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Abstract

Natural phytoplankton of Cabo Frio area was grown in42 m-deep artificially upwelled seawater enriched
with increasing concentrations of nitrogen or phosphorus. Respective values allowing maximum biomass,
maximum uptake of initial reserve and maximum yield coefficient are rather conflicting. Notwithstanding,
respective values of 75 ug at I'! nitrogen and 5 ug at I'! phosphorus, and therefore N:P = 15, appeared to be

the best compromise for initial nutrient levels.

Introduction

In the Cabo Frio area, deep nutrient-rich waters
are naturally upwelled along the slope of the con-
tinental shelf and then transfered to the coast (Mo-
reira da Silva & Rodriguez 1966). In these deep
waters, an integrated project of aquafarming was
established (Moreira da Silva, 1969, 1971) which
paralelled the one of Saint Croix (Gerard & Wor-
zel, 1967; Roels et al., 1971). However, because this
phenomenon of upwelling is seasonal and the wa-
ters reaching the coast are impoverished during
transfer on the shelf by mixing (Kempfer al., 1974),
a nutrient supplement should be added to the wa-
ters to allow a reasonable algal cell density for
practical rearing of shellfish (Gonzalez-R odriguez,
1982).

The mass production of marine algae has hither-
to been done with little attention to the cost of
nutrients. This was so because either (i) the cultures
were established at a laboratory or pilot plant size
with the aim to support a high production rate (e.g.
Ukeless, 1965; Helm et al., 1979; Spectorova et al.,
1981/1982; Trotta, 1981) or (ii) the nutrients were
provided by low-cost wastes (Rythereral., 1972; De
Pauw & De Leenheer, 1979). Nutrients from wastes
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are quite cheap, indeed, since they are a byproduct
of water reclamation. However, microbial and/ or
chemical contamination are uncontrolled and this
has thus far prevented their use on a large scale.
Thus, the use of inorganic compounds for enriching
seawater is still the most convenient and practical
way.

Low-cost industrial-grade compounds for prep-
aring enrichment mixtures has long been used
(Loosanoff & Engle, 1942), but little attention, if
any, has been paid to the efficiency of biomass
production with regard to the added nutrient con-
centrations. In other words, losses of nutrients re-
sulting from luxury uptake and subsequently from
unbalanced respective nutrient concentrations have
been neglected. Such processes have nevertheless
some importance when huge quantities of chemi-
cals are needed to enrich a large body of water. The
experiments of Gross et al. (1949/1950) are demon-
strative with respect to this problem: for supple-
menting the natural nutrient reserve of a Scottish
loch, totalling 61.4 ha (= 152 acres) and 3105 m?
seawater, they had to distribute 1821 kg NaNO; and
105 kg Ca(PO,)? per spike, which added only 7.1 ug
at Nand 0.4 ugat P I'!. Thus, with such an order of
magnitude of seawater volume, that could not be at
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all unrealistic for future marine aquafarming, the
loss of 10 pg at I'! nitrogen will amount to several
tens of metric tons of nitrate wasted every year.
Hence, stating the right concentrations of added
nutrients is of critical importance.

The research data reported here have been col-
lected with the aim of assessing the nutrient concen-
trations which allow for the best compromise be-
tween a high algal growth rate and a low nutrient
waste.

Material and methods

Seawater of -42 m was collected at the station
‘Saco do Ingles’ (Fig. 1), by using the artificial
upwelling sytem of ‘projeto Cabo Frio’ (Moreira da
Silva, 1971). Dates of sampling, physical and chem-
ical caracteristics of sampled waters are given in
Table 1. Seawater was filtered with a 250 um mesh
and then 15-1aliquotes were distributed in 20-1 glass
carboys.

Nutrient enrichments were made as follows: (i)
fixed phosphorus concentration: 5 ug at I'l, and
increasing nitrogen concentrations: 10, 20, 30, 50,
75, 100 and 200 pgat 4; (ii) fixed nitrogen concen-
tration: 100 ug at I'! (as determined by i-set experi-
ments), and increasing phosphorus concentrations:
0.5,1.0,1.25,1.7,2.5,5.0,6.7, 10.0 and 20.0 ug at
I'l. Nitrogen was added as NaNO; and phosphorus
as K,HPO,. Since preliminary experiments dem-
onstrated that a chelator is needed for a good nut-
rient uptake, all cultures were supplemented with
10 um 1-'* EDTA.

Surface phytoplankton was used as inoculum.
Seawater (1000 1) was filtered on 175 yumand 25 um
meshes. Then, harvested algal cells were distributed
in differentially-enriched carboys, in order to ob-
tain an initial biomass of ca. 5 ug 1! chlorophyll-a.

The cultures were incubated at controlled tem-
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Fig. 1. Position of studied area; the star indicates the site of
pumping (-42 m) of the artificial upwelling system of ‘Projeto
Cabo Frio'.

perature conditions (=19 ° C) and continuous artif-
icial illumination (=8 000 lux) provided by ‘day-
light’ fluorescent tubes.

Nutrient concentrations and chlorophyll-a con-
centration were analysed daily; NO;-N, NO,-N and
PO,-P: Strickland & Parsons (1972), NH,-N: Solor-
zano (1969); chlorophyll-a: SCOR-UNESCO
(1964).

Table I. Physical and chemical characteristics of Cabo Frio sea water used for the experiments.

Set of exper. Date of T°C S (% NO3N NOp-N NHy-N AN POy-P Si04-Si  Chlga
sampling (uglh)
{ugatll)
N 05-29-80 16.0 35.87 6.9 0.5 0.8 8.3 0.80 6.7 1.1
N 06-12-80 17.0 3594 4.1 0 0.9 5.0 0.65 6.1 0.7
P 01-21-81 14.8 35.25 10.1 0.5 1.8 124 1.1 8.8 0.6
P 01-17-81 14.0 35.18 10.8 0.6 0.6 12.0 1.1 4.0 0.1
P 02-09-81 14.7 35.30 8.4 0.5 1.7 10.7 0.9 44 0.7




Results

Most cultured populations did not show any lag
phase; for few others a one-day lag phase occurred.
The cells divided quite fast and thus the maximum
biomass was usually shown after a 3-day growth
period (Fig. 2). The parallel data were consistent,
indeed; except, however, for one set of phosphorus
concentrations (Fig. 3). Yet even there the shape of
the growth curve depicts the same model.

At increasing nitrogen concentrations and fixed
phosphorus concentration (= 5 ug at I'!), the bio-
mass increased up to a maximum of ca. 65 ugl!
chlorophyll-a, which pertained to an N:P =20
(atom:atom). At higher nitrogen concentrations
and N:P values, the total algal biomass decreased.
The subsequent yield index curve (Fig. 4) depicts a
continuous decrease from 1.1 to 0.4 pg ug at’!
(chlorophyll-a:nitrogen) within the range of nitro-
gen concentrations tested. However, the decrease
was quite fast from the lower concentration (10 ug
atl'! NO;-N)to 30 ugatl'! and then slow. Withina
broad range of nitrogen concentrations, namely
50-125 ug at I'!, the mean yield coefficient value
was roughly 0.65 ug ug at!.
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Fig. 2. Increase of chlorophyll-a content versus growth dura-
tion, in 20, 50 or 100 ug at I'! nitrogen-enriched cultures.

As a whole, the maximum algal biomass was
quite higher at increasing phosphorus concentra-
tions, except for one set of experiments (Fig. 3). As
a matter of fact, maximum recorded values reached
roughly 92 ug 1! chlorophyll-g; that is half more
than the value obtained with the set of nitrogen-
varying experiments. But for the unique couple of
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Fig. 3. Algal biomass, as chlorophyll-a I'!, yielded at respective increasing concentrations of nitrogen or phosphorus by Cabo Frio
phytoplankton. Filled circles, open circles and crosses depict respective parallel experiments.
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Fig. 4. Yield index, as ug chlorophyll-a produced per ug at of
nutrient taken up, of multispecies Cabo Frio phytoplankton
grown at increasing concentrations of nitrogen or phosphorus.
Vertical bars depict the mean standard deviation.

phosphorus and nitrogen concentrations used with
both the experiments, namely N = 100 ugat I-T and
P =5pugatl!, the respective crops were similar: ca.
65 and 70 ug 1'! chlorophyll-a.

The yield coefficient pertaining to phosphorus
obeyed the same model as nitrogen (Fig. 4). From
trace values to 2.5 ug at I"'! phosphorus, the yield
coefficient values decreased sharply from 40 to
15 ug ugat!; then the decrease was light. At5 ugat
I-1 phosphorus, the yield coefficient was practically
at the minimum value: 10 ug ug at!.

At increasing nitrogen concentrations and fixed
phosphorus concentration, the nitrogen consump-
tion was at a maximum and near to exhaustion, i.e.
95% of the initial reserve, up to 85 ug at I'!; the
relative consumption was then lower and lower
(Fig. 5). Meanwhile, the relative phosphorus con-
sumption was at a maximum, also at roughly 95%
from 90 ugatI-! and higher concentrations. On the
contrary, at increasing phosphorus concentrations
and fixed nitrogen concentration, the nitrogen con-
sumption was not at all achieved; a maximum of
609 of the initial reserve was taken up, even when
phosphorus was present at largely excess concen-
tration (Fig. 6). The phosphorus reserve was taken
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Fig. 5. Nitrogen and phosphorus taken up, as per cent of initial
reserve, by Cabo Frio natural phytoplankton grown at fixed
phosphorus and increasing nitrogen concentrations. Vertical
bars indicate the mean standard deviation.
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Fig. 6. Nitrogen and phosphorus taken up, as per cent of initial
reserve, by Cabo Frio natural phytoplankton grown at fixed
nitrogen and increasing phosphorus concentrations. Vertical
bars indicate the mean standard deviation.



up at a higher rate: here again at ca. 90%; however
that occurred only when the medium concentration
did not exceed ca. 3 ug at I'!. At higher concentra-
tions a great part of the initial reserve was left free
from uptake and thus wasted.

The initial phytoplankton populations contained
alarge array of species; a typical set showed Skeler-
onema costarum (269 of total cell density), Melosi-
ra moniliformis (18.5%), Nitzschia sp. (%), Nitz-
schia panduriformis (3.7%), Asterionella glacialis
(3.7%), Diploneis sp. (3.7%) and Thalasiossira sp.
(3.7%). During growth, some initial important spe-
cies such as M. moniliformis disappeared. On the
contrary, some others which were scarce took the
upper hand. Ultimately, the Chaetoceros and Pseu-
donitzschia dominated the algal crop. More details
will be published in a paper on this subject.

Discussion

Data obtained obviously lead to conflicting re-
sults, since the lower the nutrient concentration, the
higher the yield coefficient and the lower the stand-
ing crop.

Even the best yield coefficient values we recorded
are lower than the ones reported for unenriched
similar waters. For instance, data reported by
Charpy et al. (1982) for north-patagonic gulf waters
range from 0.5 to 33.0 ug ug at”! (chlorophyll-a:
nitrogen) with most data ranging from 1.0t0 2.7 ug
ug at'l. Maestrini & Robert (1981) also reported
averaged yield coefficient values ranging from 1.1
to 1.9 ug ug at!, for coastal waters of the French
Atlantic Ocean. However, both these authors have
used cultured unialgal strains for their experiments
and, moreover, have assesed that a great deal of the
algal yield was supported by a huge bulk of organic
nutrients readily available to algae, what led to a
great overestimation of the yield coefficient. Thus,
when original data were reviewed again after furth-
er analysis of dissolved organic nitrogen, the mean
yield coefficient was 1.1 ug ug at! (Maestrini &
Robert, unpubl. data), which is indeed exactly the
same value as we obtained with the lowest nitrogen
enrichment: 10 ug at I'!. Otherwise, results ob-
tained with phosphorus obey the same model.
Hence, since low nutrient concentrations have been
reported not to limit the algal growth rate (Hulburt,
1977, 1979; Goldman ez al., 1979; Mc Carthy &
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Goldman, 1979), such low nutrient concentrations
as 10 ugatl-' nitrogenand 0.5 ugat1-! phosphorus
should be used in order to obtain the maximum
algal yield and load the minimum chemical com-
pounds, were it not a sufficient algal cell density is
conversely needed for optimum shellfish food col-
lection efficiency and subsequent optimum growth
rate (Foster Smith, 1975; Mehlenberg & Riisgaard,
1978; Widdows et al., 1979; Griffith, 1980).

Thus, the final nitrogen and phosphorus concen-
trations will be a matter of compromise (the role of
EDTA will be discussed elsewhere). One should
note, however, that relative uptake of nitrogen and
phosphorus reserve is maximal from lowest respec-
tive concentration up to 80 ugat 1! nitrogen (Fig. 5)
and 3 ug at I'! phosphorus (Fig. 6). Therefore, the
decreasing values of respective yield coefficient at
lower levels were not totally generated by waste of
nutrients; some discrepancy is certainly related to
the parameter used for estimating the algal bio-
mass. As a matter of fact, all such parameters are
partly governed by the nutrient statuts of the cells,
namely as far as nutrient satiety of nutrient deple-
tion and the nature of less available nutrient are
concerned (Healey, 1975, 1978; Sakshaug, 1980;
Leftley et al., 1983; Maestrini et al., in press).

Compromise for nitrogen:phosphorus ratio (atom:
atom) (Fig. 7)

According to the maximum biomass values we
obtained, the right ratio should be either 6.7 or 20.
Otherwise experiments involving increasing con-
centrations of phosphorus indicate N:P should be
lower than 21 (see i), either for a good nutrient
recovery or stable phosphorus yield index. On the
contrary, the set of experiments carried out with
increasing nitrogen concentrations (see ii) led to the
requirements of a maximum value of 7 for having a
stable nitrogen yield index, a maximum value of 19
for having a good nitrogen exhaustion of initial
reserve, and a minimum of 15 for allowing a maxi-
mum nitrogen uptake.

Thus, the compromised N:P value ranges be-
tween7 and 21. Since the N:P =15 has an especially
well-known ecological importance (Redfield, 1934;
Goldman er al., 1979) and since this value is the
mean of the two former limits, we believe it is the
best compromise.
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Fig. 7. Range of nitrogen: phosphorus ratio values (atom:atom) which generate maximum algal biomass, nitrogen recovery, phosphorus
recovery and stable nitrogen or phosphorus yield index. (i) Set of experiments made with increasing phosphorus concentrations; (ii) Set
of experiments made with increasing nitrogen concentrations.
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recovery and stable nitrogen or phosphorus yield index. (i). Set of experiments made with increasing phosphorus concentrations; (ii) Set
of experiments made with increasing nitrogen concentrations.



Compromise for nitrogen and phosphorus concen-
trations (Fig. 8)

The maximum biomass values could readily be
obtained by using 100 ugat 1'! nitrogenand 15 ugat
1! phosphorus. However the latter value is ques-
tionable since the algal cells are capable of taking
up huge quantities of unneeded phosphorus (= lux-
ury uptake; Ketchum, 1939; Mackereth, 1953;
Kuenzler & Ketchum, 1962). On the other hand,
other results (see i) indicated the phosphorus con-
centration should be lower. Thus the whole range of
concentrations, i.e. 2.8-15.0 ug at I'!, should be
shifted toward the lowest limit and hence the
4.7 ug at I'! concentration appears to be a suitable
tentative compromise.

The whole set of critical nitrogen concentrations
ranges from 36 to 100 g at 1! (see ii). However, one
value, namely 74 ugatl-!, is close to the mean value
between the extremes and allows two processes (N
recovery and P recovery) to act at maximum effi-
ciency level. Therefore it should be assessed as the
best compromise for nitrogen concentration.

Best compromise for absolute and relative nitrogen
and phosphorus concentrations

Thus, the separated compromise values are
N:P =15, nitrogen concentration =74 ug at I- and
phosphorus concentration = 4.7 ug at I''. When
involved together these values are still in agreement
indeed, since the calculated N:P value, i.e. 74:4.7 =
15.7, is very close to the one previously stated N:P =
15) and thus could be readily employed. Neverthe-
less, for greater simplicity, we suggest using 75 ugat
I"! nitrogen and 5 ug at I'! phosphorus, which in
addition perfectly obeys the Redfield’s ratio.

We also believe that these suggested concentra-
tions pertain to a maximum limit, either for batch
or continuous cultures, and will be useful only when
harvested algal suspensions can be diluted accord-
ing to specific shellfish feeding requirements and
grazers’ demand per unit volume of aquaculture
plant. This is indeed readily met in controlled-tank
aquafarming, as, for example, the ‘Projeto Cabo
Frio’ (Braga & Druehl, 1978). For enrichment of
larger-sized bodies of water, for example coastal
lagoons, other processes which govern the turnover
of the whole food chain will probably lead to use
lower values. We are convinced they will be consist-
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ent with natural nutrient reserve of such coastal
waters which support a heavy traditional shellfish
production (see, e.g., Robert et al., 1979).
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