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Abstract 
Using ‘JN-labeled NH, I-, we assessed the time-course of NH4+ uptake, the parameters of 

saturation kinetics, and the rates of incorporation of NII,“ into trichloroacetic acid-insoluble 
material by Chesapeake Bay phytoplankton. The amount of NH4+ taken up by the phyto- 
plankton increased linearly with time for 2 h for all samples growing on or exposed to high 
concentrations (> 1 pg-atom N * liter-‘) of NH4 , + but extrapolations to time zero did not inter- 
cept the origin. These results could be explained by rapid isotopic equilibration of internal 
and external NH,+ pools. For stations for which ambient NH, + bordered on detection limits, 
rapid but nonsaturablc uptake was observed in l- and 5-min incubations, whereas saturation 
was attained in 15-60-min incubations. The experiments on rates of NH4+ incorporation into 
TCA-insoluble material demonstrated that most (>85%) of the 15N label was incorporated 
into the macromolecular fraction by -15 min. These data thus demonstrate that rates of NH,+ 
uptake may become limited within minutes by rates of assimilation and incorporation into 
macromolecules and that reported kinetic parameters reflect these metabolic rates rather than 
transport rates. 

In the sea NH4+ is a major source of 
phytoplankton nitrogen and, despite low 
ambient concentrations, accounts for 30- 
90% of the nitrogen used by phytoplank- 
ton (Dugdale and Goering 1967; Dugdale 
1976; McCarthy et al. 1977; Eppley et al. 
1979; Eppley and Peterson 1979). Both 
laboratory and field investigations have 
shown that there is a widespread ability 
for rapid or enhanced NH4+ uptake rela- 
tive to growth rates (Eppley et al. 1969; 
Conway et al. 1976; Conway and Harri- 
son 1977; McCarthy and Goldman 1979; 
Glibert and Goldman 1981). Rates of 
NH4+ uptake measured during short term 
experiments ( 10W2-loo h) often exceed 
rates of population growth by more than 
an order of magnitude; these elevated 
rates have been interpreted as a basic 
physiological adaptation of marine phy- 
toplankton to nitrogen limitation (Dug- 
dale 1977) and as a more specific adap- 
tation to extensive spatial and temporal 
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variability in NH,+ supply (McCarthy and 
Goldman 1979; Horrigan and McCarthy 
1982; Goldman and Glibert 1982). 

Evaluation of phytoplankton nitrogen 
dynamics and the extent of nitrogen-lim- 
ited growth has been based, in part, on 
comparisons of nitrogen uptake kinetics 
for various clones, species, and natural 
populations. In general, uptake kinetics 
can be described mathematically by the 
Michaelis-Menten equation, a rectangu- 
lar hyperbola with two defined parame- 
ters: the maximal rate (V,,,) and the half- 
saturation constant (K,) (Dugdale 1977). 
The latter is generally assumed to be con- 
stant for a particular clone or species, 
whereas there is considerable evidence 
that V max is variable (McCarthy 1981). The 
variability in V,,, leads to difficulty in 
interpreting NM4+ uptake kinetics (Con- 
way et al. 1976; Conway and Harrison 
1977; Glibert and Goldman 1981). More- 
over, as indicated by nonlinear time- 
courses (Goldman et al. 1981; Goldman 
and Glibert 1982), the degree to which 
the initial “enhanced” rates are main- 
tained is variable. 

Decreases in uptake rates can result 
from several causes which have distinc- 
tive interpretations. At low substrate con- 
centrations, uptake may be rapid enough 
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to significantly deplete the substrate and 
thus change uptake rates even during 
short incubations (Goldman et al. 1981; 
McCarthy 1981). From the physiological 
or ecological standpoint, however, 
changes in rates resulting from regulatory 
responses are of greater interest. Uptake 
rates may be subject to both short term 
and long term regulatory mechanisms 
such as feedback inhibition (Conway 
1977) or repression of permease or en- 
zyme levels (North and Stephens 1972) 
and usually decline as nitrogenous re- 
quirements for growth are fulfilled 
(McCarthy 1981). Finally, in tracer up- 
take experiments nonlinear time-courses 
may result either from an uncoupling of 
the metabolic processes responsible for 
net uptake or from differential labeling of 
various cellular components. Uncoupling 
occurs in perturbation experiments 
(DeManche et al. 1979; Dortch 1982) and 
results in transient elevations in internal 
pools of metabolites which clearly dem- 
onstrate that the metabolic processes re- 
sponsible for net uptake change over time. 
In nonperturbed conditions, tracer up- 
take rates will vary with time if internal 
pools of nitrogen are labeled at different 
rates (Sheppard 1962; Koch 1971). 

The purpose of our study was to eval- 
uate short term NH4+ uptake kinetics by 
natural phytoplankton populations. We 
chose the Chesapeake Bay as the study 
site because high levels of phytoplankton 
biomass greatly facilitate short term rate 
measurements, and the large variations in 
nitrogen availability along a longitudinal 
transect provide a wide range of nutrient- 
conditioned phytoplankton populations. 
Using 15N tracer techniques, we investi- 
gated the time-course of NH4+ uptake, the 
parameters of saturation kinetics, and the 
rates of incorporation into trichloroacetic 
acid-insoluble material. We used the re- 
sults of laboratory experiments in con- 
junction with those from our field study 
to evaluate the basis and significance of 
temporal changes in uptake kinetics. We 
were particularly interested in determin- 
ing the time-course of NH4+ uptake for 
laboratory populations that had been 
grown with supersaturating concentra- 

tions of NH 4+. Under these conditions the 
intracellular NH4+ pool may be enlarged 
relative to that normally occurring in 
populations growing at their maximal rate 
with only saturating NH,+ concentra- 
tions, and such large pools are likely to 
affect measurements of tracer uptake. 

We thank J. Nevins and M. Altabet for 
assistance with the experimental work. 

Materials and methods 
Field experiments -Samples were col- 

lected in the Chesapeake Bay aboard RV 
War-field from 31 May-11 June 1980, 
along a transect down the center of the 
bay (Fig. 1); stations 724R and 744 were 
sampled twice: once on the south leg 
(724R-1 and 744-l) and once on the re- 
turn (724R-2 and 744-2). 

Water was routinely collected from the 
60% light level at midmorning with a PVC 
Van Dorn bottle. Repetitive casts (at about 
2-min intervals) were screened through 
35pm Nitex mesh into a large carboy; this 
minimized any effect of small-scale in- 
homogeneities (McCarthy et al. 1977). 
Samples were then withdrawn immedi- 
ately for analysis of NH4+, NOs-, and Chl a 
(Strickland and Parsons 1972); samples 
for particulate nitrogen (PN) were fil- 
tered and stored for later analysis by a 
Coleman nitrogen analyzer. 

Two types of NH,+ uptake experiments 
were started about 1 h after collection. 
Routinely we followed the time-course of 
NH4+ uptake and incorporation into the 
trichloroacetic acid (TCA) precipitable 
fraction; and where ambient NH4+ was 
<0.20 pg-atom N * liter-l, we also exam- 
ined saturation kinetics. 

We began time-course experiments by 
adding trace concentrations of 15NH,+ 
(~10% of ambient NH4+ but not co.05 
pg-atom N -liter-l). We recognize that 
when ambient NH4+ concentrations are 
at or near detection levels it is difficult to 
enrich at a true “trace” level (Glibert and 
Goldman 1981), but the 0.05 pg-atom N- 
liter-l enrichments are referred to as such 
here. Samples were incubated on deck in 
2.75liter polycarbonate containers COV- 
ered with neutral density screens to sim- 
ulate the 60% light level, and circulating 
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Fig. 1. Station positions in Chesapeake Bay. 

seawater was used to maintain ambient 
temperature. At times ranging from =5 
min to 2 h, subsamples of 300-500 ml 
were withdrawn, filtered onto precom- 
busted Whatman GF/C filters in ~30 s, at 
a vacuum pressure of s150 mm of IIg, 
rinsed with filtered seawater, and dried. 
Slightly less frequently an additional ali- 
quot was withdrawn, filtered, treated with 
cold 5% TCA fcr ~10 s, then rinsed with 
filtered seawater and dried. 

For the saturation kinetic experiments, 
samples were enriched with a range of 
15NH4+ concentrations from <0.05 to >20 
pg-atoms N * liter-r and incubated as 
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above. Subsamples were withdrawn and 
filtered as above at 1, 15, and 60 min for 
stations 744-l and 744-2; and 5, 30, and 
60 min for station 7074. Sample size 
ranged from 2-4 pg-atoms N and filtration 
took a30 s. 

15N in the particulate fraction was ana- 
lyzed by mass spectrometry (McCarthy et 
al, 1977). Atom % excess ranged from 
0.020 to 4.00 in the time-course samples 
and from 0.011 to 3.55 in the saturation 
curve samples. 

Laboratory experiments-Hymeno- 
monas carterae (Cocco II) and Thalussio- 
sira weissflogii (Actin), obtained from S. 
W. Chisholm, came from R. R. L. Guil- 
lard’s culture collection (WHOI). Batch 
cultures were grown in filtered natural 
seawater medium with f/2 additions of 
POd3- and Si03- and IMR additions 
(Eppley et al. 1967) of vitamins and trace 
materials. Cultures were grown at 18°C 
in continuous light (about 60 pEinst*m-2* 
s-l) from Luxor Vitalite fluorescent tubes. 
Nitrogen was supplied at 1 mg-atom 
NH,+-N * liter-l for H. cnrterue and 1 mg- 
atom NO,--N 6 liter-l for T. weissflogii. 
The latter does not grow well on 1 mg- 
atom NH,+-N * liter-l, so batch cultures 
were grown on N03--N and then precon- 
ditioned with 100 pg-atoms NH4+-N. li- 
ter-l for about 30 min before uptake ex- 
periments. 

For the uptake experiments the culture 
was divided into three loo-ml portions 
and each treated with a different concen- 
tration of i5NH4+ to yield a range of 15N 
atom % enrichments from <5 to >2O%. 
Incubation was under ambient light con- 
di tions. Subsamples were withdrawn at 
times ranging from 30 s to 1 h, filtered, 
rinsed, and analyzed for rsN uptake as 
above. Subsamples (lo-20 ml) took =5 s 
for filtration and contained from 4 to 8 pg- 
atoms N. 

Calculations -N uptake rates have 
commonly been represented as V (N tak- 
en up per unit population N per unit time) 
or p (V x PN) (Neess et al. 1962; Dugdale 
and Goering 1967). Calculations are usu- 

ally based on a single end-point measure 
of r”N in the particulate fraction, and it is 
assumed that neither the concentration of 
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the substrate nor its atom % enrichment 
changes during the experiment. It has re- 
cently been shown, however, that during 
an incubation with natural assemblages, 
the 15N atom % in the NH4+ can become 
diluted substantially due to remineraliza- 
tion of 14NH4+ (Glibert et al. 1982). Re- 
mineralization can result in underesti- 
mates of uptake rates, and substrate 
depletion can result in errors in estimates 
of both K, and V,,,. Therefore, in calcu- 
lating the rates reported here, we took into 
consideration changes in both the con- 
centration and atom % enrichment of 
NH4+. 

The change in 15N atom % enrichment 
of the substrate was determined from 
time-course measurements of NH4+ iso- 
tope dilution. Upon filtration of the sam- 
ple, the filtrate was reserved, and the 
NH,+ in the filtrate was collected by dis- 
tillation (Glibert et al. 1982; Glibert 
1982). Mass spectrographic analysis of 
these samples was as for the particulate 
samples. Complete time-course measure- 
ments of 15NH4+ isotope dilution were 
made at stations 834G and 724R-2, and 
the calculated uptake rates for the other 
stations were adjusted accordingly. The 
time-course of 15N uptake and reminer- 
alization at station 724R-2 has been re- 
ported by Glibert et al. (1982). The sym- 
bol P (rho) is used to differentiate uptake 
rates corrected for isotope dilution from 
p, the uncorrected rates (Glibert et al. 
1982). Where ambient NH4+ was high 
(> 1.0 pg-atom N * liter-l), the average P/p 
correction was 1.12; where it was low, the 
average P/p was 1.44. Similar isotope di- 
lution corrections have been reported for 
a wide range of oceanic and coastal waters 
(Glibert 1982); thus we feel that ex- 
trapolation to those stations for which 
time-course isotope dilution determina- 
tions were not made directly is warrant- 
ed. 

To account for changes in substrate con- 
centration during incubation, we calculat- 
ed the amount of NH4+ used from the up- 
take rate for each time interval, as well as 
the amount of NH4+ supplied from re- 
mineralization processes. We averaged 
the initial and final concentrations for each 

time interval, and used the arithmetic 
mean as the substrate concentration in the 
determination of kinetic parameters. 

The kinetic parameters were estimated 
from the S/V = K,N,,, + S/V,,, linear 
transformation of the Michaelis-Menten 
equation; fine adjustments were then 
made and standard errors were deter- 
mined as described by Wilkinson (1961). 

We estimated uptake of 15N into the 
TCA-soluble fraction from the difference 
between the absolute amount (atom % 
excess *PN) of 15N in the total and TCA- 
insoluble fractions of PN and then divid- 
ed by the amount of TCA-soluble N to 
obtain atom % excess. For stations 724R-1 
and 707$ the TCA-soluble fraction ac- 
counted for 13 and 17% of total PN. At 
744-l we had insufficient data to estimate 
the TCA-soluble fraction of PN and used 
10% as a conservative estimate for the 
purpose of calculation. 

Results 
Ambient conditions for field experi- 

ments-NH4+ and NO,- concentrations 
ranged from very high levels (1.24.0 and 
4.0-32 pg-atoms N *liter-‘) north of the 
confluence with the Potomac River to un- 
detectable levels (co.10 pug-atom N * li- 
ter-’ for both) south of it (Fig. 2). These 
two regions will be subsequently re- 
ferred to as “high ambient” and “low am- 
bient” stations with respect to NH4+ 
availability. PN and Chl (E varied over a 
3-fold to 4-fold range, and both showed 
maxima at the northernmost station, 904N, 
and the midbay station, 804C (Fig. 2). 

Time-course of NH4+ uptuke-At all 
high ambient stations, and at low am- 
bient stations for which the ambient NH4+ 
plus “NH,+ addition was >l.O pg-atom 
N *liter-l, the amount of NH,+ taken up 
(atom % excess or pug-atoms N * liter-‘) in- 
creased linearly with time up to 2 h (r2 2 
0.96; Fig. 3, Table 1). In contrast, at the 
low ambient stations in three of the four 
experiments for which 15NH4+ additions 
were made at trace levels, regressions of 
the amount of NII 4+ taken up vs. incu- 
bation duration showed considerable 
scatter (r2 = 0.66-0.833 Fig. 3B, Table 1). 
In all but one case, linear regressions (as 
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Fig. 3. Time-course of change in sample atom 
percent excess for a typical high ambient station, 
904N (A) and low ambient station, 744-2 (B) at trace 
(0) and saturating (0) NH4+ additions. 
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Fig. 2. Concentrations of NO,-, NII,+, particu- 
late N (PN), and Chl u at each station. 

amount of NH4+ taken up vs. incubation 
duration) had positive y-intercepts. For 
all uptake measurements at external NH4+ 
concentrations > 1 pug-atom N. liter-l, ex- 
trapolated y-intercepts represented 11 _t 
9% of pg-atoms NH4+-N taken upsli- 
ter-l*h-l. For trace enrichments at low 
ambient stations, extrapolated y-inter- 
cepts were 57 4 8% of uptake (Table 1). 

In all four trace uptake experiments at 
low ambient stations, NI14+ uptake de- 
creased dramatically with time (Fig. 4). 

This decrease is highly correlated with a 
simultaneous decrease in NH,+ concen- 
trations during the incubation period and 
can be attributed in part to substrate de- 
pletion. 

At the high ambient stations, uptake 
rates for samples enriched to >lO pg-at- 
oms NH4+-N * liter-l were comparable to 
ambient uptake rates (see m values in Ta- 
ble .Z), indicating that the ambient NH4+ 
levels (1.24.0 pg-atoms N *liter-l) were 
close to levels sufficient to saturate up- 
take. 

Kinetics of NII,’ uptake-At high am- 
bient stations, the determination of satu- 
ration curves was obviously precluded. At 
low ambient stations, we could measure 
NH4+ uptake rates over a wide range of 
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Table 1. Linear regressions for time-course (O-2 h) of NH,+ uptake. [NH,+],-ambient NH,+; [NH4+lT- 
total NH4+ (ambient + addition) at beginning of the experiment; n. -number of samples; Z-ordinal in- 
tercept; m- slope; ?-coefficient of determination; P-uptake rate. 

INIL 7~ [NH., ‘IT 

Sta. (pg-atoms N .liter-‘) 
P (pg-atoms 

II Z wl r2 N ‘litcr-‘.h-l) 

904N 

8543 

818P 
804C 

744-l 

724R-1 

7074 

744-2 

1.52 1.66 
15.91 

2.78 3.07 
17.17 

2.47 2.76 
2.02 2.24 

16.41 
0.06 0.10 

14.15 
0.04 0.08 

1.24 
14.39 

co.03 0.02 
1.15 

20.15 
0.08 0.12 

1.16 
21.66 

4 
4 
4 
4 
3 
3 
3 
5 
6 
5 
3 
5 
3 
4 

4 
4 

0.026 
0.014 
0.017 
0.012 
0.063 
0.136 
0.029 
0.028 0.015 
0.016 0.192 
0.020 0.012 
0.023 0.128 
0.031 0.103 
0.027 
0.003 
0.003, 
Oi28 
0.005 

-0.008 

0.175 
0.153 
0.067 
0.071 
0.330 
0.381 
0.320 

0.031 
0.076 
0.149 
0.022 
0.093 
0.190 

1.00 0.202 
1.00 0.167 
0.94 0.084 
1.00 0.083 
0.96 0.393 
0.98 0.517 
0.96 0.349 
0.66 0.042 
1.00 0.208 
0.83 0.032 
0.98 0.151 
0.98 0.133 
1.00 0.058 
1.00 0.079 
1.00 0.152 
0.77 0.049 
1.00 0.098 
1.00 0.198 

NH4+ concentrations, and determined 
saturation curves for three incubation pe- 
riods at each of three stations (Fig. 5). For 
the shortest incubation period used (1 or 
5 min), uptake rates were a linear func- 
tion of external NIC4+ concentration (Fig. 
5A,D,G and Table 2). The atom % excess 
in the l- and 5-min samples was often 
~0.10; however the precision of our mass 
spectrographic analysis is +0.003 for 
nonenriched samples and the absence of 
scatter in the data for samples with low 
enrichment values (Fig. 6) substantiates 
the precision of the analyses at these en- 
richment levels. More scatter was evi- 
dent in the 5-min (r2 = 0.63) than in the 
l-min (r2 = 0.97) experiments (Table 2). 
For the longer incubation periods (S-60 
min), uptake seemed to follow saturation 
kinetics, and a rectangular hyperbola was 
fitted to each data set. Neither V,,, or K, 
appeared to change significantly with 
time after 15 min (Table 2) except at sta- 
tion 7074, where estimates of K, did in- 
crease with time. Comparison of initial 
linear curves with the subsequent hyper- 
bolic rates indicates that both the mag- 

nitude of the initial rates and the func- 
tional relation between external 
concentration and uptake rates changed 
dramatically during approximately the 
first lo-15 min of the incubation period. 

Incorporation of NH,+ into macromol- 
ecules-we did not have enough data to 
determine time-courses of incorporation 
into TCA-insoluble material for individ- 
ual high ambient stations. The combined 
data, however, clearly indicate that a high 
percentage of total NH,+ uptake, X = 85 
+ 7%, was incorporated into TCA-insol- 
uble material and this was constant over 
the period sampled (Fig. 7). For low am- 
bient stations more time-course data were 
available (Fig. B), and several results were 
apparent. The atom % excess in the TCA- 
insoluble fraction increased more slowly 
and to slightly lower values than the total 
atom % excess, whereas the atom % ex- 
cess in the TCA-soluble fraction in- 
creased more rapidly and to much higher 
values than the total atom % excess in 
five of six experiments. Furthermore, at 
stations 744-l and 724R- 1 the extrapolat- 
ed y-intercepts for atom % excess of the 
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Fig. 4. Time-course for rate of NI14+ uptake into particulate N (0) and removal of NI14+ from medium 

(0) for tract enrichments at low ambient stations. Uptake was measured as accumulation of 15N in partic- 
ulate material. External NI-14+ concentrations were calculated by subtracting amount taken up from initial 
concentration. A-Station 744-l; B-station 724R-1; C-station 7074; D-station 744-2. 

TCA-soluble and insoluble fractions vs. 
duration of incubation are higher and 
lower respectively than those for total up- 
take (Table 3). 

The percentage of NH4+ incorporated 
into macromolecular material clearly in- 
creased with time (Fig. SA,C,D) and mean 
values from l- to 4-h incubations at the 
five low ambient stations reached higher 
levels for trace (92 + 9) than for saturat- 
ing (68 + 8) additions; Student’s t-test, 
P d 0.01. 

Luborutory experiment-The amount 
of NH4+ taken up (expressed as atom % 
excess) increased linearly with time only 
for the first 5-15 min of incubation for H. 
curterue (Fig. 1OC). Departures from lin- 
earity were less apparent in the experi- 

ments with ?‘. weissflogii except at the 
highest atom % excess in external NH4+ 
(Fig. 1OD). A s in the field experiments, 
least-square linear regressions of these 
initial uptake values vs. incubation du- 
ration did not intercept the origin. The 
data show a consistent, but not statisti- 
cally significant, increase in the y-inter- 
cept with increasing atom % excess of the 
external NH4+. 

The calculated specific uptake rate de- 
creased substantially during the first 5 min 
of each experiment and by more than an 
order of magnitude between the initial 
and final time samples (Fig. lOA,B). The 
rate of decrease was inversely propor- 
tional to the atom % excess in the medi- 
um, however there was no significant ef- 
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Fig. 5. Specific uptake rate (V) as a function of NH,+ concentration. Station and duration of incubation 
as indicated. 
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feet of atom % excess in the medium NH,+ 
on the final calculated uptake rates (V) for 
the longer incubations. 

The concentration of external NH4+ at 
the end of the incubation was =95 rug- 
atoms N * liter- l for EI. carterae and ~50 
for T. weissfbgii (data not shown). These 
concentrations represent 7 and 20% de- 
creases from initial concentrations in the 
two experiments but are still far above 
values known to saturate uptake systems 
(lo-20 pg-atoms N. liter-l). The cultures 
were grown under supersaturating N 
concentrations and there were only small 
increases in PN during the uptake ex- 
periments (1.7 and 2.5%). Thus, neither 
changes in external NH4+ nor in internal 
N adequately explains the order-of-mag- 
nitude decrease observed in the N-spe- 
cific uptake rates. 

l>iscussion 
A major goal of this study was to ac- 

curately determine short term uptake rates 

for natural phytoplankton assemblages 
and to assess the utility of such measure- 
ments in understanding phytoplankton 
nitrogen dynamics. Working with Ches- 
apeake Bay phytoplankton, we encoun- 
tered two unexpected results: extrapola- 
tions to zero time for the amount of NH,+ 
taken up did not pass through the origin, 
and the uptake rates as functions of sub- 
strate concentration did not saturate dur- 
ing l- and 5-min incubations. We ques- 
tion whether these findings may have 
resulted from a less-than-perfect experi- 
mental design or whether the physiology 
of rapid uptake precludes the application 
of existing kinetic models of nutrient up- 
take. 

In assessing our experimental results, 
we explored several potential problems. 
Positive ordinal intercepts could arise 
through nonbiological adsorption of the 
labeled substrate by the cells, erroneous 
extrapolation if initial rates are not main- 
tained, or rapid isotopic equilibration of 
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Table 2. Linear regressions of specific uptake 
rate against NIL+ concentration for l- and 5-min 
uptake experiments; I-ordinal intercept + SE; m- 
slope; r2- coefficient of determination. Kinetic pa- 
rameters + SE for NIL,+ saturation curves for 15- 
60-min uptake experiments. 

744- 1 1 0.024+0.007 0.0043 0.97 
7074 5 0.022+0.001 0.0015 0.63 
744-2 1 0.015+0.005 0.0017 0.97 

K* 
(wg-atoms N .liter-‘) 

744-l 15 0.021+0.001 0.27+0.09 
60 0.015+0.001 0.40&O. 12 

7074 30 0.033+0.002 0.07+0.03 
60 0.032+0.002 0.26kO.07 

744-2 15 0.017r0.002 0.46+0.16 
60 0.019-+0.002 0.56+0.13 

at high ambient stations or in the labo- 
ratory experiments. The latter experi- 
ments had been specifically designed to 
eliminate effects of changes in external 

W or internal N. 
0 60 

NH,+ CONCENTRATION (pg-atom N’liter-‘1 

Fig. 6. Sample atom percent excess and NH4+ 
atom percent enrichment for I- and 5-min “satura- 
tion” curves. A-Station 744-l; B-station 7074; C- 
station 744-2. 

external and internal NH4+ pools. The first 
possibility can be eliminated with the 
evidence that the quantity of label re- 
tained by killed controls was below our 
limit of detection (-t-O.003 atom % excess) 
for the substrate enrichments used. The 

20- 

second possibility could result from a de- 
pletion of external NH4+ or a feedback 
response after initially rapid uptake (Gli- 
bert and Goldman 1981). Either phenom- . - - ^ 

I I I I I 
I 2 3 4 

Duration of Incubation (h) 
enon could explain our results for trace 
enrichments at low ambient stations; 

Fig. 7. Percentage of accumulated 15N incorpo- 

however, neither can explain our results 
rated into TCA-insoluble material as a function of 
duration of incubation at high ambient stations. 
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Fig. 8. Time-course of change in total (x) and TCA-insoluble (a) sample atom percent excess for low 

ambient stations at trace and saturating NII, + additions. Atom percent excess for the TCA-soluble fraction 
(0) was estimated as described in text. 

The third possibility, rapid isotopic to high ambient NH4+. Isotopic equilib- 
equilibration, seems to be the most plau- rium could occur by free exchange of ex- 
sible explanation for the extrapolated ternal and internal pools independent of 
nonzero intercepts for samples exposed active uptake or by rapid turnover of the 
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Table 3. Y-intercepts for atom % excess vs. in- 
cubation duration from O-2 h for TCA-soluble, total, 
and TCA-insoluble fractions of PN at low ambient 
stations. 

Y-intercept 

St& NEI, b adtlition 
TCA- 

soluble Total 
TCA- 

insoluble 

744- 1 Trace 0.643 0.104 0.048 
Saturating 0.083 0.022 0.015 

724R-1 Trace 0.851 0.241 0.111 
Saturating 0.504 0.083 0.004 

7074 Trace 0.227 0.131 0.093 
Saturating -0.060 0.026 0.086 

internal NH4+ pool. The quantity of label 
accumulated as a result would be directly 
proportional to both the atom % excess of 
the external NH4+ and the size of the in- 
ternal NH4+ pool. Because internal NH4+ 
pools tend to be ~1% of total cellular ni- 
trogen, isotopic equilibration may account 
for only a small percentage of total net 
uptake except for very short term uptake 
measurements. 

In trying to understand the nonsatura- 
ble kinetics for short (1-5 min) incuba- 
tion periods, we have also considered 
several possible explanations: isotopic 
equilibration of NH4+, diffusion of NH*+ 
into the cells, and expansion of the inter- 
nal NH,+ pool at supersaturating external 
NH4+ concentrations. As pointed out 
above, retention of the label resulting 
from the establishment of isotopic equil- 
ibration is a linear function of the isotopic 
enrichment of the external NH4+ pool. In 
the l- and 5-min incubations (Fig. 6), the 
isotopic enrichment of the external NH4+ 
increased hyperbolically with increasing 
concentration of NII,+. This is a conse- 
quence of preparing all substrate concen- 
trations above an initial low ambient sub- 
strate level by adding only 99 atom % 
15NH4+. Clearly then, the effect of an iso- 
topic equilibration of external and inter- 
nal NH,+ would have been to bias the 
curve toward a rectangular hyperbolic 
form rather than a linear form. Hence, 
isotopic equilibrium of NH4+ between the 
media and cellular pools per se is not a 
plausible explanation for the nonsatura- 

1123 

ble kinetics in the l- and 5-min experi- 
ments. 

The linear relation between uptake rate 
and external concentration in the l- and 
5-min incubations suggests the operation 
of a nonmediated uptake process such as 
diffusion. At the pH of surface water at 
our stations (8.2-8.4), about 10% of the 
sum [NH,+ and NHJ is present as NHs, 
which diffuses readily across cell mem- 
branes. Thus, the initial uptake rates may 
be a combination of mediated transport 
and diff&ion, and the subsequent de- 
crease in uptake rates may reflect pool 
equilibration. Rapid pool exchange has 
not been examined previously in marine 
phytoplankton to our knowledge, but has 
been documented for POd3- in a marine 
yeast, Rhodotorula rubra (Button et al. 
1973). At less than micromolar external 
concentrations, this organism accumu- 
lates large internal pools of phosphate, 
40% of which exchanges rapidly with ex- 
ternal POd3- in l-min pulse-chase exper- 
iments. Significantly, this yeast has a very 
high capacity PO4 3- transport system, but 
at high concentrations (~1 PM) the du- 
ration of incubation must be decreased to 
1 min to avoid cumulative problems of 
inhibition and product accumulation 
(Button et al. 1973). 

Another possible explanation for the 
initial linear uptake kinetics is suggested 
by laboratory experiments showing that 
the size of internal NH,+ pools increases 
when the external NH4+ supply is in- 
creased (DeManche et al. 1979; Dortch 
1982). If the increase in pool size is di- 
rectly proportional to the external con- 
centration; a pool expansion in combi- 
nation with isotopic equilibrium could 
result in linear uptake kinetics. Again, 
tracer uptake rates would decrease as the 
external and internal NH4+ pools ap- 
proach an isotopic equilibrium. Hence, 
although isotopic equilibration per se 
does not explain the nonsaturable short 
term uptake kinetics, it could, in con- 
junction with either a diffusive compo- 
nent of membrane transport or an inter- 
nal pool expansion, account for the i 
linear uptake kinetics. 

nitial 

Differences between the rate of label- 
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Fig. 9. Percentage of accumulated 15N incorporated into TCA-insoluble material as a function of du- 

ration of incubation at low ambient stations. Station and amount of NH,+ added as indicated. 

ing of the TCA-soluble and insoluble study of short term NH4+ uptake kinetics 
fractions of PN ftwther substantiate the by Chesapeake Bay phytoplankton dem- 
conclusion that part of the change in tracer onstrates the occurrence of very rapid, but 
uptake kinetics reflects labeling of differ- nonsustained, initial rates that may be due 
ent pools of cellular nitrogen. Thus, our to membrane transport processes and iso- 
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topic equilibrium of external and internal macromolecules and net uptake is rate- 
NH4+ pools. Then, some time within the limited by this process. Uptake rates cal- 
first 15-30 min of incubation, most of the culated from these longer incubation pe- 
accumulated label is incorporated into riods, however, are considerable under- 
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estimates of the potential maximal rates 
of membrane transport and assimilation 
into soluble organic nitroger!. 

Conway et al, (1976) also reported high 
initial NH,+ uptake rates for marine dia- 
toms and suggested that the elevated rates 
(their V,) reflect a permease capacity that 
initially exceeds the internal utilization 
rate. Limitation by internal utilization was 
estimated by them to occur at 1.69 k 0.92 
h. Our results suggest that dramatic 
changes in rate occur over much briefer 
periods. 

An apparent inconsistency in our data 
is that, for the laboratory experiments with 
well nourished populations, the rate of 
accumulation of label was nonlinear over 
a l-h time-course; whereas in the field 
study at high ambient stations, linearity 
was evident throughout 2-h experiments. 
Although the highest NH,+ concentration 
observed in the field study was only l- 
5% of that used in the laboratory study, 
we doubt that in either case the phyto- 
plankton could have been N-limited. 
From studies on the transport of methyl- 
ammonium into phytoplankton cells (un- 
publ.), we have concluded that at con- 
centrations above those known to be 
sufficient to permit maximal rates of pop- 
ulation growth, the NH,+ pool size can 
increase with increasing NH4+ concentra- 
tion in the medium. The nonlinear time- 
course in the laboratory experiments (with 
a supersaturating NH4+ concentration in 
the medium) may thus result from label- 
ing the expanded NH4+ pools at a rate 
that is faster than subsequent metabo- 
lism. These results indicate that tracer 
uptake kinetics can change rapidly even 
during relatively constant nutrient-satu- 
rated conditions. 

In questioning the degree to which we 
can generalize from the results of the 
Chesapeake Bay and laboratory studies 
discussed above to other studies of short 
term NH4+ uptake, we reviewed the data 
set (partially unpublished) used by 
McCarthy and Goldman (1979) for Tha- 
lassiosira pseudonana (3H) grown in 
NH,+-limited continuous culture. Specif- 
ically, we asked if the effect of isotopic 
equilibrium seen in the current study 

could have led to an overestimate of net 
uptake rates in the earlier study. Satura- 
tion kinetics were always observed in 
5-min experiments at a wide variety of 
growth rates. One of the curves showing 
the effect of substrate depletion on the 
estimation of kinetic parameters for a 
population growing at about 50% G is giv- 
en by McCarthy (1981). Other data (un- 
publ.) for an experiment at about 85% fi 
did not show an effect due to substrate 
depletion. Neither curve showed any evi- 
dence of linear uptake kinetics. Thus, 
measured rates appear to reflect net up- 

take, although the reported V,,, values 
may reflect enhanced rates of subsequent 
metabolism (assimilation and incorpora- 
tion of NI14+) rather than membrane 
transport activity. 

This latter conclusion is supported by 
a study of short term NI14+ uptake by four 
marine phytoplankters presented by 
Goldman and Glibert (1982), in which 
N-specific uptake rates decreased dra- 
matically during the first 5 min of incu- 
bation. Saturation curves were obtained 
in both l- and 5-min incubations for two 
species, but V,,, decreased and K, in- 
creased with time (Goldman and Glibert 
in press). These rapid changes in kinetics 
indicate that even 5-min measurements 
may significantly underestimate “initial 
uptake” rates. Two conclusions are ap- 
parent from these laboratory studies: iso- 
topic equilibrium of NHdmk pools has not 
resulted in a general overestimate of net 
uptake capacities, and even in incuba- 
tions of ~5 min the kinetics of uptake may 
significantly underestimate actual mem- 
brane transport capacities. 

The rates of incorporation of 15N into 
macromolecular material by Chesapeake 
Bay phytoplankton, and the inferred rates 
of labeling of intracellular NH4+ and the 
TCA-soluble component of cellular nitro- 
gen, clearly indicate that incorporation of 
15N into macromolecules becomes the 
rate-limiting step some time during the 
first I5 min of an incubation. On the basis 
of the arguments above and the results of 
a concurrent study of short term methyl- 
ammonium uptake (Wheeler and Me- 
Carthy 1982), the kinetic parameters re- 
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ported here reflect the kinetic parameters 
f or nitrogen assimilation and-incorpora- 
tion rather than membrane transport. One 
would expect an equal or greater V max, 
and an equal or smaller K, value for inein- 
branc tran sport; the ph ysiological and. 
ecological implications of such differ- 
ences-are dis&ssed in the report of the 
methylammonium study (Wheeler and 
McCarthy 1982). 

Our study of short term NH4+ uptake 
kinetics by Chesapeake Bay phytoplank- 
ton has provided considerable insight into 
the degree of coupling between transport 
across cell membranes and subsequent 
-rates of metabolism. Choice of an oDtima1 
incubation period requires cireful 
thought and testing of each situation to 
be investigated. If uptake rates are to be 
used to estimate potential growth rates, 
the incubation period should be short 
enough to avoid substrate depletion but - 
long en0 
tribution 

ugh to ensure that c&ular dis- 
of the label is approximately ho- 

mogeneous. Although short term uptake 
rates (<5 min) cannot as yet be used in 
esti mating rates of phytoplankton growth, 
the importance of such measurements is 
in no way diminished. Short term exper- 
imen ts are needed to determine the 
physiological characteristics and ecolog- 
ical significance of membrane transport 
and initial assimilatory processes to phy- 
toplankton nutrient dynamics. Experi- 
mental determination of component pool 
sizes and the relevant metabolic fluxes 
will be necessary to relate these short 
term measurements to growth require- 
ments. 
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