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The chemical composition of oceanic phytoplankton (by
atoms) typically occurs in the proportions Cio6 N16 P;. Yet,
in laboratory growth conditions these proportions are only
observed for marine phytoplankton at high growth rates
when non-nutrient limitation is approached. Thus growth
rates of natural phytoplankton populations in oceanic
waters may be near maximal and hence non-nutrient limi-
ted. The uniformly low biomass and residual nutrient levels
in such waters does not preclude the possibility of high
growth rates because zooplankton grazing and nutrient
regeneration within the euphotic zone may keep this highly
dynamic system in a balanced state.

THERE is a large temporal and spatial variability of nutrient
cycling in the surface waters of the oceanic environment'.
Concomitant with the highly dynamic turnover of nutrients in
oceanic surface waters are four characteristics of marine
nutrient chemistry?”. These are: (1) both phytoplankton
biomass and aqueous nutrient concentrations are uniformly low
in areas where there is little seasonal variation in the depth of the
mixed layer; (2) the composition of particulate matter in marine
waters is usually in the approximate proportions 106:16:1 (by
atoms) for the three major elemental constituents, carbon,
nitrogen and phosphorus (commonly referred to as the ‘Redfield
ratio’); (3) the dissolved inorganic N : P ratio of oceanic waters
below the thermocline and in many coastal waters preceding
bloom conditions is often about 16:1; (4) during bloom condi-
tions inorganic nitrogen and phosphorus may disappear from
solution in approximately a 16:1 ratio.

There are, however, numerous exceptions to these generalis-
ations®*. For example, within the euphotic zone phosphorus can
be recycled more rapidly than nitrogen®’, so that a small resi-
dual of inorganic phosphorus is sometimes observed when
inorganic nitrogen is undetectable®. Similarly, differential rates
of nitrogen and phosphorus cycling preclude any a priori
inferences as to the chemical composition of phytoplankton
from the rates of disappearance of nutrients from surface
waters®. Finally, particulate matter in surface waters contains
varying amounts of non-phytoplankton material, ranging froma
large percentage in nutrient-poor oceanic waters to a consider-
ably smaller amount in productive coastal and upwelling
systems'”.

There is, nevertheless, an abundance of data from recent
literature on the chemical composition of phytoplankton in both
productive and unproductive waters® -7 to support the earlier
conclusions of Redfield” and Fleming'® that there is a striking
consistency in the chemical composition of marine phyto-
plankton. For this discussion, however, considerable flexibility is
allowed in the proportions of the chemical constituents without
detracting from the generalisation of a uniform phytoplankton
chemical composition. For example, values of ~75;1 to 150:1
for the C:P ratio and ~10:1 to 20:1 for the N:P ratio are
consistent with the concept of a uniform chemical composition.

A clear distinction must be made between the processes
controlling nutrient and phytoplankton interactions in produc-
tive coastal and upwelling waters and those in oceanic environ-

ments. We consider here only the latter system. By comparing
the results of laboratory experiment on cultured marine phyto-
plankton with field observations, we propose a relationship
between the nutrient-influenced growth rate and the elemental
composition of oceanic phytoplankton.

Nutrient fluxes in the oceanic environment

On a long-term basis the dampening effect of the large ocean
reservoir leads to a uniformity in the cycling of nitrogen and
phosphorus. To maintain this consistency the major sources of
nitrogen and phosphorus for phytoplankton growth in the
euphotic zone of oceanic environments must be in balance with
the major sinks of these nutrients on a long-term basis. Thus,
fluxes of nutrients from vertical upward transport of nutrient-
rich water across the thermocline, bacterial degradation of
animal faeces and other detritus within the euphotic zone, and
excretion of soluble nutrients by zooplankton and fish must be
balanced by the assimilation of these nutrients by phytoplankton
plus the loss of organisms and detritus to deep waters. Other
nitrogen flux terms such as rain input, N, fixation and river
discharges, and loss through permanent sediment burial and
denitrification with evolution of N,O and/or N,, are essential
components of a global nitrogen budget; but, at steady state
these fluxes must cancel. In this regard, both rain and N, fixation
provide an extremely small fraction of the nitrogen requirement
for phytoplankton in the north central Atlantic'®, whereas river
and waste water discharges are important sources of nitrogen
and phosphorus in coastal waters®. But, because of the extent of
the oceans, the overall impact of these latter additions on the
global marine nutrient budget, and, in particular, on nutrient
inputs to the oceanic mixed layer, has been negligible.

Mechanisms controlling marine
nutrient chemistry

The generality of the Redfield ratio for phytoplankton and the
16:1 ratio for dissolved inorganic nitrogen and phosphorus in
deep water leads to the apparent conclusion that nitrogen and
phosphorus simultaneously influence phytoplankton growth in
the oceans. But does the chemistry of the oceanic environment
control the physiology and resulting chemical composition of the
phytoplankton, or is the nutrient chemistry of the oceans
manipulated by rather rigid physiological requirements?* The
answer to this is not simple. A major complication is the often
demonstrated fact, beginning with Ketchum’s classical experi-
ments on P-limited growth of Nitzschia closterium?®, that in
laboratory conditions the chemical composition of phyto-
plankton can vary appreciably as a function of nutritional state
and other growth conditions'®?'22,

Growth rate effects on phytoplankton
chemical composition

To establish the environmental conditions in which the chemical
composition of marine phytoplankton can be characterised by
the Redfield ratio, we grew three marine phytoplankton species
in continuous culture: the chrysophyte Monochrysis lutheri
under P-limitation and with NO3-N as the nitrogen source, the
diatom Thalassiosira pseudonana 3H under NHZ-N limitation,




Table 1 Cellular constituent ratios of marine phytoplankton grown on
varying nitrogen : phosphorus ratios and at different growth rates

Culture Cellular ratios
Nutrient N:P ratio (atoms)
limitation Species (clone) (atoms) % pmax C:N:P C:N
Phosphorus Monochrysis 87-412 10 1,300:115:1 113
lutheri (Mono) 50 720:65:1 11.1
90 106:15:1 7.1
Dunaliella 50 10 600:48:1 12.5
tertiolecta 50 325:32:1 10.2
(Dun)
Nitrogen Thalassiosira 5 10 63: 5:1 12.6
pseudonana 50 68: 7:1 9.7
(3H) 90 106:15:1 7.1
Dunaliella 5 10 85: 5:1 17.0
tertiolecta 50 60: 5:1 12.0
(Dun) 90 35: 5:1 7.0
10 10 160:10:1* 16.0
50 120:10:1 12.0
90 70:10:1* 7.0
15 10 300:15:1 20.0
50 175:15:1 11.7
90 106:15:1* 7.1

* Extrapolated from curves in Fig. 2.

and the chlorophyte Dunaliella tertiolecta under NH7;-N, NO3~
N, NO3-N, urea-N, and P-limitation. Details of the experi-
mental procedures are reported elsewhere?*?°. Although the
concentrations of nutrients in the media delivered to the growth
chambers were high, the residual limiting nutrients in the
cultures over most of the growth rate range remained at levels
similar to those typical of oceanic mixed layers.

The effect of growth rate on the cellular C:P and N : P ratios
was a distinct function of the degree and type of nutrient
limitation. For P-limited growth of both M. lutheri and D.
tertiolecta there was a large decrease in the cellular ‘nutrient
ratios from 600:1 to 1,000:1 for C:P and 50:1 to 100:1 for
N:P at one end of the growth rate spectrum (~10% gmay) to
respectively 106: 1 and 15:1 at the other end (~90% g may) (Figs
1, 2). In contrast, the cellular ratios varied quite differently for
the N-limited cultures. For T. pseudonana, in which a single

medium N : P ratio of 5: 1 was used, the cellular ratxos increased
from 65:1 for C:P and 5:1 for N:P below 10% Mmax 1O
respectively 120:1 and 15:1 above 90% ey (Fig. 3). In the
case of N-limited growth of D. rertiolecta, there was no effect of
either nitrogen source or growth rate on cellular N:P ratios,
indicating complete assimilation of both nutrients (Fig. 2). On
the other hand, the cellular C:P ratios all decreased with
increasing growth rates. At 10% gma. the C:P ratios were
300:1,160:1, and 85:1 for the respective medium N : P ratios
of 15:1,10:1, and 5:1. The Redfield C:P ratio of 106:1 was
approached at 90% and 60% of temax When the medium N:P
ratios were respectively 15:1 and 10:1. In contrast, for a
medium N:P ratio of 5:1 the cellular C:P ratio was always
below the Redfield proportion and decreased to 35:1 at 90%
ILmax‘

Factors influencing the Redfield ratio

A common feature to the three growth experiments was that the
Redfield ratio was approached only at high growth rates (Table
1). With the exception of the one D. fertiolecta experiment, this
trend was true regardless of the medium N : P ratio. Based on the
results of our previous studies”™?*, at 90% umax discernible
nutrient limitation did not exist in any of the cultures. Hence,
attainment of the Redfield ratio seem fo coincide with condi-
tions of near to complete nutrient saturation. In addition, the
C:P and N: P ratios were considerably more affected by growth
rate under P-limitation than when N was limiting, for example,
5-10-fold changes for P-limitation and only 2-3-fold variations

for N-limitation (Table 1). As exemplified by the M. lutheri
results, variations in the medium N: P ratio (87:1 to 412: 1) did
not affect the magnitude of the cellular N : P ratios when phos-
phorus was limiting. Yet, when nitrogen was limiting the magni-

tude of the medium N:P strongly influenced the resulting .

cellular N: P ratios. For T. pseudonana at low growth rates and
for D. tertiolecta at any growth rate the medium and cellular N: P
ratios were identical. In contrast, the C:P ratio typically
approached the Redfield value only in the high growth rate
regions. Similar results have been attained by other
workerslé 21,26, 27

Biological effects

A possible explanation, therefore, as to why the chemical
composition of natural marine phytoplankton is typically
characterised by the Redfield ratio, is that growth rates in
marine waters may be quite high. The corollary to this argument
is that if phytoplankton growth rates are high, then nutrient
availability is not the prime limiting factor in these waters.
Before examining the above hypothesis, it is instructive to
consider first the available growth rate data for natural marine
waters. Such measurements are difficult, and, as summarised in
Table 2, the data are amazingly scant and conflicting; thus it is
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Fig. 1 The effect of specific growth rate on the carb-
on:phosphorus and nitrogen: phosphorus ratios of Monochrysis
lutheri under phosphorus limitation in continuous culture at 18 °C
and 0.03 calem™ > min~" llghtmtensuy Medium N : Pratios=87:1
to 412:1. Shaded lines in Figs 1-3 represent C:P. and N:P
components of Redfield ratio (C;o¢N¢P). All dashed lines in these
figures were drawn by eye and represent trends not absolute
- relationships between the respective cellular chemical ratios and
growth rates. pmax=0.95d7". -




virtually impossible to draw any concrete conclusions as to the
magnitude of in situ growth rates of oceanic phytoplankton. For
example, Eppley*® concluded that there was a direct correlation
between the degree of eutrophy in marine waters and growth
rates. Other workers®'****_ however, have found an opposite
trend: higher growth rates associated with nutrient-poor and
unproductive waters (Table 2). These contradictory conclusions
are not amenable to close scrutiny because different procedures
were used, and there is no completely satisfactory technique for
making accurate estimates of in situ growth rates.

Hence, growth rates of marine phytoplankton are typically
either <0.5 doublings per day (¢ =0.35 d!) or >1 doubling per
day (u =0.69 d™")*****4*%, However, it is % max, rather than
the absolute value of u that is germane to the question of the
Redfield ratio. This point is exemplified by our observation that,

although wu.. for the three species in the experiments described -

was distinctly different, the Redfield ratio was attained at growth
rates close t0 fmax in each case. The magnitude of fi,.x, aside
from being species specific, is also a function of temperature and
light*®*”. Therefore, growth rate data for natural populations,
such as compiled in Table 2, provide no insight as to how fast
these populations were growing relative to their potential
maximum rates at the time of sampling.

The idea then that phytoplankton growth rates in oceanic
waters are generally high and close t0 .y is at first difficult to
accept, particularly when there is overwhelming evidence that
nutrients in these waters are in such short supply and are often
undetectable. To examine whether high growth rates and low
nutrient levels can occur simultaneously, it is useful to consider
the simple continuous culture as a dynamic system analogous to
asegment of the open ocean. In such a system a limiting nutrient
plus other nutrients in excess are added to the culture vessel at a
fixed dilution rate (culture displacement per unit time). Cells
assimilate the limiting nutrient and grow to a specific population
size. Eventually a steady state is achieved in which the biomass
produced in the culture per unit time is balanced by the dis-
charge of biomass. An important result, often misunderstood, is
that the growth rate of the organisms is then equal to the dilution
rate, but it remains completely independent of the concentration
of limiting nutrient in the medium feed. However, the steady
state biomass 1s proportlona] to the concentration of added
limiting nutrient®

In steady state condmons there seems to be a common trend
of virtually undetectable residual limiting nutrient levels over
the entire growth rate spectrum until just before the maximum
growth rate is reached, regardless of which nutrient is limi-
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Fig. 2 The effect of specific growth rate on the C:P and N:P ratios of Dunaliella tertiolecta under phosphorus and nitrogen limitation in

continuous culture at 19 °C and 0.06 cal cm™ 2 min™! light intensity. Phosphorus limitation is presumed for medium N:P=50:1 and nitrogen

limitation for N:P<15:1. O, medium N:P = 50; (J, medium N:P = 15; A, medium N:P=10; ®, medium N:P=15:1. The source of nitrogen

had no affect on the relationships between cellular ratios and growth rates, as each cluster of four data points at a partlcular growth rate represents
the four nitrogen sources used: NH;-N, NO3-N, NO3-N, urea. pma, = 1.35 d
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Fig. 3 The effect of specific growth rate on the C:P and N:P

ratios of Thalassiosira pseudonana 3H under ammonium limita-

tion in continuous culture at 19°C and 0.06 cal cm™> min light
intensity. Medium N: P ratio=5:1. g = 3.02 da.

ting®***8, This common feature of marine phytoplankton phy-
siology suggests that these organisms have a very high affinity for
nutrients; thus at steady state it is possible to have simul-
taneously low or undetectable residual nutrient levels and high
growth rates regardless of the biomass concentration.

On a long-term basis the euphotic zone of the open ocean
probably approximates a continuous culture at steady state as
well or better than any other aquatic system®?: nutrient levels
‘are uniformly low and the phytoplankton biomass is relatively
invariant with time. Because nutrient input by vertical transport
across the thermocline is generally considered to be small in
oceanic systems (1-10% of the phytoplankton demand)*®*°, the
main and preferred sources of nutrients (such as, NHj, urea) are
derived from animal excretion and bacterial mineralisation of
detritus and dissolved organic matter®?*!*2, At the same time
phytoplankton biomass is continually cropped by zooplankton
grazing. Hence, the zooplankton and bacteria act as the input
and overflow mechanisms of the continuous culture®?. The
important question, however, for which there is no clear-cut
answer is: at what rate does this dynamic system function?

The possibility that pelagic planktonic production rates could
be near wpm.. is compatible with observations of both low
biomass and low residual nutrient levels, and with the notion
that a particular nutrient limits the total biomass of the biologi-
cal system rather than the actual rate processes. Cushing®?, in
fact, argues that the euphotic zone of the open ocean is a
relatively closed system, functioning at a very high rate with
small temporal and spatial amplitudes in standing crop and
nutrient levels; and it is the combination of zooplankton grazing
and nutrient regeneration within the euphotic zone that is
responsible for this tight coupling between trophic levels.
Vertical transport of nutrients across the thermocline, although
thought to be a minor source of nitrogen for phytop'ankton®®~°,
can at times be significant due to internal mixing®*. Such pulsed

<

inputs of nutrients to the mixed layer probably lead to propor-
tional increases in standing crop, but, as shown above, do not
necessarily affect the gross rate processes.

The microscale of nutrient cycling

Although the above arguments are appealing for describing a

steady state oceanic system, we know from recent studies®” that .

phytoplankton growth rates and transient nutrient uptake rates
may be uncoupled. For example, we showed that T. pseudonana
(3H) grown in continuous culture under modest NH;-N limita-
tion, can assimilate this nutrient at a rate up to 30 times its
specific growth rate when exposed to saturating concentrations
of NH for short (S min) periods®®. The major implication of this
finding is that a nutrient-stressed phytoplankton cell need be
exposed to an elevated nitrogen concentration for only a small
fraction of its doubling to obtain a significant ration of this
nutrient. Similar data for phosphorus uptake are available,
indicating that the dynamics of phosphorus assimilation are
similar to those for nitrogen®®.

This situation could exist on a microscale in which a phyto-
plankton.cell randomly and perhaps frequently passes within a
zone of elevated NH}, urea, or PO;” concentration surrounding
a zooplankter or bacterial assemblage. This hypothesis is
consistent with the observation that nutrient concentrations in
oceanic surface waters are frequently below detectable levels
when, on the basis of measured photosynthetic rates, there is no
indication of serious nutrient limitation®*. From this perspec-
tive, the response of an individual oceanic phytoplankter is quite
unlike that of the total population maintained at steady stateina
continuous culture. By enhanced nutrient uptake the nutrient-
stressed cell can rapidly attain the nutrient ration necessary to
synthesise cellular material at maximal rates. A more complete
understanding of the nutrition of these organisms in nature will
require laboratory culture procedures which mimic the short-
term response of the individual cell to a transient nutrient
regime.

Table 2 Summary of available phytoplankton growth rate data in
doublings per day for natural marine waters

Growth rate

Location doublings per day*  Ref.
Sargasso Sea 0.26F . 28
Florida Strait 0.45% 28
Carolina Coast 0.377 28
Montauk Pt, L.I. 0.35% 28
S Calif. Coast 0.25-0.4% 29
S Calif. Coast . 0.71 30
NW Atlantic o 0.2-1.7 31
N Pacific 0.2-0.4 32
Northern N Pacific 0.36-0.89 33
North Sea 0.67-1.33 34
Sargasso Sea 0.05-0.14 35
Tyrrhenian Sea 0.07-0.25 35
Baja, Calif. Coast 0.2-1.4 36
Peru Current 0.67% 37
Peru Current 0.73% 38
SW Africa Coast 1.0t 39
W Arabian Sea >1.0% 40
Narragansett Bay, RI 0.4-1.94 41
Narragansett Bay, RI <0.1-3.8 42
Santa Monica Bay, Calif. 0.3-0.7 43
Sargasso Sea ‘ 8 44
Oligotrophic Waters 6.6 45
Mesotrophic Waters 2.3 45
Eutrophic Waters 0.14 ) 45

No distinction is made between coastal, upwelling and oceanic waters:
The lack of correlation between growth rate and degree of productivity
attests to the confusion regarding growth rate measurements and their
meaning. )

* Doublings per day x 0.693 = specific growth rate u.

1 Obtained from Table 2 in ref. 46.
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Although these processes actually occur on a temporal and
spatial scale that we cannot observe, the net sum of all these
events appears as a ‘steady state’ ocean system, but on a much
larger scale. Thus the hypothesis that the ocean system is in a
highly dynamic state, characterised by high rates of phyto-
plankton growth and nutrient turnover, is entirely consistent
with our experimental results showing attainment of the
Redfield ratio when phytoplankton growth rates and growth
rate potential are close to wm., at essentially undetectable
nutrient concentrations. Unfortunately, the major limitation of
this hypothesis is that the supporting evidence is highly circum-
stantial. Only when accurate measurements of in situ growth
rates are possible will the question be answered adequately.

Conclusions

The possibility that the N:P ratio of 16:1 in the bulk of the
world’s oceans is the result of a combination of geochemical
processes controlling the input of phosphorus and microbial
processes such as N, fixation, nitrification, and denitrification
controlling nitrogen inputs cannot be discounted. That phyto-
plankton can simultaneously strip nitrogen and phosphorus
from solution when the aqueous N :P ratio varies from 5:1 to
15:1, is consistent with the hypothesis that the chemical
composition of marine phytoplankton is strongly influenced by
the chemistry of the surrounding waters, irrespective of growth
rate. Yet, the concept of geochemical control of the chemical
composition of phytoplankton does not explain why inorganic
carbon, which is present in quantities far in excess of the
requirements of marine phytoplankton, appears to be assim-
ilated in the Redfield proportions only at high growth rates
(Table 1). This effect can be seen most clearly by observing the
C:N ratios under N-limitation (Table 1). Whereas the N:P
ratios are relatively invariant over the growth rate spectra (Figs
1-3), the C:N ratios, particularly those for D. tertiolecta, vary
significantly. Clearly the carbon component of the Redfield ratio
is controlled primarily by physiological and not aqueous chem-
ical factors.

Our results demonstrate the circumstances in which the
Redfield ratio can be attained, and point to the possibility that
the rate processes in nutrient impoverished oceanic regions may
be in a highly dynamic and balanced state. One conclusion that
can be stated with some certainty is that severe phosphorus
limitation probably does not exist in the world’s oceans. Other-
wise the C:P ratios of phytoplankton would be far larger than
the typically observed values of 75:1 to 150:1. However, to
explore further these questions involves new approaches for
studying microbial interactions on temporal and spatial scales
that are far smaller than were previously assumed to be
important.
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