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The marine chlorophyte Dunaliella tertiolecta was grown in continuous cul-
tures under NH,*-N, NO,™-N, NO;"-N, and urea-N limitations. The effect of the
nitrogen cell quota (@.) on the steady-state growth rate (u) was the same
regardless of the N source. The relationship between p and @, was well described
by the Droop equation, but only up to the true maximum growth rate fi (= cell
washout rate). The ratio between the minimum cell quota (kg) and the maximum
cell quota (@.) was 0.19. Hence, there is no substitute for determining i experi-
mentally. That there was no difference in growth response to different N sources
suggests that no internal pooling of inorganic nitrogen occurred. Both the carbon
(Q.) and phosphorus (&),) cell quotas under N limitation increased with increasing
p in a threshold fashion: virtually no change in either cell quota up to ~0.8 f,
followed by a rapid and large increase up to j. In addition, in the region of low
., there was an increase in @), with a decreasing medium N/P ratio of between 15
and 5 (by atoms). The results generally indicate the physiological limits in cellular
constituency under N limitation. The usefulness of this information, however, in
describing the response of natural populations of marine phytoplankton to tran-
sient nutrient exposures on the temporal and spatial microscales that most likely

exist is of limited value.

It is well established that the type and degree
of nutrient limitation result in dramatic changes
in the cellular chemical composition of phyto-
plankton (25, 27, 28). Attempts to quantify these
types of physiological responses have met with
various degrees of success. For example, the
Droop equation (6), p = i1 — (ko/®Q)] (equation
1), in which u is the specific growth rate (T,
jiis the specific growth rate at which @ is infinite,
@ is the cell quota (mass-[cell]™), or concentra-
tion of limiting nutrient per cell, and kg is the
minimum concentration of limiting nutrient per
cell required before growth can proceed, has
been used successfully to describe the effects of
vitamin B,z (6) and PO,*~ (4, 7, 11, 32) limitations
on phytoplankton growth rates at the steady
state, but for NH," limitation, restrictions in the
applicability of the equation have been identi-
fied (12). The major limitation is that there is
an upper bound in the cell quota, @., associated
with the true maximum growth rate i (= cell
washout rate). Thus, for equation 1 to be valid
for a particular limiting nutrient, the ratio kq/
€~ must be very small (e.g., =0.1) so that i =~ .

1 Contribution no. 4368 from the Woods Hole Oceano-
graphic Institution.
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For vitamin B;; and PO,? limitations, ¢/ Q. <
0.05, but for NH,, it was ~0.2 (i =~ 0.8 ) (12).
Thus, in the latter case there was no substitute
for experimentally determining i and @..

To determine whether similar restrictions in
the use of equation 1 apply for other potentially
available nitrogen sources and to examine the
changes in the phosphorus and carbon cell quo-
tas under various degrees of nitrogen limitation,
we grew the marine chlorophyte Dunaliella ter-
tiolecta in a continuous culture under NH,*-N,
NO;"-N, NO:™-N, and urea-N limitations.

MATERIALS AND METHODS

The continuous-culture apparatus, the culturing
protocols, and the experimental analyses were vir-
tually identical to those described previously (12). In
summary, a bank of eight 0.5-liter cultures was used,
complete with continuous lighting (2,093 J m™? min™
visible), temperature control at 19.2°C, and mixing
through magnetic bar stirring and aeration with labo-
ratory-compressed air scrubbed of NH; and particu-
lates. The chlorophyte D. tertiolecta, clone Dun, was
obtained from the collection of R. R. L. Guillard at
Woods Hole Oceanographic Institution.

The nitrogen-limited growth medium consisted of
natural seawater obtained from the flowing seawater
system at the Environmental Systems Laboratory of
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Woods Hole Oceanographic Institution. The water
was first filtered with 1-um membrane filters and then
enriched with either 50, 100, 150, or 450 ug-atoms of
the particular nitrogen source (NH,Cl, NaNO,,
NaNQs;, CHN;0) liter™!, 10 pg-atoms of NaH,PO,
liter™* for N additions of up to 150 pg-atoms.liter™’
and 30 pg-atoms-liter™" when the N addition was 450
pg-atoms-liter™', and trace metals and vitamins in a
twofold dilution of f~medium (14). In one experiment
at the highest dilution rates tested (1.1 to 1.3 day™),
75 ug-atoms of NH,* liter™ and 15 ug-atoms of PO~
liter ™! were used. In all of the remaining experiments,
the four nitrogen sources were used concurrently, each
being fed to duplicate cultures. A desired N/P ratio by
atoms of either 5, 10, or 15 was established for a given
experiment. Concentrations of the individual nitrogen
sources and PO’ in the unenriched seawater were
typically <0.5 to 1.0 ug-atoms-liter™" and were in-
cluded in the final determinations of the added nutri-
ents to the medium. Medium was dispensed to the
cultures via a multichannel peristaltic pump (Harvard
no. 1203). All tubing was glass, except for small sec-
tions of silicone inserted through the pumps.

Chemical analyses for the nutrients present in the
medium and culture filtrates were carried out on a
Technicon two-channel Autoanalyzer by the proce-
dures of Bendeschneider and Robinson (2) for NO,~,
Wood et al. (35) for NO;~, Solorzano (29) for NH,",
Newell et al. (22) for urea, and Murphy and Riley (21)
for PO,*". Particulate carbon and nitrogen were meas-
ured on a Perkin-Elmer 240 elemental analyzer. Cells
were counted in a Spencer Bright-line hemacytometer.
Particulate phosphorus was determined by the differ-
ence between influent and effluent inorganic PO.*",
All culture measurements were made directly on cul-
ture samples at the steady state, defined as the time
when culture absorbance, measured daily on a Bausch
& Lomb Spectronic 88 at 600 nm, did not vary more
than £10% for at least 2 consecutive days. The cultures
were not axenic for the reasons cited earlier (11).

The maximum growth rate was estimated both by
the cell washout technique (11) and by measurement
of the slope of the batch curve representing cell num-
ber versus time. Batch experiments were carried out
in five replicate cultures after establishing steady-state
populations near the washout dilution rate (1.1 to 1.3
day™), where cell numbers were relatively low (0.1 X
10° to 0.4 X 10° cells ml™?). The feed pump was then
stopped, and the culture was immediately enriched
with 1,000 pg-atoms of NH,* liter™!, 100 ug-atoms of
PO.* liter ™, and additional trace metals and vitamins.
Cell counts were taken at 3- to 6-h intervals on 2-ml
subsamples over a 3-day period. The maximum growth
rates were determined from linear-regression analysis
of the plots of the natural log of the cell count versus
time. In two of the batch experiments, cellular nitro-
gen, carbon, and phosphorus were measured during
three successive sampling periods.

The kinetic coefficients ji and kg were determined
from regression analyses of the linearized version of
equation 1 as follows: Y = Yg[1 — (1/E)] (equation 2),
in which Y is the yield coefficient (@ '), and Yy is the
maximum yield coefficient (kg™") (7, 10). The coeffi-
cients were calculated considering the data grouped
by N source and medium N/P ratio and the ungrouped

NITROGEN-LIMITED PHYTOPLANKTON GROWTH 895

total data. Ninety-three steady-state experiments were
performed from a minimum dilution rate of 0.13 day™*
to cell washout.

RESULTS

Maximum growth rate. The highest dilu-
tion rate for which a steady-state population
could be maintained was 1.33 day™". This value
of p compared favorably with an average i of
1.3¢ = 0.07 day™' obtained from the batch
growth experiments in nutrient-saturated me-
dium (Table 1 and Fig. 1). No lag phase oc-
curred, and the correlation coefficient for each
batch curve was >0.99.

Cellular nitrogen variations. Based on
regression analysis of the total N data (equation
2), the nitrogen cell quota (@,) varied from 1.3
pg of N-cell™ (kg) at u = 0 to 7.0 pg of N-cell™
(@») at i (Table 1 and Fig. 2 and 3). Under
enriched batch conditions, @,, was 8.8 pg of N.
cell™" (Table 1). The value of ji was 1.66 day™",
so that for continuous growth, /g = 0.81. For
each of the four N sources considered individ-
ually and with the data representing medium
N/P ratios of 5 and 15, kg, i1, and @, were
virtually identical to the values determined with
the combined data (Table 1). The correlation
coefficients varied from 0.86 for the combined
data to 0.82 to 0.93 for the above groupings of
data. Only with the N/P = 10 set of data were
the Kkinetic coefficients significantly different
from the other groups (Table 1). Although the
correlation coefficient was 0.93, this set of data
contained the least number of measurements,
le., 14.

Cellular carbon and phosphorus varia-
tions. Trends in the carbon (Q.) and phosphorus
(@p) cell quotas with varying steady state u were
very similar: virtually no effect of p on either cell
quota up to p = 1.1 day™" (= 0.8 i), followed by
a very rapid increase up to j (Fig. 4 and 5).
Moreover, the magnitude of @, in the lower-
growth-rate region was related to the medium
N/P ratio, but appeared to increase to a common
value of @, at i (Fig. 5). Virtually all influent
PO’ was stripped from the medium at all val-
ues of p up to ~1.1 day™" (= 0.8 ji), regardless of
the medium N/P ratio.

Values of k’q and @’» (= the cell quotas of
nonlimiting nutrients when u = 0 and g = f,
respectively) for carbon and phosphorus were
estimated by eye from the data shown in Fig. 4
and 5. The values of @', were similar to the
respective @', values determined from the batch
studies (Table 2).

Cellular carbon/nitrogen ratio. The cel-
lular carbon/nitrogen ratio (by atoms) was af-
fected significantly by u, decreasing linearly (r
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TABLE 1. Summary of kinetic data for D. tertiolecta grown in nitrogen-limited continuous cultures®

. . Datum - - I . kg (pg of @ (pg of

. Relationship points i (day™) (day™) BB Nucel) N.cell) C/Numin C/Nuax rt

Cell washout 1.33¢

Batch curves 559  1.34 £0.07 88+13 64x08° >0.99

Yvsp
Total 93 1.66 0.81 1.3 7.0 0.86
NH,* 25 1.62 0.83 1.3 75 0.91
NO;~ 23 1.66 0.81 1.3 6.7 0.82
NO;~ 23 1.69 0.80 1.3 6.7 0.82
Urea 22 1.69 0.80 1.3 6.6 0.87
N/P=5 32 1.63 0.82 14 7.8 0.88
N/P =10 14 1.37 0.99 1.1 50.2 0.93
N/P=15 47 1.69 0.80 1.3 6.4 0.87

C/Nvsp 93 1.85 0.73 5.4 19.8 0.89

% Data were obtained from linear-regression analyses of various kinetic expressions described in text.

b Correlation coefficient.

° Highest dilution rate for which a steady-state population could be maintained.

¢ Total datum points from five batch experiments.

¢ Based on six samples from two batch experiments. Standard deviations included.
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FiG. 1. Batch growth curve of D. tertiolecta in
enriched medium. Inocula were taken from nitrogen-
limited steady-state continuous cultures maintained
at specific growth rates of 1.1 day™'. Symbols repre-
sent three replicate experiments: @, ji = 1.38 day™;
O it = 134 day™’; A i = 1.27 day™. Two other
experiments (i = 1.26 and 1.43 day™") are not shown
for clarity.

= 0.89) from 19.8 to 5.4 between 0 =< p < i (Fig.
6 and Table 1).

DISCUSSION
Effect of nitrogen source on growth rate.

The ability of phytoplankton to assimilate pref-
erentially different N sources is a species-specific
phenomenon, dependent to a large degree on
environmental conditions such as light duration
and degree of nitrogen limitation (13, 19). Grant
and Turner (13) observed that NO;~ and NO,~
uptakes by D. tertiolecta were enhanced signif-
icantly in the light. Paasche (23), moreover,
found that with short (~6 h) photoperiods the
growth rate of D. tertiolecta was 30% greater
when the N source was NH,* rather than NO,~,
but with continuous light this difference de-
creased to 10%, irrespective of light intensity.
Anitia et al. (1) found a similar slight difference
in NO; - and NH,*-dependent growth rates in
this alga with continuous light and, in addition,
observed that NO,  and urea were virtually
equal to NH,* as N sources. For some species
this light dependency for NO;~ uptake is not
apparent (9).

Our results are in general agreement with the
above findings. The observed relationship be-
tween @ and p (Fig. 2 and 3) clearly defined
conditions of nitrogen limitation, irrespective of
the N source (Table 1). Up to ~0.8 i, there was
virtually undetectable residual N in all cultures,
indicating an extremely low half-saturation coef-
ficient for growth, that is, a very strong and
identical dependence of growth rate on each of
the four N sources up until just before cell
washout.
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F16. 3. Relationship between steady-state nitro-
gen cell quota and specific growth rate for D. terti-
olecta maintained in continuous cultures under dif-
ferent limiting nitrogen sources. :

It is well established that NH," is preferen-
tially assimilated when more than one N source
is available (20); yet McCarthy et al. (19) dem-
onstrated that under conditions in which NH,*-
was available, but in short supply (<0.5 to 1.0
ug-atom-liter™"), natural phytoplankton popu-
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F1G. 4. Relationship between steady-state carbon
cell quota and specific growth rate for D. tertiolecta
maintained in continuous cultures under different
limiting nitrogen sources.

lations could utilize NO,~, NO;~, and urea along
with NH,* in proportion to their respective
availability. Similarly, Eppley and Renger (8)
found that for the marine diatom Thalassiosira
pseudonana (clone 13-1) cultured continuously
on an N-limited medium containing equal
amounts of NH,* and NO;~, complete N assim-
ilation occurred at 0.2 and 0.4 f, regions of N
limitation. At 0.94 ji (a region of near nutrient
saturation), NH," assimilation was still com-
plete, but NO;™ uptake had fallen significantly,
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F16. 5. Relationship between steady-state phos-
phorus cell quota and specific growth rate for D.
tertiolecta maintained in continuous cultures under
different limiting nitrogen sources: @, medium N/P
ratio = 5; O, medium N/P ratio = 10; A, medium
N/P ratio = 15.

so that ~30% of the influent NO;™ level remained
in the culture filtrate.

Our results and those above lead to the gen-
eral conclusion that phytoplankton have
adapted to exploit effectively different poten-
tially available N sources in natural waters with-
out appreciable differences in growth rates. This
conclusion has important bearing on our under-
standing of how phytoplankton residing in nu-
trient-impoverished environments, such as
oceanic surface waters, obtain their nitrogen ra-
tion. In such waters, nitrogen concentrations are
frequently below detectable levels. An hypoth-
esis advanced as to how nitrogen is made avail-
able in such situations is that individual cells
frequently come into contact with microzones
containing high nitrogen concentrations result-
ing from bacterial degradation of detritus and
excretions of secondary marine animals (18). For
example, when exposed to saturating NH,* lev-
els for very short periods (5 min), NH,"-limited
phytoplankton can assimilate this N at a rate
considerably greater than their rate of growth
(18); thus, a cell need be exposed to high N for
only a fraction of its doubling period to fulfill its
complete requirement for this nutrient. The
question of whether N-limited cells can simul-
taneously assimilate more than one potentially
available N source with high efficiency or readily
switch from one source to the other as it might

- become available on the transient spatial and

temporal scales described above has not been
answered to date. Nevertheless, based on the
available evidence, it would seem that under
conditions of total N limitation, the additional
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energy expenditures required for NO;~ versus
NH,* uptake (with NO,~ and urea being inter-
mediary) are small enough not to prevent full
and rapid exploitation of any available N when
total N is in short supply.

Steady-state nitrogen kinetics. Our results
confirm the results of Goldman and McCarthy
(12) that equation 1 must be used with caution
to describe the relationship between the cell
quota and the steady-state growth rate for N
limitation, regardless of the source of nitrogen:
ko/@nm in this study was 0.19, virtually identical
to that found for NH,*-limited growth of T.
pseudonana (clone 3H) (12).

Hence, it is imperative that the true maximum
growth rate i be determined experimentally. We
found virtually no difference in ji determined by
the cell washout technique and by batch growth
in enriched medium (Table 1), results similar to
those of Toerein and Huang (33). The exact
value of fi was difficult to ascertain because the
average batch ji of 1.34 day™' was virtually iden-
tical to the highest dilution rate for which a
steady state could be maintained. Culture arti-
facts, such as incomplete mixing and wall
growth, can lead to apparent [i values deter-
mined by the cell washout technique that are
greater than those established by batch kinetics
(17, 34). We could not detect any wall growth
visually, but even slightly undetected wall
growth could have led to a slight overestimate
of i by the washout method; yet the similarity
in the @, values for nitrogen, phosphorus, and
carbon determined from the batch and washout
data suggests that i = 1.34 day™ is a reasonable
estimate.

We thus conclude that the batch technique is
more expedient and precise than the cell wash-
out method for estimating ji. With the latter
method, {i must be approached slowly by estab-
lishing steady-state levels of p in small incre-

TABLE 2. Summary of carbon and phosphorus cell
quota parameters under nitrogen-limited growth of
D. tertiolecta

Growth condi- &' (pg Q'm (pg

Parameter tions cell™!) cell™)

§3

N/P=5 Continuous® 0.8 5.5

N/P=10 0.4 5.5

N/P=15 0.2 5.5

N/P =10 Batch® 52 +0.7

Q. Continuous” 23 65

Batch® 50+ 8

® Values estimated by eye from data shown in Fig.
4 and 5.

® Based on six datum points from two batch exper-
iments. Standard deviations included.
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Fic. 6. Relationship between steady-state cellular carbon-to-nitrogen ratio and specific growth rate for D.
tertiolecta maintained in continuous cultures under different limiting nitrogen sources.

ments until i is exceeded and washout occurs
(30). Slight wall growth and very small daily
variations in medium flow rate common with
chemostat control can distort the true washout
rate (16) and lead to a wide scatter in the data
near i, as shown in Fig. 3 through 5. By using an
inoculum from a continuous culture maintained
near ji, we were able to avoid any lag phase in
the batch growth curve (Fig. 1). The inoculum
clearly was in a physiological state geared for
immediate growth at ji because the cell quotas
for all of the major cellular constituents were
near the respective @, values (Table 2).

We could not discern any effect of the N
source or the medium N/P ratic between 5 and
15 on the variation in @ with p under steady-
state conditions (Table 1). This would imply
that all assimilated N, regardless of the source,
was channelled directly into amino acid synthe-
sis under steady-state conditions, i.e., no appre-
ciable internal concentrating of NO3;~ and NO,~
against a gradient, as has been suggested previ-
ously (3). Bienfang (3), in pooling his own data
from N-limited continuous cultures of D. terti-
olecta with those of Caperon and Meyer (5),
claimed that the relationship for @ versus pu was
hyperbolic for cells grown on NO3;~ or mixtures
of NO;™ and NO,*, but was linear when NH,*
was the sole N source. We think that this anom-
aly is because only seven datum points were
available for the above NH,* analysis, thereby
making it difficult to observe a hyperbolic curve,
as we were able to obtain with considerably
more data.

It is critical that sufficient data over the entire
range of u be available for determining statisti-
cally the various kinetic coefficients (12). As

demonstrated by our data analyses (Table 1),
distortions in the kinetic coefficients can occur
when only a small portion of the data is consid-
ered. For example, the N/P = 10 subset of data
with 14 points extends only to 0.6 1. Even though
the linear fit of these data to equation 2 is
excellent (r = 0.93), the slope of the resulting
curve is distinctly different from the virtually
identical slopes calculated with the other subsets
of data (including the N/P subsets of data that
bracket this subset of data) and with the entire
pool of data (Table 1). Hence, a physiological
basis for this difference cannot be advocated.

Carbon cell quota variations. In the
growth rate range 0 < . < 0.8 i, the carbon cell
quota varied slightly from ~23 to 29 pg of C.
cell™, followed by a rapid threefold increase up
to ~65 pg of C-cell™ at ji (Table 2 and Fig. 4).
This seemingly threshold increase in Q. above
~0.8 i (confirmed by the enriched batch data)
roughly corresponded to the growth rates at
which measurable concentrations of residual ni-
trogen were first observed in the cultures. The
latter effect is a sure indication of the onset of
non-nutrient limiting conditions (i.e., pu ap-
proaching {i) (12). Hence, it appears that as long
as N limitation exists, regardless of the nitrogen
source and the growth rate, the total cellular
level of carbon is relatively fixed, at least for D.
tertiolecta. In contrast, Rhee (27) observed a
constant @, under NO;~ limitation in the fresh-
water green alga Scenedesmus sp.; however, be-
cause the highest u tested in that study was ~0.8
f, the threshold increase in Q. as p — ji may
have gone unobserved.

In contrast, the nitrogen cell quota increased
over the entire range of y, although most dra-
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matically when non-nitrogen limiting conditions
were approached (Fig. 3) (8, 12, 24, 27, 31). This
uncoupling between the rates of carbon and
nitrogen assimilation is a common characteristic
of N-limited growth and is best observed by the
well-established trend of a decreasing C/N ratio
with increasing p (Fig. 6; see references cited
above). The degree of uncoupling appears to be
species specific. For example, in this study there
was a fourfold decrease in the C/N ratio as p
— ji, but for NH,"-limited T. pseudonana (3H)
growth, only a twofold decrease in this ratio
from ~10 at p = 0 to <6 at ji was observed (12).
Such differences at the biochemical level are
impossible to interpret without more detailed
experiments. Nevertheless, it would appear that

" under conditions of N limitation, protein synthe-

sis is limited in D. tertiolecta so that carbon is
channelled into the formation of storage prod-
ucts, i.e., polyglucans (24). When the growth rate
approaches fi, protein synthesis completely dom-
inates the metabolic apparatus of the cell (27),
giving rise to the rapid increase in Q. along with
increasing @,.. That this variation in €. also
seems to be independent of the nitrogen source
(Fig. 4) is further evidence, albeit indirect, that
at the steady state there is no appreciable ac-
cumulation of intracellular inorganic nitrogen
ions and that the degree of nitrogen limitation
in phytoplankton is manifested in the way that
amino acids are processed for various metabolic
processes (27).

Phosphorus cell quota variations. The de-
pendence of the phosphorus cell quota on the
medium N/P ratio when nitrogen was limiting
(u < ~0.8 1) (Fig. 4) is identical to the results of
Rhee (27). He showed that at a fixed p (= 0.44
), @, was constant under P limitation (medium
N/P ratio > 30) and increased rapidly as the
medium N/P ratio was decreased from 30 to 5,
with a corresponding increase in the degree of N
limitation. Our results extend beyond those of
Rhee in showing a rapid increase in @, at p >
0.8 i, regardless of the medium N/P ratio in the
range of 5 to 15, with convergence at a common
maximum @, at ji (also confirmed by the en-
riched batch data); this result led to an almost
fourfold increase in the k’q/Q’. ratio for phos-
phorus as the medium N/P ratio decreased from
15 to 5. As with @., there appeared to be a
threshold effect on @, when N limitation was
diminished as a function of increasing p. Both
Perry (25) and Harrison et al. (15) found a
similar trend of increasing @, with increasing p
in N-limited continuous cultures of marine dia-
toms for a fixed medium N/P ratio, although
their data were too limited to estimate whether
a threshold effect similar to ours occurred. On
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the other hand, Rhee (26) and Panikov and Pirt
(24) found @~ to be constant with varying u for
N-limited growth of freshwater green algae, but
once again, the highest u tested was <0.8 ji, thus
possibly preventing the observation of a thresh-
old increase in Q,.

In any case, the rapid increase in @, near i is
undoubtedly associated with the high cellular
protein content and is represented by increased
phosphorus in a variety of compounds, particu-
larly nucleotides. At lower growth rates, @, de-
creases, and this phosphorus is stored increas-
ingly in polyphosphates (26). The increased @,
with a decreasing medium N/P ratio at a fixed
low p most likely also represents increased poly-
phosphate buildup.

Conclusions. Variations in the chemical
composition of phytoplankton, at best, provide
limits to the physiological changes that occur as
a result of changes in growth rate. One major
difference between the steady-state continuous
culture and nature is that in the former the
growth rate is an independent variable, whereas
in nature it is dependent and coupled to availa-
ble limiting nutrients. The degree of coupling is
controlled in a gross fashion by the limiting
nutrient cell quota. For nitrogen, as described in
this study with N-limited D. tertiolecta, the
source of nitrogen is not important in establish-
ing the relationship between steady-state nitro-
gen cell quota and growth rate. However, on the
temporal and spatial scales of available sources
of nitrogen that marine phytoplankton are ex-
posed to, steady-state information, as collected
in this study, does not provide any clue as to the
degree of coupling between available nitrogen
and cell growth. Only through studies on nutri-
ent pulsing will that type of information become
available.

ACKNOWLEDGMENTS

The technical assistance of Z. Mlodzinska, J. P. Clarner, H.
Stanley, and H. Quinby is gratefully acknowledged.

This work was supported in part by grant 04-8-M01-149
from the NOAA Office of Sea Grant and grant OCE-7819420
from the National Science Foundation.

LITERATURE CITED

1. Anitia, N. J., B. R. Berland, D. J. Bonin, and S. Y.
Maestrini. 1975. Comparative evaluation of certain
organic and inorganic sources of nitrogen for photo-
tropic growth of marine microalgae. J. Mar. Biol. Asso¢.
U.K. 55:519-539.

2. Bendeschneider, K., and R. J. Robinson. 1952. A new
spectrophotometric method for the determination of
nitrite in seawater. J. Mar. Res. 11:87-96.

3. Bienfang, P. K. 1975. Steady state analysis of nitrate-
ammonium assimilation by phytoplankton. Limnol.
Oceanogr. 20:402-411.

4. Burmaster, D. E. 1979. Unsteady continuous culture of
phosphate-limited Morochrysis lutheri (Droop): exper-




Vou. 38,1979

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

imental and theoretical analysis. 4. Exp. Mar. Biol.
Ecol. 29:167-186.

. Caperon, J., and J. Meyer. 1972. Nitrogen-limited

growth of marine phytoplankton. 1. Changes in popu-
lation characteristics with steady state growth rate.
Deep Sea Res. 19:601-618.

. Droop, M. R. 1968. Vitamin B> and marine ecology. 4.

The kinetics of uptake, growth and inhibition in Mon-
ochrysis lutheri. J. Mar. Biol. Assoc. UK. 48:689-733.

. Droop, M. R. 1974. The nutrient status of algal cells in

continuous culture. J. Mar. Biol. Assoc. UK. 54:825-
855.

. Eppley, R. W., and E. H. Renger. 1974. Nitrogen assim-

ilation of an oceanic diatom in nitrogen-limited contin-
uous culture. J. Phycol. 10:15-23.

. Eppley, R. W., J. N. Rogers, J. J. McCarthy, and A.

Sournia. 1971. Light/dark periodicity in nitrogen as-
similation of the marine phytoplankters Skeletonema
costatum and Coccolithus huxleyi in N-limited contin-
uous cultures. J. Phycol. 7:150-154.

Gavis, J. 1976. Munk and Riley revisited: nutrient diffu-
sion transport and rates of phytoplankton growth. J.
Mar. Res. 34:161-179.

Goldman, J. C. 1977. Steady state growth of phytoplank-
ton in continuous culture: comparison of internal and
external nutrient equations. J. Phycol. 13:251-258.

Goldman, J. C., and J. J. McCarthy. 1978. Steady state
growth and ammonium uptake of a fast-growing marine
diatom. Limnol. Oceanogr. 23:695-703.

Grant, B. R., and 1. M. Turner. 1969. Light-stimulated
nitrate and nitrite assimilation in several species of
algae. Comp. Biochem. Physiol. 29:995-1004.

Guillard, R. R. L., and J. H. Ryther. 1962. Studies on
marine planktonic diatoms. 1. Cyclotella nana Hustedt
and Detonula confervacea (Cleve) Gran. Can. J. Micro-
biol. 8:229-239.

Harrison, P. J., H. L. Conway, and R. C. Dugdale.
1976. Marine diatoms grown in chemostats under sili-
cate or ammonium limitation. 1. Cellular chemical com-
position and steady state growth kinetics of Skeleto-
nema costatum. Mar. Biol. 35:177-186.

Herbert, D. 1958. Some principles of continuous cultures,
p. 381-396. In G. Tunevall (ed.), Recent progress in
microbiology. Charles C Thomas, Publisher, Spring-
field, II1.

Herbert, D., R. Elsworth, and R. C. Telling. 1956. The
continuous culture of bacteria: a theoretical and exper-
imental study. J. Gen. Microbiol. 14:601-622.

McCarthy, J. J., and J. C. Goldman. 1979. Nitrogenous
nutrition of marine phytoplankton in nutrient-depleted
waters. Science 203:670-672.

McCarthy, J. J.,, W. R. Taylor, and J. L. Taft. 1977.
Nitrogenous nutrition of the plankton in the Chesa-
peake Bay. 1. Nutrient availability and phytoplankton
preferences. Limnol. Oceanogr. 22:996-1011.

Morris, 1. 1974. Nitrogen assimilation and protein synthe-
sis, p. 583-609. In W. D. P. Stewart (ed.), Algal physi-

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

NITROGEN-LIMITED PHYTOPLANKTON GROWTH 901

ology and biochemistry. University of California Press,
Berkeley.

Murphy, J., and J. P. Riley. 1962. A modified single
solution method for the determination of phosphate in
natural waters. Anal. Chim. Acta 26:31-36.

Newell, B. S., B. Morgan, and J. Cundy. 1967. The
determination of urea in seawater. J. Mar. Res. 25:201-
202.

Paasche, E. 1971. Effect of ammonia and nitrate on
growth, photosynthesis, and ribulosediphosphate car-
boxylase content of Dunaliella tertiolecta. Physiol.
Plant. 25:294-299.

Panikov, N., and J. J. Pirt. 1978. The effects of coop-
erativity and growth yield variation on the kinetics of
nitrogen or phosphate limited growth of Chlorella in a
chemostat culture. J. Gen. Microbiol. 108:295-303.

Perry, M. J. 1976. Phosphate utilization by an oceanic
diatom in phosphorus-limited chemostat culture and in
the oliogotrophic waters of the Central North Pacific.
Limnol. Oceanogr. 21:88-107.

Rhee, G-Y. 1974. Phosphate uptake under nitrate limi-
tation by Scenedesmus sp. and its ecological implica-
tions. J. Phycol. 10:470-475.

Rhee, G-Y. 1978. Effects of N:P atomic ratios and nitrate
limitation on algal growth, cell composition, and nitrate
uptake. Limnol. Oceanogr. 23:10-24.

Sakshaug, E., and O. Holm-Hansen. 1977. Chemical
composition of Skeletonema costatum (Grev.) Cleve
and Pavlova (Monochrysis) lutheri (Droop) Green as
a function of nitrate-, phosphate-, and iron-limited
growth. J. Exp. Mar. Biol. Ecol. 29:1-34.

Solorzano, L. 1969. Determination of ammonia in natural
waters by the phenolhypochlorite method. Limnol.
Oceanogr. 14:799-801.

Tempest, D. W. 1970. The continuous cultivation of
microorganisms. 1. Theory of the chemostat, p. 259-276.
In J. R. Norris and D. W. Ribbons (ed.), Methods in
microbiology, vol. 2. Academic Press Inc., New York.

Thomas, W. H., and A. N, Dodson. 1972. On nitrogen
deficiency in tropical pacific oceanic phytoplankton. I1.
Photosynthetic and cellular characteristics of a chem-
ostat-grown diatom. Limnol. Oceanogr. 17:515-523.

Tilman, D., and S. S. Kilham. 1976. Phosphate and
silicate growth and uptake kinetics of the diatoms As-
terionella formosa and Cyclotella menegheniana in
batch and semicontinuous culture. J. Phycol. 12:375-
383.

Toerien, D. F., and C. H. Huang. 1973. Algal growth
prediction using growth kinetic constants. Water Res.
7:1673-1681.

Topiwala, H. H,, and G. Hamer. 1971. Effect of wall
growth in steady-state continuous cultures. Biotechnol.
Bioeng. 13:919-922.

Wood, E. D, F. A. J. Armstrong, and F. A. Richards.
1967. Determination of nitrate in seawater by cadmium-
copper reduction to nitrite. J. Mar. Biol. Assoc. UK.
47:23-31.



