular release may be 
less important than our budgets (Table 4) indicate. We 
emphasize, however, that there was still good evi- 
dence for a large heterotrophic metabolism in the 
October samples and for a sometimes substantial dis- 
crepancy between particulate I4C assimilation and the 
GPP estimated from O2 changes. 

For the April diatom populations we had direct con- 
firmation of the model's predicted, large, rates of dis- 
solved organic 14C production (for April 14, see 
'Results'). The methodology that we employed in 
measuring D0I4C production has previously yielded 
very low extracellular release estimates in a marine 
diatom culture (Smith & Platt 1984) so there seems no 
reason to suspect procedural artifacts as such. Further, 
independent measurements on Apnl 14 and 16 also 
indicated a rate of DO14C production equalling or 
exceeding the rate of particulate tracer assimilation in 
12 and 24 h incubations at various natural light inten- 
sities (R. Geider pers. comm.). It therefore seems 
necessary to accept the large estimated rates of direct 
DOC release from the phytoplankton in April, and our 
tracer flow modelling indicated that the 14C and O2 
results could be so reconciled. It is not clear why we 
observed such large release rates, but nutrient exhaus- 
tion may have been a factor insofar as nitrate and 
shcate  were at undetectable levels in our samples 
while the Chl a concentrations were fairly large (cf. 
Myklestad 1974). 

Previous work with a marine diatom (Thalassiosira 
pseudonana) in culture (Smith & Platt 1984, Smith & 
Geider 1985) indicated that released DOC derives from 
an intracellular pool that cycles more rapidly than the 
bulk cell carbon pool, and thus quickly reaches 
equilibrium with the added tracer. Other studies of 
D0I4C production time courses have indicated a simi- 
lar, rapid, equilibration (Wiebe & Smith 1977, Lancelot 
1979, Larsso:: & Hagstrom 1979, Coveney 1982). To 
account for large and rapid apparent loss of label to 
DOC in our April experiments, we found it necessary 
to invoke a small, fast-cycling pool as the source of the 
DOC and to assume that DOC release was closely 
coupled to photosynthesis, ceasing entirely at night. 
Close coupling of release with photosynthesis is con- 
sistent with the postulated origin of the DOC in a pool 

comprising short-term photosynthetic products (Fogg 
1983) and with some other recent field observations 
(Lancelot & Mathot 1985). It would be most desirable to 
determine how generally applicable the heterogene- 
ous exchange model might be. Unfortunately, our 
October data were too incomplete for even the limited 
testing allowed by our Apnl data. 

The extremely low respiration rates that we esti- 
mated for the Apnl diatoms (Table 4) presented 
another similarity with Thalassiosira pseudonana, 
which appears to have specific respiration rates of 
0.1 d- '  or less when in steady-state growth (Smith & 

Platt 1984, Smith & Geider 1985). However, T. 
pseudonana shows substantially hlgher respiration 
rates when transferred to darkness or subjected to 
transient nitrogen deprivation, while the majority of 
measurements in culture suggest that diatoms may 
typically respire 10 to 30 % of their photosynthetic 
assimilation (Harris 1978, Bunis 1980). Other field 
measurements of respiration by diatom-dominated 
phytoplankton have yielded conflicting results that 
either agree with our conclusion of very low respira- 
tion rates (Smith 1977) or disagree by indicating about 
65 % consumption of daily photosynthesis by respira- 
tion (Lancelot & Mathot 1985). The reasons for these 
discrepant results are not obvious, but they appear to 
indicate a very substantial variability in the growth 
efficiency of diatoms in nature. 

We note that our simple I4C exchange model not 
only reproduces the April observations but also pre- 
dicts that total organic 14C fixation will yield a produc- 
tion estimate close to GPP as estimated by 0 2  techni- 
que. For the one date on which we measured D0I4C 
(April 14), this prediction was confirmed: an apparent 
PQ of 1.5 was obtained over 24 h of incubation. Thus 
our April results give some additional support to the 
growing evidence that total organic I4C fixation pro- 
vides a production estimate operationally similar to 
estimated GPP (Williams et al. 1979, 1983, Raine 1983, 
Holligan et  al. 198413). In April, this agreement was 
evidently achieved largely because autotroph respira- 
tion was small compared to other components of com- 
munity metabolism, and such appears to have been the 
case in coastal waters of Hawaii as well (Wdiams et al. 
1983, Laws et al. 1984, Smith et  al. 1984). In the latter 
case, however, it was the retention of I4C label in 
microheterotroph (MH) biomass, rather than in DOC, 
that was suggested to account for the agreement of the 
2 production measures (Smith et al. 1984). Thus differ- 
ences in the cycling of I4C during incubation may 
produce similar results in terms of the correspondence 
between I4C and O2 based production measures so 
long as MH metabolism is dominant. 
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