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ABSTRACT: In a series of laboratory and field experiments with natural and cultured marine 
phytoplankton the shapes of the time-dependent uptake curves of 15NH: and Hy4C0? were deter- 
mined. Non-linearity in ''C uptake in laboratory cultures did not seem to be a function of steady state 
growth rate. However, temperature did appear to affect the degree to which 14C is incorporated in a 
linear manner for Thalassiosira weissflogii between 8 " and 25 "C and Dunaliella tertiolecta below 
10 "C, but not for the other species investigated. Deviations from linearity for both H14C0; and 15NH: 
uptake in both laboratory and field experiments could be correlated with NH: depletion, especially 
when NH: levels at the start of the incubations dld not exceed a few tenths pg at I-'. The distribution of 
C and N among subcellular components was also investigated during the field experiments. The results 
demonstrated that by analyzing compositional changes among subcellular components a much 
improved estimate of the metabolic state of confined phytoplankton may be obtained. Our results 
demonstrate that there are severe incornpatabilities between choosing a n  incubation period based 
solely on analwcal requirements from one based on the best representation of the time scale of 
physiological responses by phytoplankton. Time-course experiments allow us to understand better the 
short-term responses by phytoplankton, environmental influences on uptake, such as light and 
temperature, and to identify analytical problems or bottle effects, such as nutrient depletion. 

INTRODUCTION 

Of major importance to marine phytoplankton 
ecologists is the ability to make accurate rate measure- 
ments of phytoplankton growth, primary production, 
and nutrient uptake in the natural environment. Such 
measurements are crucial to our understanding of the 
basic physiology and ecology of phytoplankton. Yet 
presently there is considerable disagreement in the 
literature as to the magnitude of these rates and the 
reliability of the measurement techniques commonly 
employed (Eppley, 1980a). 

The standard techniques that have evolved for 
measuring the above rates generally involve confine- 
ment of a natural water sample in small bottles for a 
long (hours to tens of hours) duration with an added 
isotopic tracer (e. g. 14C0,. 15NH:, 15N03) followed 
by a single end-point measurement of the quantity 
of tracer incorporated into particulate material 
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(Steemann Nielsen, 1952; Dugdale and Goering, 
1967). A critical assumption upon which the utility of 
these techniques is based is that the measured biologi- 
cal activity in the assay bottle is identical to that in the 
undisturbed natural environment from which the sam- 
ple was derived. Furthermore, it is assumed that the 
rate of incorporation of label is linear over the course of 
an incubation. To date, virtually all of our knowledge 
of primary production and nutrient turnover in the 
oceans is based on data collected with these tech- 
niques. 

In recent years numerous problems with bottle incu- 
bation techniques have been addressed, including, for 
example, changes in plankton species composition 
during confinement (Venrick et al., 1977), bottle size 
and incubation duration (Gieskes et al., 1979), light 
response artifacts (Hanis and Piccinin, 1977, Marra, 
1978), other types of contamination from bottles, such 
as trace metal toxicity (Carpenter and Lively, 1980), 
and non-linearity in short-term nutrient uptake 
responses (Conway et al., 1976; Glibert and Goldman, 
1981). Hence, we  are faced with a dilemma as to how 

O Inter-Research/Printed in F. R Germany 0171-8630/81/0006/0137/$ 02.00 



Mar Ecol. Prog. Ser. 6: 137-148, 1981 

bottle assays can be used to represent accurately the 
true time-dependent photosynthetic and nutrient 
uptake responses of undisturbed natural phytoplank- 
ton on time scales (possibly seconds to minutes) that 
may be important to individual cells (McCarthy and 
Goldman, 1979, Harris, 1980). This question has rele- 
vancy to the current debates about the importance of 
short-term responses and the magnitude of phyto- 
plankton growth and production rates (Sheldon and 
Sutcliffe, 1978; Gieskes et al., 1979; Goldman et al., 
1979; McCarthy and Goldman, 1979; Eppley, 1980a, b; 
Jackson, 1980). 

Thus, in any consideration of rate measurements of 
uptake or growth, it has become imperative that the 
shape of the time-dependent uptake curve be estab- 
lished in order to understand better both physiological 
responses of phytoplankton to nutrients and the mag- 
nitude of some of the above pioblems. To date, how- 
ever, these types of data are largely unavailable. 
Rather, the literature is replete with rate measure- 
ments from nutrient and carbon uptake experiments of 
varying and often arbitrary durations involving single 
end-point determinations. Clearly, single end-point 
measurements provide no insight into the actual phy- 
siological response of cell populations over time (Mor- 
ris et al., 1974; Mague et al., 1980). For example, as 
seen in Fig. 1, drastically different uptake processes 
will remain undetected and lead to the same computed 
rates when single endpoint measurements are made. 
In theoretical Cases A and B (Fig. 1) rates of tracer 
incorporation are initially rapid, but losses in biologi- 
cal activity or tracer depletion many result in signifi- 
cant and time dependent decreases in these rates. In 
Case A release of tracer from the particulate material 

Fig. 1 Theoretical non-hear uptake responses (A-C) that 
would lead to the same net accumulation of tracer as a linear 
response (dashed line) when computed from single end-point 

measurements 

back into the medium is enhanced when excretory, 
lytic, and/or respiratory phenomena Increase over ini- 
tial rates, whereas, in Case B continued incubation 
leads to total cessation of tracer incorporation. Finally, 
in theoretical Case C there is an initial lag in tracer 
incorporation followed by an increased rate toward the 
end of the incubation period as enhanced cell growth 
or nutrient uptake capability is induced. 

Moreover, virtually no data exist on simultaneous 
carbon and nutrient uptake measurements over time- 
courses and the influence of environmental parameters 
such as temperature and light on the dynamics of these 
processes. Such data could provide important informa- 
tion about the degree and mechanisms of coupling 
between photosynthesis and nutrient uptake and shed 
new insight as to the utility of rate measurements from 
bottle assays. 

Ir, this papc: we present a series of laboratory and 
field studies involving time-course measurements of 
photosynthetic 14C and 15NH: uptake by marine phyto- 
plankton. Our main objective is to demonstrate that 
non-linearity in uptake response is a common occur- 
rence, detectable only in time-course studies, and that 
single end-point measurements of rate processes often 
can distort the interpretation of rate measurement data. 

MATERIALS AND METHODS 

Laboratory Studies 

Four marine phytoplankton species - Dunaliella ter- 
tiolecta (Dun), Phaeodactylum tricornutum (TFX-l), 
Chaetoceros sirnplex (BBsm), and Thalassiosira weiss- 
flogii (Actin) - were obtained from the culture collec- 
tion at Woods Hole Oceanographic Institution and 
grown to steady state in NHZ-limited continuous cul- 
tures at varying dilution rates ( =  specific growth rates 
p) and temperatures. The continuous culture 
apparatus, lighting, temperature-control system, and 
protocols for cultivation were exactly as described pre- 
viously (Goldman and McCarthy, 1978; Goldman and 
Peavey, 1979). 

Once steady state was achieved for a particular com- 
bination of temperature and dilution rate, samples 
were withdrawn and divided into 2 portions. One por- 
tion was used for analyses of residual NH: and total 
dissolved inorganic carbon (DIC), and the other for the 
I4C and/or I5N time-course incubations. Analyses of 
cell number, particulate carbon and particulate nitro- 
gen also were made, but these data are not reported 
here. A bank of ten-150 m1 water-jacketed glass 
(F'yrex) incubation vessels was maintamed at the same 
light intensity (0.06 cal cm-' min-l) and temperature as 
for the continuous cultures. Mixing was accomplished 
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by magnetic bar stirring. The time course experiments 
were performed by first adding the desired amount of 
HI4CO; (0.5 pCi pMole DIC-l) or I5NH: (99 % enriched 
preparation), followed by the culture sample. Subsam- 
ples were withdrawn by pipet at designated times 
during the incubations, ranging from 5 min to 3 to 4 h 
in most cases, and, for some experiments, up to 24 h. In 
all the 15N uptake experiments 16 pg at 1-' of I5NH: 
was added which was sufficient to saturate the uptake 
system. In some I4C experiments replicate assays were 
performed, one with a supplement of 16 pg at 1-' of 
NH: (unenriched in "N) and another without supple- 
mental NH: addition. The disappearance of residual 
NH: over time was followed in a few 24 h 15N uptake 
experiments. 

Fig. 2. Time-course incubation system: (A) 
Complete system consisting of twelve 1-1 incu- 
bation units mounted on portable stand (B)  
Schematic diagram of one unlt. 1: 1-1 vessel 
with water jacket; 2: rubber stopper; 3: clamp; 
4 :  inflow and outflow ports for temperature- 
controlled water; 5- Teflon-coated stirring bar 
for mixing of H'TOj-conta ining cultures; 6: 
magnetic mixer; 7 :  air line from aquarium pump 
for mixing during I5N-uptake studies; 8: culture 
sampling port with pinch clamp; 9: sampling 

bottle; 10: wood support frame 

Field Studies 

Two 30 h time-course studies were carried out on 
water samples obtained from a station in Vineyard 
Sound, Massachusetts, midway between Martha's 
Vineyard and Woods Hole. Samples were collected 
from 1 m depth with 6-1 Niskin sampling bottles at 
sunrise on July 24, 1980 (Experiment 1) and July 30, 
1980 (Experiment 2) aboard R. V. 'Asterias', filtered 
through 35 pm Nitex mesh, and returned to shore 
where the incubation studies were performed out- 
doors. 

The incubation system consisted of two banks of 1-1 
water-jacketed glass (Pyrex) chambers. One bank con- 
sisting of 12 units was used for the "N studies (Fig. 2A) 



Mar. Ecol. Prog. Ser. 6 :  137-148, 1981 

and the other bank of 6 units was split between I5N (2 
units) and I4C (4 units) studies. The chambers were 
held at  ambient temperature by circulating surface 
seawater through the water jackets of each chamber 
from a flowing seawater line, and neutral density 
screens were used to simulate the 60 % light level. 
Mixing in the I4C units was performed via magnetic 
bar stirring and in the 15N units by gentle bubbling of 
air provided by a small aquarium pump (Fig. 2B). A 
valved port at  the base of each chamber was used to 
remove subsamples by gravity flow. 

The incubations were initiated at 0800 on the first 
day of each study and progressed until 1400 the follow- 
ing day. The 15N uptake studies were initiated by the 
addition of 0.06 pg at  1-' or 12 kg at 1-' of I5NH: into 
each of the chambers containing 950 m1 of sample. 
These additions will be referred to as 'trace' and 
'satarating' respectively, although, as Glibert and 
Goldman (1981) point out, when ambient NH: con- 
centrations border on our limit of detection it is imposs- 
ible to enrich at true 'trace' levels without perturbing 
the system. At timed intervals 300-350 m1 of 15N 
enriched samples were selected in non-sequential 
order, drained, and immediately filtered. Selected 
samples from the 15N assays were treated with 30-35 
m1 of 100 % trichloroacetic acid (TCA) prior to filtra- 
tion. On a less frequent schedule samples were with- 
drawn for analyses of residual NH:, particulate car- 
bon, particulate nitrogen, and chlorophyll a. 

15N uptake rates were not corrected for dilution of 
the 15N isotopic enrichment resulting from regenera- 
tion of 14N during the incubation. Without this correc- 
tion NH: uptake will be underestimated, particularly 
for incubations of long duration (Glibert et al., 
unpubl.). Because the appropriate analyses of 15N 
enrichment of the aqueous fraction throughout the 
time course were not done, we have no data to guide us 
in estimating the degree to which rates of NH: uptake 
were underestimated. The isotope dilution correction 
would not be important for laboratory grown cultures 
unless there was severe bacterial contamination. 

I4C-uptake measurements were begun by introduc- 
ing H14c0; to yield a specific activity of 80-100 pCi 
mMole DIC-l, and where indicated, trace(0.06 pg at 1-') 
or saturating (12 wg at I-') amounts of NH: were also 
added. A dark control experiment was conducted in a 
blackened chamber (unenriched with NH:) in an iden- 
tical fashion as in the light experiments. Fifty m1 sam- 
ples were withdrawn from each unit on a similar time- 
table as for the I5N samples. Activity corrections were 
made for changes occurring over the 30 h incubations. 

Solar irradiance (visible plus IR region) was meas- 
ured with an International Light Radiometer (No. 700) 
during the course of each study. 

Analytical Methods 

Chemical analyses for particulate carbon and par- 
ticulate nitrogen were performed with a Perkin Elmer 
240 elemental analyzer on samples retained on pre- 
combusted glass fiber filters (Whatman GF/F). NH: 
was measured on filtered samples immediately after 
collection (McCarthy and Kamykowski, 1972; Strick- 
land and Parsons, 1972). DIC was measured on a Dohr- 
mann PR-1 carbon analyzer (Goldman, 1979). 

I5N incubations were terminated at the designated 
times by the filtration of sample onto glass fiber filters 
(combusted Whatman GF/C or GF/F). Filters were 
immediately washed with 50 m1 of filtered seawater to 
remove residual 15N, dryed, and assayed for I5N incor- 
poration by mass spectrographic analysis (McCarthy et 
al., 1977). All 15N uptake data are reported as 15N atom 
% excess, define:! as the percent enrichment abeve 
normal atmospheric background (- 0.365 %). 

I4C incubations were terminated in the laboratory 
studies by pipeting 1 m1 of sample at the designated 
times into scintillation vials containing 2 m1 of 
methanol acidified with 5 % glacial acetic acid. The 
vial contents were evaporated to dryness under an 
infra-red lamp, resuspended in 1 m1 distilled water, 
followed by an addition of 10 m1 scintillation fluid 
(Handifluor) for counting. The measured radioactivity 
represents the sum of labelled particulate and non- 
volatile dissolved organic carbon (Schindler and 
Holmgren, 1971; Li and Goldman, 1981). For field 
studies the samples were initially collected into 60 m1 
bottles containing 0.1 m1 18 N H2S0, to lower the 
sample pH to - 1.7. Samples were then filtered 
through 0.45 pm membrane filters (Millipore, HA) and 
rinsed once with 3 m1 of 5 % TCA. Filters were placed 
in scintillation vials containing 5 m1 of scintillation 
fluid (Aquasol). The pooled filtrates were sparged with 
air (200 m1 m i d )  for 10 min to remove 14C02 and then 
5 m1 were added to scintillation vials containing 9 m1 
of Aquasol. With this procedure it was possible to 
collect and fix samples rapidly, as was required in our 
time series experiments involving multiple incuba- 
t i o n ~ .  The samples were then processed at a more 
convenient time for determination of acid insoluble 
polymers, i. e ,  sum of proteins, carbohydrates, lipids, 
and nucleic acids (filtered material), and the sum of 
intracellular and extracellular organic carbon pools 
(filtrate). Although the technique gives results that are 
quantitatively comparable to the more conventional 
acid fixation techniques involving treatment with 5 % 
TCA (Roberts et al., 1963), it suffers from the major 
disadvantage of not being able to separate intracellu- 
lar from extracellular carbon pools, thereby preventing 
a description of the rate exudate production. 
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RESULTS 

Laboratory Studies 

The incorporation of carbon over 24 h by Thalassio- 
sira weissflogii for samples incubated with and with- 
out an  enrichment of 16.0 pg at 1-' NH: is shown in Fig. 
3. The culture had been grown to a steady state pof 1.6 
d-' at 25 "C and residual NH: was 0.75 pg at 1-l. 
Uptake of I4C in both samples was comparable only for 
the first 90-120 min of the incubation. In the absence of 
supplemental NH: linear I4C incorporation occurred 
for the first 3 h. Thereafter, I4C fixation rates di- 
minished continuously, such that by 24 h observed 
rates were 9 fold reduced from values obtained ini- 
tially. The NH: enriched culture, on the other hand, 
was characterized by linear incorporation of tracer for 
up to - 7 h, followed by significant decreases in the 
uptake rate for the next 4-5 h.  Between 12 and 24 h a 
portion of the incorporated I4C was lost from the sys- 
tem. Because I4C incorporation was expressed as the 
sum of particulate and dissolved organic carbon in 
these experiments, the observed losses of label most 
likely resulted from remineralization of fixed carbon, 
perhaps by bacteria present in the cultures. 

Experiments similar to the above, but which 
included the simultaneous measurement of I5NH: and 
HI4CO; uptake, were performed with cultures of 
Chaetoceros sirnplex and Phaeodactylum tricornutum 
pre-grown to steady state p values of 0.20 and 0.63 d-' 
at 16 "C. "N uptake experiments were continued for 24 
h ,  whereas the I4C incubations were terminated after 3 
h. For both species I4C uptake was linear over the 3 h 

/NCUBAT/ON PERIOD, h 

Fig. 3.  Thalassiosira weissflogil. 24-h time-course of HI4CO, 
uptake. Culture was first grown to steady state at 25 "C and 
of 1.6 d-' in NH:-limited continuous culture; enriched with 

16 pg at 1-' of NH: at start of incubation; 0 unenrlched 

incubation period (Fig. 4A, B) irrespective of whether 
supplemental NH: was added or not. In contrast, 
I5NH: uptake was distinctly non-linear for C. simplex 
during the first 2 h of incubation and then ceased for 
the remainder of the experiment (Fig. 4A, C). A similar 
but less dramatic deviation from linearity was 
observed for "NH: uptake by P. tricornuturn (Fig. 4B, 
D). Residual NH: diminished during the course of the 
incubations from over 17 pg at  1-' (16 pg at  1-' enrich- 
ment plus the ambient concentration) at  the start to 
5 2.2 pg at 1-' after 4 h (Fig. 4C, D). 

Experiments were conducted to determine whether 
the onset of non-linear (slowed) uptake of I4C by the 
same laboratory species was a function of either steady 
state p or temperature of incubation. In Fig. 5 the time 
course of 14C uptake by Thalassiosira weisfloggii and  
Dunaliella tertiolecta over 4 h is shown. The deviation 
from linear carbon uptake in studies involving T. 
weissflogii did not appear to be a function of steady 
state p. Departure from linear uptake kinetics occurred 
at  very similar times (2 to 2.5 h) even though the initial 
specific growth rate of the incubating cultures ranged 
from 0.2 to 2.2 d-' at 25 "C (Fig. 5B). By comparison, 
virtually con~ple te  linearity in I4C uptake over 4 h was 
observed for D. teriolecta when maintained under 
similar conditions of temperature and steady state p 
(Fig. 5A). When these organisms, as well as Phaeodac- 
tylurn tricornutum, and Chaetoceros sirnplex, were 
grown at different steady state temperatures down to 
8 "C, the onset of non-linear uptake was similarly inde- 
pendent of p (data not shown). 

The data in Fig. 6, on the other hand, are suggestive 
that temperature is important in determining when 
non-linear carbon uptake becomes manifest during 
incubation. The experiments at each temperature were 
conducted with cultures grown at  p values ranging 
from 40-60 % of the maximum specific growth rate, I;., 
assuring that the test organisms were in the same 
relative physiological state (Goldman, 1980). The only 
exception was the experiment in which Dunaliella 
tertiolecta was grown close to I;. at  8 "C. However, in 
view of the discussion of tge data in Fig. 5 ,  the influ- 
ence of high p is not expected to be  large. The incuba- 
tion period for which linear carbon uptake was main- 
tained by Thalassiosira weissflogii decreased sys- 
tematically with decreasing temperature from 2.5 h at  
25 "C down to - 0.5 h at  8 'C. In contrast, only slight 
deviations from linear uptake was observed with D. 
tertiolecta beyond incubation periods of - 2.5 h 
between 25 " and 12 "C, and there was no clear trend in 
this response with temperature. However, substantial 
non-linearity rapidly occurred at  8 'C. I4C uptake 
curves for Chaetoceros sirnplex and  Phaedactylurn 
tricornutum (data not shown) were linear over 2-3 h at  
all temperatures, including 8 "C. 
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Fig. 4. Chaetoceros simplex 
(A, C) and Phaeodactylum 
trjcornutum (B, D). 24-h time- 
course of I5NH: and HI4C0; 
uptake by cultures. Samples 
for incubation were taken from 
NH: limited continuous cul- 
tures maintained in steady 
state at 16 "C and p of 0.65 d-' 
(A, B) and 0.20 d-' (C, D). A, B: 

15NH; uptake (expressed as 
15N atom % excess); A 14C up- 
take (expressed as dpm ml-') 
in culture enriched with 16 pg 
at 1-' of NH:; A I4C uptake in 
unenriched culture. C, D: 
15NH: uptake; A residual NH: 

in incubation vessel 

Field Studies 

Biomass data and environmental parameters of the 
seawater used in the 15N and 14C time-course experi- 
ments are presented in Table 1; solar irradiance data is 
presented in Figs, ?A and 8A. Most notable are the 
facts that solar irradiance and water temperature were 
nearly identical for the 2 sampling dates, although the 
ambient NH: concentration decreased from 0.37 to 

day" 

1 
Fig. 5. Dunalfella tertfolecta and Thalassiosjra weissflogfl 4- 
h time-course of Hl4C05 uptake. Samples for incubation were 
derived from NH: limited steady state cultures maintained at 
25 "C and at designated p. Dashed lines: points of departure 
from linearity, as estimated by eye. (A) D. tertlolecta; (B) T. 

weissflogii 

INCUBA r/ON PERIOD, h 

0.08 pg at 1-' between July 24 and July 30, 1980. We 
have evidence to suggest that Experiment 2 was con- 
ducted during a very rapidly growing bloom of the 

INCUBATION PERIOD, h 

Fig. 6. Dunaliella tertiolecta and Thalassiosira weissflogii. 4- 
h time-course of I4C-HC0; uptake. Samples for incubation 
were derived from NH; limited continuous cultures grown to 
steady state at designated temperature and p. Dashed lines: 

points of departure from linearity, as estimated by eye 
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diatoms Asterionella japonica and Skeletonema cos- 
tatum (Glibert et al.,  unpubl.) ;  thus the change in 
ambient NH: concentrations between the 2 experi- 
mental dates is not surprising. 

It is important to point out that because the incuba- 
tions were performed in a series of chambers, sampled 
in non-sequential order, the observed fluctuations of 
individual points of 15N atom % excess for a particular 
time series most likely were due to the combination of 
individual variations between sampling chambers and 
analytical error, and do not represent actual losses in 
I5N from the particulate fraction with time. For this 
reason the I5NH: uptake curves shown in Figs. 7 and 8 
are generalized curves that represent average trends 
only. 

Nitrogen uptake in samples enriched with trace 
levels of 15NH: (0.06 pg at 1-l) are compared in Figs. 7B 
and 8B. In Experiment 1 total 15N atom % excess 
increased in virtually a linear fashion over the first 4 h 
and then ceased for the remainder of the incubation 
(Fig. 7B). In contrast, there was a significant and rapid 
increase in total ' 5 ~  atom % excess during the first 0.5 
h in Experiment 2,  followed by a period of reduced 
uptake rate and ultimately cessation of uptake after 
12-15 h.  Polymer incorporation, although measured 
with limited frequency and only in the second study, 
increased progressively during the entire study (Fig. 
8B). 

Uptake of I5NH: was distinctly different in the 2 
studies involving saturating enrichments of "NH: (12 
pg at I-') both for total nitrogen uptake and incorpora- 
tion into the polymer fraction. In Experiment 1 the rate 
of total uptake was rapid during the first 8 h ,  followed 
by a slowing trend over the next 13 h ,  and ultimately 
ceasing for the remainder of the incubation (Fig. ?C).  A 
large proportion of NH: taken up during the first 2 h 
was incorporated into polymers, but beyond that time 
NH: was increasingly proportioned into the soluble 
pool fraction as the rate of polymer incorporation 
slowed and finally ceased. During Experiment 2 the 
rates of total 1 5 ~ ~ :  uptake and polymer incorporation 

Table 1. Physical and chemical properties of V~neyard Sound 
(Massachusetts, USA) seawater used in 30 h time-course 

incubations 

Parameter July 24, July 30, 
1980 1980 

Water temperature, "C 22 23 
Ambient NH:, pg at 1-' 0.37 0.08 
Particulate carbon, pg C 1-' 624 829 
Particulate nitrogen, pg N 1-' 82 105 
Chlorophyll a ,  pg 1-' 1.6 1.3 
Carbon: nitrogen ratio (by wt.) 7.6 7.9 
Carbon: chlorophyll ratio (by wt.) 390 638 

(which represented most of the I5NH: taken up) were 
virtually constant over the first 21 h ,  but, as in the first 
experiment, ceased during the remainder of the incu- 
bation p e r ~ o d  (Fig. 8C).  

In both trace uptake studies residual NHT decreased 
to undectable levels (< 0.03 pg at I- ')  within the first 
8-12 h of ~ncubation.  For the sa tura t~ng enrichments 
NH: was ultimately reduced to 6 pg at 1-' in Experi- 
ment 1,  and to undectable levels in Experiment 2. The 
higher biomass and growth rate levels in Experiment 2 
may explain the greater utilization of NH:. 

The uptake of I4C followed similar trends in the 2 
field studies. Total uptake in both experiments was 
characterized by rapid and linear uptake of I4C from 
morning to late afternoon (- 8 h ) ,  little uptake and 
possibly some losses during the night, followed by a 
second period of rapid uptake from the morning to 
mid-afternoon period of the second day (Figs. 7D and 
8D). In both experiments there was little effect of 
supplenlental trace additions of NH: on I4C uptake 
over the entire incubation periods (Figs. ?D, 8D, 8E, 

INCUBA JION PERIOD - h 

Fig. 7. 30-h field study (July 24-25, 1980) of H'4C0, and 
l5NH: uptake by natural marlne populations from Vineyard 
Sound, Massachusetts. Ambient NH: was 0.37 pg at I-'. (A) 
Solar irradiance. (B) ' 5 ~ ~ :  uptake following enrichment with 
0.06 pg at 1-' I5NH:: 0 total N uptake. (C) I5NH: uptake 
following enrichment with 12 pg at 1-' 15NH:: total I5NH: 
uptake; A uptake into cell polymers. (D) H1"O:uptake. Data 
represent pooled experiments for no NH: enrichment and 
enrichment with 0.06 pg at 1-' NH:: 0 total Hj4CO; uptake; 
soluble pools plus excretion products; n cell polymers; m total 

HI4CO, uptake in dark control 



144 Mar. Ecol. Prog. Ser. 6: 137-148, 1981 

and 8F). Uptake was enhanced on the second day for 
samples supplemented with saturating NH: levels 
relative to samples containing a trace NH: enrichment 
(Fig. 8D). 14C uptake under saturating NH: was not 
investigated in Experiment 1. Uptake of I4C by the 
dark control in Experiment 1 was negligible (Fig. ?D) 
and thus was not measured in Experiment 2. 

A common feature of both studies was the channel- 
ling of a large fraction (70-85 %) of the total carbon 

Fig. 8. 30-h field study (July 30-31, 1980) of HI4CO: and 
15NH: uptake by natural marine populations from Vineyard 
Sound, Massachusetts. Ambient NH: was 0.08 pg at 1-'. (A) 
Solar irradiance. (B) ISN-NH: uptake following enrichment 
with 0.06 pg at 1-' I5NH;: 0 total ISNH: uptake; a uptake into 
cell polymers. (C) I5NH: uptake following enrichment with 
12 pg at I-' I5NH:; total I5NH: uptake; A uptake into cell 
polymers. (D) H14CO: uptake into total organic carbon. Data 
up to 12 h represent pooled experiments for unsupplemented, 
0.06, and 12 pg at 1-' enrichments with NH:. Beyond 12-h: 
12 pg at 1-I enrichment; 0 pooled data for unsupplemented: 
0.06 pg at 1-' NH: enrichment. Symbols are the same for 
pannels (E) and (F). (E) HI4CO, uptake into soluble pools plus 

excretion products. (F) H14C0; uptake into cell polymers 

taken up into soluble pools during the end of the first 8 
h, followed by virtually no further labeling of these 
components (and what appeared to be a detectable loss 
in the saturating NH: sample during the dark period), 
until sunrise the next day when another rapid buildup 
of soluble pools occurred (Figs. ?D and BE). A discern- 
ible effect of saturating NH: enrichment on the soluble 
pool fraction became manifest only after 12 h of incu- 
bation (Fig. 8E), and on polymer incorporation after 25 
h (Fig. 8F). Essentially, linear incorporation of 14C into 
polymers was observed for 30 h in Experiment 1, indi- 
cating incorporation of soluble pool material into poly- 
mers during the late afternoon and dark periods 
(Fig. ?D). In Experiment 2, however, polymer incorpo- 
ration, like pool activity, ceased after the first 8 h and 
increased after 25 h only in the samples that were 
enriched with saturating NH: (Fig. 8F). 

DISCUSSION 

Correlates of Non-Linearity in Bottle Incubations 

We have shown clearly that the onset of non-linear 
uptake of 14C is not a function of steady state y for a 
representative group of marine phytoplankton species 
cultured over a wide range of physiological states. We 
have also shown that temperature does not appear to 
affect the degree to which 14C is incorporated in a 
linear manner for some of these species; but in the case 
of Thalassiosira weissflogii between 8 "C and 25 "C 
and Dunaliella tertiolecta at 8 OC temperature seems to 
play an important role in setting the temporal limits for 
linear I4C uptake. Thus, if the response of T. weiss- 
flogii to temperature is not atypical, then a standard 
incubation period greater than a few hours could lead 
to serious underestimates of productivity in cold 
natural waters, and thus make meaningful compari- 
sons of regional productivity impossible. It is 
hypothesized that the same effects might be observed 
for 15N incorporation; however, based on the data in 
Fig. 4 these effects would be more difficult to resolve 
because the linear portion of an 15N uptake curve is 
very short relative to a comparable 14C uptake 
response curve. 

Ultimate deviations from linearity for both H14c0; 
and I5NH: uptake in several of our time-course incu- 
bations appear to be correlated with NH: depletion 
over the course of incubation, especially in laboratory 
and field experiments, where NH: levels at the start of 
the incubations were never more than a few tenths pg 
at  1-l, or is perhaps due to limitation by another nut- 
rient when complete depletion in NH: was not found. 
This point was demonstrated by the complete cessation 
in 15N atom % excess increase in both the laboratory 
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experiments with saturation NH: addition after - 2 h 
(Fig. 4A, B) and the outdoor studies with trace addi- 
tions after 4-12 h (Figs. ?B and 8B). The plateau in the 
15N uptake time-course for laboratory and field experi- 
ments occurred within - 10 % of the maximum 
expected enrichment based on calculation of I5N 
added and the ambient NH; and particulate nitrogen 
present. This would indicate that essentially all dissol- 
ved NH: was incorporated into the particulates. It is 
not surprising that the maximum expected enrichment 
is not always achieved because, as noted above, cor- 
rections were not made for isotope dilution, which 
would result in an underestimation of uptake. In addi- 
tion, no estimate was made of excretion of 15N as 
dissolved organics, which would also result in differ- 
ences between the measured uptake and calculated 
maximum expected enrichment. 

No significance can be attached to the different rates 
of NH: depletion in the laboratory and outdoor 
studies, due to the gross differences in biomass levels 
that were present in each type of sample. Laboratory 
biomass levels were typically 10-20 fold greater than 
in the outdoor cultures, resulting in different rates of 
total NH; uptake. An additional complicating factor is 
that in the outdoor culture the detrital contribution to 
the particulate nitrogen fraction cannot be estimated 
(McCarthy, 1980). 

Short-term carbon uptake kinetics, however, were 
much less influenced by changes in ambient NH: 
concentration than was uptake of the nutrient itself. 
H14CO; uptake, for example, remained linear and was 
virtually unaffected by NH: addition, even up to 
saturating levels (Figs. 3 and 4A, B) for the initial 
portion of the incubation. Hence, even under condi- 
tions of N limitation (low p relative to i) internal stores 
of N generally were sufficient to allow normal photo- 
synthesis to occur for short periods. If such a response 
is typical of natural populations, then shorter incuba- 
tions (< several h) might provide the best representa- 
tion of photosynthetic response by the undisturbed 
population. However, as shown by 1 and Goldman 
(1981), linear uptake of I4C over a few hours of incuba- 
tion is not, in itself, a guarantee that the photosynthetic 
rate measured on a captured population in a small 
bottle is the same as would have occurred in the water 
had the sample been left undisturbed. 

Over longer periods linearity in HI4CO, uptake was 
maintained only in the samples containing additional 
NH: (Fig. 3). Even in these latter cultures NH: deple- 
tion (Fig. 4C, D) and concomitant nonlinearity (Fig. 3) 
occurred rapidly, e.  g. > 90 % depletion in 4 h or less. 
In the outdoor experiments the influence of NH: 
availability on long-term photosynthesis was also evi- 
dent. For example, in Experiment 2 gross differences in 
Hi4CO; uptake were manifested by the second day 

between the saturating NH: cultures and the trace and 
unenriched cultures which become depleted in NH: 
midway through the first day of incubation (Fig. 8D). 

The effect of NH: depletion on both 15NH: and 
HI4COj uptake in these studies vividly demonstrates 
the potential artifact built into single end-point incu- 
bations of greater than a few h duration used to esti- 
mate rates of primary productivity and nutrient tur- 
nover. Clearly, any single datum point from a time 
course study is no more valid than any single end-point 
measurement. However, a major advantage of time 
course measurements of both tracer incorporation and 
nutrient disappearance is that deviations from linear 
uptake can be correlated with either real environmen- 
tal influences (e. g. light variations due to clouds and 
die1 productivity) or bottle effects such as nutrient 
depletion. Then data judged to be biased by bottle 
artifacts can be eliminated to avoid underestimates in 
rate measurements. 

We recognize that our bottle incubations -both from 
laboratory and field studies - are not completely free 
from many of the problems cited above that are typi- 
cally associated with bottle incubations (e,  g. effects of 
bottle size or trace metal toxicity). However, a time- 
course approach allows us to understand better the 
time-scale of physiological responses by phytoplank- 
ton and to identify the influences of environmental 
fluctuations and some bottle effects on the overall rate 
processes. 

Time Course of Cellular Material Incorporation 

The utility of time course incubation studies from 
which judgements of the physiological state of the 
phytoplankton community are made, either in 
response to natural environmental conditions or as the 
result of potential effects of confinement in an incuba- 
tion vessel, may be enhanced significantly by mea- 
surements of the distribution of incorporated tracer 
substances among the subcellular components of the 
contained microflora. 

For example, differences in the ultimate fate of nitro- 
gen taken up by phytoplankton during the 2 field 
experiments were amplified by measurements of the 
incorporation of this element into cell polymers. For 
the initial 6 h of incubation in the presence of saturat- 
ing levels of 15NH:, both experimental samples 
behaved similarly, most likely reflecting rapid incor- 
poration of nitrogen into polymers via rapid cycling of 
low molecular weight metabolites. However, soon 
thereafter there was a nearly total cessation of nitro- 
gen-containing biopolymer synthesis by the phyto- 
plankton population in Experiment 1. NH: was not 
limiting in these samples and continued uptake of the 
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nutrient was dominated by its incorporation into the 
low molecular weight pools. The effect was clearly not 
evident in Experiment 2 where the initial pattern of 
nitrogen uptake persisted for the majority of the exper- 
iment and was totally uninfluenced by the light cycle. 
Continued biopolymer synthesis was also observed in 
samples exposed to trace levels of 15N@. The response 
observed in Experiment 1 reflects an abrupt change in 
metabolism which departs from that observed earlier 
in the incubation. In this case it is not possible to 
discern unequivocally whether the effect was a reflec- 
tion of a naturally occurring change in phytoplankton 
activity or was predominantly a time-dependent 
artifact of incubation. 

Measurements of the distribution of carbon among 
subcellular constituents similarly will reflect with 
greater sensitivity the metabolic state of confined phy- 
toplanktor, thar, will measuremer,ts of total ~ p t a k e .  As 
observed in both our laboratory (Figs. 3 and 4) and 
field (Figs. 7 and 8) experiments, the dynamics of total 
carbon uptake generally were unaffected by the 
ambient concentrations of NH: early in the incubation. 
In fact, irrespective of the NH: concentration, little 
quantitative difference was observed in the relative 
distribution of carbon between the low molecular 
weight and polymer fractions during the first light 
period of either field study. In all cases a major propor- 
tion of the newly fixed carbon was incorporated into 
the low molecular weight organic pools (70-85 %), the 
balance appearing in biopolymers. Though it is not 
until later in the incubation (12-20 h) that effects of 
nitrogen enrichment or limitation resulted in dramatic 
differences in carbon uptake dynamics, it is likely that 
significant compositional changes among the cellular 
substituents may have occurred much earlier. For 
example, in Experiment 2 (Fig. 8) the low molecular 
weight pools were significantly more labile during the 
dark period when high levels of NH: were present, 
reflecting a significant modification in the metabolism 
of the contained phytoplankton prior to this time. In 
recent photosynthesis studies (e. g. Kanazawa et al., 
1970; Bassham, 1971 ; Hipkin and Syrett, 1977; Platt et  
al., 1977; Mohamed and Gnanam, 1979) increased 
levels of NH: have been shown to lead to modifica- 
tions of cellular metabolism in response to both 
enhanced availability of nitrogen and enzyme regula- 
tion. Typical influences include increased synthesis of 
amino acids and protein relative to the production of 
carbohydrate precursors and polymers. Such effects 
can lead to significant modification in cellular compos- 
ition without concomitant large changes in absolute 
rates of carbon uptake. 

By extension of the analytical techniques beyond 
that employed in the present study to include measure- 
ments of the distribution of carbon among the low 

molecular weight pools and the major cellular polym- 
ers ( i .  e. protein, carbohydrate, lipid, nucleic acids) the 
investigator will be provided with a significantly 
enhanced estimate of algal physiological state. The 
utility of these approaches is amply illustrated by 
recent work from the laboratory of I. Morris (Morris et 
al., 1974; Morris and Shea, 1978; Li et al., 1980; Mague 
et al., 1980; Smith and Morris, 1980 a, b). Their integra- 
tion of cellular fractionation techniques with time- 
course phytoplankton production measurements in the 
field have permitted discussion of the influences of 
light intensity, temperature, and nutrient limitation 
upon phytoplankton physiology in considerably great- 
er detail than has been possible by classic approaches. 

Uncoupling Between Ammonium and Carbon Uptake 

Recently, two of us (Glibert and Goldman, 1981) 
demonstrated the impossibility of performing a true 
' 5 ~ ~ :  trace experiment in natural marine waters 
depleted of NH:. Under such conditions the 'trace' 
addition of I5NH: (0.06 pg at 1-') became the major 
fraction of available NH:; uptake was very rapid in the 
first h of incubation and was virtually complete within 
a few h. The results of our laboratory studies with 
Chaetoceros sirnplex (Fig. 4A) and Phaeodactylum 
tricornutum (Fig. 4B), which were first cultured to 
steady state under N limitation and then exposed to 
saturating NH:, are identical in demonstrating rapid 
and complete uptake of N during first 2 h of incuba- 
tion. Clearly, in this case estimates of N turnover rates 
based on 2 h incubations would have been an order of 
magnitude greater than those based on 24 h. Moreover, 
estimates of phytoplankton growth rates based on 
these N turnover rates would have been in gross error, 
judging from the tremendous disparities between the 
linear photosynthetic rates, and the non-linear rates of 
NH: uptake which approached zero shortly after the 
incubation began. 

An even more dramatic uncoupling between photo- 
synthetic and nutrient uptake rates was evident in our 
outdoor experiments. In this case the trace addition of 
I5NH: represented only 14 % of the total NH: avail- 
able in Experiment 1, but 43 % in Experiment 2. As 
seen in Figs. ?B and 8B, on a scale appropriate for a 30 
h incubation uncoupling between carbon and 
ammonium uptake is not readily apparent. However, 
when the I 5 N ~ :  uptake data for the first 4 h of incuba- 
tion are plotted on an  expanded scale (Fig. S), the 
effect of trace enrichment on initial N-NH: uptake rate 
becomes evident: a slight surge in NH: uptake in 
Experiment 1 occurred in the first few min when the 
trace addition was a small fraction of the total NH: 
pool (Fig. 9A), but a much greater surge over the first 
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Fig. 9. F~rst 4 h of 30 h field studies represented in Figs. 7 and 
8. (A) July 24-25, 1980. (B) July 30-31, 1980. 0 total 15NH: 
uptake (trace addition); HI4C0; uptake into total organic 

carbon 

half h of incubation occurred when the ambient NH: 
was almost undectable and the trace addition led to a 
significant transient increase in the total available 
NH: (Fig. 9B). Moreover, although the enhancement 
of NH: uptake only is evident from the expanded plot 
(Fig. 9B), the subsequent suppression of NH: uptake 
for most of the daylight h of the first day can be 
discerned from the full scale plot in Fig. 8B. 

The uncoupling between I5NH: and H14C05 uptake 
during the first few h of Experiment 2, but not Experi- 
ment 1, is readily apparent from a comparison of the 
slopes of the NH: and 14C curves in Fig. 9. In both 
cases, H14CO; uptake was relatively linear over this 
initial portion of the incubations and did not appear to 
be dependent on ambient NH:. Results of these type 
raise serious questions about the scaling factors (both 
temporal and spatial) that are important in using incu- 
bation techniques to represent phytoplankton nutrient 
dynamics. For example, phytoplankton may depend on 
random and frequent exposures to even slightly ele- 
vated nutrient patches arising from the activities of 
closely coupled heterotrophs (McCarthy and Goldman, 
1979); such responses may completely be obscured in 
confined samples incubated for long periods. 

CONCLUSIONS 

In summary, a major prerequisite for.any successful 
bottle incubation is the recognition that there are 

severe incompatibilities between choosing an incuba- 
tion time based solely on analytical requirements from 
one based on the best representation of the time scale 
of physiological responses by phytoplankton (Harris, 
1980; McCarthy, 1980). The problem is further com- 
pounded by the difficulty in extrapolating from short- 
term physiological responses to a representation of real 
world dynamics. In other words, even though we can 
define the time scale of physiological processes, we are 
still limited in our ability to determine production and 
nutrient turnover rates in oceanic surface waters where 
nutrient levels commonly are undetectable (McCarthy 
and Goldman, 1979) pnd rapid nutrient recycling 
occurs (Goldman et al., 1979). In such a system gross 
pertubations in nutrient flux potential may occur 
within the time frame of sample collection and incuba- 
tion preparation so that analytical limitations may 
make it impossible to perform the very short incuba- 
tions (possibly minutes) required to understand nut- 
rient uptake on a physiological level and to prevent the 
development of major bottle artifacts (McCarthy, 
1980). Time-course incubations at least allow us to 
identify some of these problems by the onset of non- 
linearity in uptake, even if the problems cannot be 
eliminated completely. 
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