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Abstract. Two experimental series were run to evaluate the potential of algal development on
dissolved organic nitrogen (DON) compounds as the sole source of nitrogen (N) nutrition. Mono-
cultures of several common Lake Kinneret algae (Pediastrum duplex, Synechococcus sp., Microcystis
aeruginosa, Aphanizomenon ovalisporum and Cyclotella sp.) were incubated for 3 weeks in the
laboratory with different inorganic (NH4

+, NO3
–) or organic (hypoxanthine, urea, guanine, ornithine,

glucosamine, lysine) nitrogen sources. Even though the cultures were not axenic, marked differences
were observed in algal growth response. Pediastrum, Cyclotella and Aphanizomenon grew well on
most N sources, and cyanobacterial growth and yield were consistently greatest when urea was the
only N source. We also followed algal growth and eventual species dominance in batch samples of
GF/F-filtered lake water, supplemented with orthophosphate and different inorganic or organic N
compounds and inoculated with concentrated lake phytoplankton. Although no clear impact on
phytoplankton growth (as chlorophyll concentration) was observed, in seven out of 11 experiments
we could discern changes in the algal species that became dominant in flasks with different organic
and inorganic N sources. Our results are consistent with the proposition that components of the DON
pool are not only an important potential, direct or indirect N source for phytoplankton, but also that
different algal species can exploit these sources with varying capabilities so that different N substrates
may selectively stimulate the development of dominant algal species.

Introduction

Although it has long been assumed that in most aquatic systems there is some
flux of nitrogen (N) from the dissolved organic nitrogen (DON) pool to micro-
organisms (Strickland et al., 1969; Jackson and Williams, 1985), there have been
few studies to examine this process in any detail. Nevertheless, since the earlier
investigations comprehensively reviewed by Antia et al. (1991), increasing
research attention has been focused on the role of DON in various aquatic
environments. Lately, several studies have emphasized the importance of DON
as a potential source of available N for bacteria and algae in estuarine and coastal
waters (Carlsson et al., 1993; Seitzinger and Sanders, 1997; John and Flynn, 1999),
and there have been suggestions that increased levels of DON may be respon-
sible for the rising incidence of toxic phytoplankton in many locations (Graneli
et al., 1985; Carlsson et al., 1995). Bacterial degradation of organic nitrogen
compounds and the ability of some algal species to utilize these compounds
directly have been demonstrated (North and Stephens, 1967; Flynn and Butler,
1986; Berman et al., 1991; Antia et al., 1991; Ietswart et al., 1994; Lisa et al., 1995;
Palenik and Hensen, 1997). There is also evidence for photochemically mediated
release of biologically available N from DON in surface and near-surface DON
in natural waters (Bushaw et al., 1996). Recently, it was shown that ammonia
and/or urea could be released from the DON pool in lake, estuarine and coastal
sea water that had been pre-filtered through 1 µm filters (Berman et al., 1999).
These experiments confirmed the potential for the release of available N from
DON by indigenous bacteria or dissolved enzymes. Another study (Berman,
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1997) indicated that components of the DON pool in the epilimnion of Lake
Kinneret, either indirectly or directly, were the main source of N for the develop-
ment of a bloom of the cyanobacterium Aphanizomenon ovalisporum.

In this paper, we describe experiments that were designed (i) to examine the
ability of monocultures of several common Lake Kinneret algal species to grow
on a variety of organic N substrates and (ii) to determine how batch samples of
an initial inoculum of indigenous phytoplankton developed in lake water when
dependent on various organic and inorganic sources of N. These studies were
intended to clarify whether the available fraction of DON may be important in
determining not only the amounts, but also the species composition, of the
developing phytoplankton assemblage.

Method

Algal monocultures

Non-axenic monocultures of algae isolated from Lake Kinneret, Pediastrum
duplex, Meyer (Chlorophyta), Synechococcus sp., Microcystis aeruginosa, A.ovali-
sporum (Cyanobacteria) and Cyclotella sp. (Diatomaea), were maintained on
Lindstrom medium (LM; Lindstrom, 1985) or, in the latter case, on diatom
medium (DM; modified Woods Hole, MBL medium; Nichols, 1973). Cultures in
exponential phase were washed three times and concentrated by centrifugation in
the same growth medium, but without an N source. (We modified the above media
so that they contained only inorganic salts without either NH4

+ or NO3
– ions.)

Aliquots (0.1–0.5 ml) of the concentrated algae were then added to a series of 125
ml clear polycarbonate bottles (Nalgene) containing 100 ml of the same growth
medium (LM or DM minus N source), supplemented with 100 µM of N of one of
the following: urea, hypoxanthine, guanine, ornithine, glucosamine, lysine, NH4

+

or NO3
–. The organic N supplements were chosen as representative of some of the

more labile compounds derived from major biological cell constituents that might
be expected to be present in the natural DON pool (Antia et al., 1991). Contamin-
ation of NH4

+ or urea in these compounds was never >0.2%. Control bottles were
incubated with the same algal inoculum in unsupplemented (–N) medium.

All treatments and controls were run in triplicate flasks and incubated for ~3
weeks at 22°C at a photon flux of ~80 µM m–2 s–1 with a 12 h photoperiod.
Subsamples (3 ml) were taken at 1–3 day intervals during the incubation period
and growth was followed by changes in in vivo chlorophyll a concentrations deter-
mined with a Turner Designs Model 10 fluorometer.

In some of these growth experiments, subsamples were taken concurrently with
chlorophyll determinations in order to measure changes in NH4

+ concentrations
with time in these bottles.

Phytoplankton growth on organic compounds as nitrogen sources in lake
water

Lake water, collected at 1 m depth from a pelagic lake station, was passed through
a GF/F (~0.8 µm) glass fiber filter to remove almost all biota except bacteria and
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viruses, and distributed in 500 ml portions into a series of 1 l Erlenmeyer flasks.
These flasks were supplemented with 10 µM phosphorus (P) [as Na2(PO4)3] and
with 100 µM (as N) of one of the following organic or inorganic N compounds:
hypoxanthine, lysine, guanine, urea, NH4

+ or NO3
–. Control flasks had no N

source additions. A concentrated sample of the phytoplankton in lake near-
surface water, taken at the same time, was obtained by filtration on a 1 µm Nitex
net. The algal slurry was resuspended in 10 ml of GF/F-filtered lake water; 0.5 ml
portions were then inoculated into duplicate Erlenmeyer flasks with or without
supplements that were incubated at ambient lake temperatures and at ~80 µM
m–2 s–1 photon flux (12 h light period) for ~3 weeks.

Growth of phytoplankton in lake water was monitored by measurements of in
vivo fluorescence and acetone extracts of chlorophyll a (Holm-Hansen et al., 1965).
The dominant algal species in the initial lake water samples and in the flasks after
21 days were determined visually on Lugol-fixed samples by microscopy.

The analytical methods used to determine N concentrations were as follows:
DON (Nydahl, 1978), ammonium (Solarzano, 1969), nitrate (American Public
Health Association, 1992) and urea (McCarthy, 1970). The latter method was
modified by using a dialysed preparation of jack bean urease Type IV (Sigma).
The results of all chemical analyses were based on averages of 3–5 replicate
samples. Note that all concentrations of the N compounds are given as µM N. The
addition of various N sources did not change the initial pH of the lake water or
of the culture media.

Results

Algal monocultures

Of the algal monocultures tested, Pediastrum (Chlorophyta), Cyclotella (diatom)
and A.ovalisporum (cyanobacteria) grew as well on some of the organic nitrogen
(ON) substrates as on NH4

+ and NO3
– (Figure 1). Pediastrum growth was rapid

and continuous throughout the incubation period on all N sources. After an initial
4–5 day lag, Cyclotella grew rapidly until day 14 and reached even higher
maximum yields with the ON substrates than with NH4

+ or NO3
–. The filament-

ous diazotroph A.ovalisporum consistently developed most rapidly and achieved
the highest yield on urea, but also grew on other ON substrates and on NH4

+ and
NO3

–. When A.ovalisporum was transferred to unsupplemented (–N) medium,
there was a considerable lag before growth commenced, presumably due to the
time required for induction and activation of nitrogenase. Under our conditions,
Microcystis and Synechococcus, the other cyanobacteria tested, also developed
best on urea; these organisms grew more slowly on inorganic N and least well on
other DON sources (Figure 1).

In a further set of experiments with Synechococcus, Microcystis and A.ovali-
sporum, in which only urea, NH4

+ or NO3
– were added as N sources, we again

observed enhanced growth with urea. Similar results were observed when the
experiments were carried out either in LM or in filtered (0.2 µm) lake water
supplemented with 10 µM P (data not shown).

We followed the time course of changes in NH4
+ concentrations in the growth
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media in some of these experiments. Surprisingly, different patterns of NH4
+

uptake and appearance were discerned for different algal species (Figure 2). The
same general patterns of NH4

+ concentration change were obtained at least twice
in separate experiments and appeared to be consistent. With the exception of
Cyclotella (see below), monocultures to which NH4

+ was added showed a rapid
(3–4 day) depletion of this compound, which then remained close to or below
detection levels throughout the incubations. In the case of A.ovalisporum and
Synechococcus, almost no NH4

+ appeared in any of the media to which ON
compounds had been added. Pediastrum monocultures with guanine or ornithine
showed a brief release of NH4

+ in the medium; with glucosamine addition, a
longer period of NH4

+ accumulation was observed. In two separate experiments
with Microcystis cultures, we noted a rise and accumulation of high levels of NH4

+
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Fig. 1. Growth of monoalgal cultures on inorganic and organic nitrogen sources (see the text for
details). r, medium – N; j, NH4

+; h, NO3
–;  , urea; m, ornithine or lysine; n, glucosamine; d, hypo-

xanthine; s, guanine. Note that the data points represent the average of triplicate samples; for clarity,
error bars are not shown.
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in media that had been supplemented with ornithine, but not with any other ON
addition.

A very different time course of NH4
+ concentration change was observed with

Cyclotella. In flasks supplemented with NH4
+, there was a much slower and less

complete fall in NH4
+ concentrations than with other cultures. With all ON supple-

ments, a significant rise in NH4
+ concentrations was observed by day 3; these NH4

+

levels only declined after day 7. An exception to this was observed in the case of
urea supplements, where NH4

+ increased steadily until the end of the experiment.

Phytoplankton growth and species dominance patterns in amended lake
water

In Tables I–VII, we show some results from the experimental series in which we
examined the changes in algal biomass (as chlorophyll) and the predominant algal
species that developed after 3 weeks incubation of lake water supplemented with
various organic or inorganic N sources. Duplicate flasks showed very similar
chlorophyll concentrations (± <5%) and similar phytoplankton population
composition. Algal standing stock change was expressed as the increase in chloro-
phyll after 21 days relative to the initial chlorophyll concentration as indicated in
the tables. In addition, the initial concentrations of NH4

+, NO3
– and DON

measured in the lake water at the time of sampling are given. Note that supple-
ments of P (10 µM) were added to all the samples in this series.
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In late June–July 1996 (Table I), 14- to 20-fold growth increases (measured as
chlorophyll) were recorded in all supplemented flasks, while a 7-fold increase
occurred with only P addition in the control flasks. Microcystis, initially the
dominant species, remained the principal component of the assemblage in all
treatments and was accompanied by small chlorophytes. With added hypoxan-
thine or lysine, Oocystis and Synedra, respectively, also developed. Similar
results (not shown) were obtained in an experiment in August 1996. This was not
the case in August 1997 (Table II) when Microcystis was again initially dominant
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Fig. 2. Changes in NH4
+ concentration (µM N) in monoalgal cultures growing on inorganic and

organic nitrogen sources (see the text for details). r, medium – N; j, NH4
+; h, NO3

–;  , urea; m,
ornithine or lysine; n, glucosamine; d, hypoxanthine; s, guanine. Note that the data points repre-
sent the average of triplicate samples; for clarity, error bars are not shown.
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in a phytoplankton assemblage similar to that of the previous August. However,
in this experiment, Microcystis did not persist and was replaced by small uniden-
tified round flagellates in the flasks with hypoxanthine, lysine and urea, by
Synedra in unsupplemented lake water or with NO3

– and by A.ovalisporum in
the case of guanine addition. Only moderate growth occurred in the control
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Fig. 2. continued.

Table I. Phytoplankton growth and development of dominant algae in Lake Kinneret water with
added N substrates

Date Substratesa Growthb Dominant phytoplankton

10 June 1996 – 1.0 Microcystis, chlorophytes (ciliates)
3 July 1996 KW 6.9 Microcystis, chlorophytes (ciliates)

NH4
+ 21.4 Microcystis, chlorophytes

NO3
– 16.3 Microcystis, chlorophytes

Hypoxanthine 14.3 Microcystis, chlorophytes, Oocystis
Lysine 16.0 Microcystis, chlorophytes, Synedra
Guanine 14.4 Microcystis, chlorophytes
Urea 16.0 Microcystis, chlorophytes

KW, Lake Kinneret surface water with no added N source. All samples received 10 µM P, as Na3(PO4)3.
Dominant species are underlined.
aAmbient concentrations in lake water at time zero: NH4

+ 1.4 µM, NO2
– + NO3

– 2.2 µM and DON
14.1 µM.
bGrowth measured as chlorophyll concentrations after 21 days incubation relative to initial concen-
trations (2.0 µg chlorophyll l–1) taken as 1.0.



flask, but very large increases in chlorophyll (40- to 140-fold) were observed with
N additions.

During the winter season (December 1996; Table III), considerable increases
in chlorophyll were observed in all supplemented flasks, while unsupplemented
lake water showed only a 3-fold increase in growth. Surprisingly, NH4

+ supported
less growth than other N supplements in this case. (Note the initial, high level of
ambient NH4

+ in the lake water.) The benthic diatom Synedra became dominant
in all treatments and was accompanied by Microcystis. Selenastrum appeared with
NO3

–, Scenedesmus with urea and lysine. Although some Peridinium cells were
present initially, none survived in any of the incubated samples. Large numbers
of ciliates also appeared in all supplemented treatments, but not in the untreated
water. 

In samples taken on 16 January 1997 (Table IV), all N supplements except
NO3

– promoted rapid growth and high yields. (In this case, initial, ambient levels
of NO3

– were high.) The diatom Synedra became prominent with the addition of
hypoxanthine, lysine or urea. Large numbers of the green flagellate Carteria
appeared with inorganic, but not with organic, N additions. The large diatom
Aulacoseira that was initially present also grew out in some, but not all, of the
supplemented samples. Similar results were also obtained in the experiment of
February 1997 (not shown) where initially dominant Aulacoseira was only main-
tained in NH4

+ and NO3
–, whereas with organic N sources, species such as Mono-

raphidium, Actinastrum and Synedra developed.
Again in April 1997 (Table V), a very marked increase in chlorophyll concen-

trations occurred in all except the control flasks, especially with urea and NO3
–

supplements. This increase was mainly due to the proliferation of a small uniden-
tified chlorophyte. Normally in Lake Kinneret during this season, Peridinium is
the major dominant of the phytoplankton assemblage (Berman et al., 1995), but
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Table II. Phytoplankton growth and development of dominant algae in Lake Kinneret water with
added N substrates

Date Substratesa Growthb Dominant phytoplankton

10 August 1997 – 1.0 Microcystis, chlorophytes (ciliates)
4 September 1997 KW Synedra, round chlorophytes (ciliates)

NH4
+ 75.6 Round chlorophytes, Synedra (ciliates)

NO3
– 116.3 Synedra, round chlorophytes, Tetraedron,

Collodictium
Hypoxanthine 87.2 Round chlorophytes, Synedra, Aphanizomenon
Lysine 139.5 Round chlorophytes, Synedra, Collodictium
Guanine 69.8 Aphanizomenon, round chlorophytes, Synedra,

Cyclotella, Tetraedron (ciliates)
Urea 40.7 Round flagellates, chlorophytes, Synedra,

Aphanizomenon, Tetraedron

KW, Lake Kinneret surface water with no added N source. All samples received 10 µM P, as Na3(PO4)3.
Dominant species are underlined.
aAmbient concentrations in lake water at time zero: NH4

+ 0.6 µM, NO2
– + NO3

– 0.2 µM and DON
17.5 µM.
bGrowth measured as chlorophyll concentrations after 21 days incubation relative to initial concen-
trations (0.9 µg chlorophyll l–1) taken as 1.0.



in 1997 only a few dinoflagellate cells were present initially. Peridinium grew only
in flasks supplemented with hypoxanthine and guanine, but disappeared from all
other treatments. Microcystis persisted with all N additions except lysine.

In May 1997 (Table VI), the initial assemblage mainly consisted of Microcys-
tis, Chodatella, Peridinium, Staurastrum and small chlorophytes. Incubation with
different N sources led to the development of phytoplankton assemblages with
differing dominant species. In June 1997 (not shown), most of the increases in
chlorophyll observed in supplemented flasks during the incubation were due to
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Table III. Phytoplankton growth and development of dominant algae in Lake Kinneret water with
added N substrates

Date Substratesa Growthb Dominant phytoplankton

2 December 1996 – 1.0 Peridinium, Microcystis, Scenedesmus, chlorophytes
25 December 1996 KW 3.5 Synedra, Microcystis, chlorophytes, Oocystis

NH4
+ 16.0 Synedra, Microcystis, chlorophytes (ciliates)

NO3
+ 30.0 Synedra, Selenastrum, Microcystis, chlorophytes

(ciliates)
Hypoxanthine 24.0 Synedra, Microcystis, chlorophytes (ciliates)
Lysine 34.0 Synedra, Microcystis, Scenedesmus, chlorophytes

(ciliates)
Guanine 30.0 Synedra, Microcystis, chlorophytes (ciliates)
Urea 48.0 Synedra, Microcystis, Scenedesmus, chlorophytes

(ciliates)

KW, Lake Kinneret surface water with no added N source. All samples received 10 µM P, as Na3(PO4)3.
Dominant species are underlined.
aAmbient concentrations in lake water at time zero: NH4

+ 10.7 µM, NO2
– + NO3

– 1.4 µM and DON
18.1 µM.
bGrowth measured as chlorophyll concentrations after 21 days incubation relative to initial concen-
trations (2.5 µg chlorophyll l–1) taken as 1.0.

Table IV. Phytoplankton growth and development of dominant algae in Lake Kinneret water with
added N substrates

Date Substratesa Growthb Dominant phytoplankton

16 January 1997 – 1.0 Microcystis, Aulacoseira, Synedra, chlorophytes
6 February 1997 KW 3.3 Synedra, Microcystis Aulacoseira, chlorophytes

NH4
+ 38.5 Microcystis, Carteria, Synedra, chlorophytes

(ciliates)
NO3

– 11.1 Carteria, Synedra, Aulacoseira, Microcystis,
Actinastrum

Hypoxanthine 50.0 Synedra, chlorophytes, Microcystis, Aulacoseira
(ciliates)

Lysine 23.1 Synedra, Microcystis, chlorophytes, Aulacoseira
(ciliates)

Guanine 40.4 Chlorophytes, Synedra, Aulacoseira, Microcystis
Urea 51.9 Synedra, Actinastrum, Microcystis

KW, Lake Kinneret surface water with no added N source. All samples received 10 µM P, as Na3(PO4)3.
Dominant species are underlined.
aAmbient concentrations in lake water at time zero: NH4

+ 2.3 µM, NO2
– + NO3

– 14.3 µM and DON
22.3 µM.
bGrowth measured as chlorophyll concentrations after 21 days incubation relative to initial concen-
trations (2.6 µg chlorophyll l–1) taken as 1.0.



the multiplication of the small chlorophytes accompanied by Microcystis and
Synedra. Peridinium cells, although initially present in May and June, did not
persist in any treatment.

Peridinium, Staurastrum, Microcystis, Synedra and small chlorophytes were
prominent phytoplankton in December 1997 (not shown). Upon incubation,
Synedra predominated in all treatments and the dinoflagellates disappeared.
Although there was no outgrowth in the control flasks, 18- to 43-fold increases in
chlorophyll occurred with N additions, notably with hypoxanthine and lysine.

In February 1998 (Table VII), the lake phytoplankton was dominated by
Aulacoseira and Peridinium. With incubation, the dinoflagellates disappeared,
but Aulacoseira persisted in supplemented flasks. Small round chlorophytes
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Table V. Phytoplankton growth and development of dominant algae in Lake Kinneret water with
added N substrates

Date Substratesa Growthb Dominant phytoplankton

8 April 1997 – 1.0 Microcystis, chlorophytes, Peridinium
4 May 1997 KW 2.8 Chlorophytes, Microcystis (ciliates)

NH4
+ 2.5 Chlorophytes, small flagellates, Microcystis

NO3
– 130.0 Chlorophytes, Microcystis, dinoflagellates

Hypoxanthine 45.0 Chlorophytes, diatoms, Microcystis, Peridinium
(ciliates)

Lysine 45.0 Chlorophytes, small flagellates (ciliates)
Guanine 87.5 Chlorophytes, Peridinium, Microcystis
Urea 162.5 Chlorophytes, Microcystis, Scenedesmus, Synedra

KW, Lake Kinneret surface water with no added N source. All samples received 10 µM P, as Na3(PO4)3.
Dominant species are underlined.
aAmbient concentrations in lake water at time zero: NH4

+ 1.2 µM, NO2
– + NO3

– 16.2 µM and DON
17.4 µM.
bGrowth measured as chlorophyll concentrations after 21 days incubation relative to initial concen-
trations (2.0 µg chlorophyll l–1) taken as 1.0.

Table VI. Phytoplankton growth and development of dominant algae in Lake Kinneret water with
added N substrates

Date Substratesa Growthb Dominant phytoplankton

26 May 1997 – 1 Microcystis, Chodatella, Peridinium, Staurastrum,
chlorophytes

16 June 1997 KW 3 Synedra, Microcystis, chlorophytes, (ciliates)
NH4

+ 53 Chlorophytes, Synedra, (ciliates)
NO3

– 47 Synedra, Microcystis, chlorophytes, (ciliates)
Hypoxanthine 36 Chlorophytes, Microcystis, Synedra, (ciliates)
Lysine 33 Chlorophytes, Synedra, Actinastrum, (ciliates)
Guanine 13 Chlorophytes, Microcystis
Urea 36 Microcystis, Selenastrum, chlorophytes

KW, Lake Kinneret surface water with no added N source. All samples received 10 µM P, as Na3(PO4)3.
Dominant species are underlined.
aAmbient concentrations in lake water at time zero: NH4

+ 0.4 µM, NO2
– + NO3

– 1.0 µM and DON
15.6 µM.
bGrowth measured as chlorophyll concentrations after 21 days incubation relative to initial concen-
trations (1.8 µg chlorophyll l–1) taken as 1.0.



developed with all N supplements except NH4
+, but the other predominant algal

species varied with treatment. Actinastrum grew out with hypoxanthine and inor-
ganic N supplements.

In order to assess the relative growth stimulus (as yield of chlorophyll after 21
days incubation) of the various N compounds added, we averaged the observed
increases in chlorophyll relative to concentrations measured at the start of each
incubation for all 11 experiments in this series (Figure 3). The variability of the
growth response between different experiments was very high and a pairwise t-
test comparison showed that there was no significant difference between any of
the N-addition treatments (organic and inorganic N). All N supplements resulted
in significantly (P < 0.001) increased yields in comparison to the control flasks
which only received added P.

Discussion

The ability of some algal species in axenic cultures to exploit ON sources has been
previously demonstrated (North and Stephens, 1967; Antia et al., 1975; Berman
et al., 1991; Palenik and Henson, 1997; John and Flynn, 1999) and it seems obvious
that some components of the DON pool in natural waters can serve as either
direct or indirect sources of N nutrition for phytoplankton and bacteria. Previous
work (Berman et al., 1998) has indicated that both NH4

+ and urea can be gener-
ated by indigenous bacteria from DON in freshwater and coastal marine waters.

One of the aims of this study was to examine the extent to which monoalgal
cultures (i.e. algae in the presence of bacteria) developed when N was available
only from an organic N source. In this case, it was probable that in all the cultures
bacterial degradation of the ON source would lead to the release of NH4

+ and/or
urea, and perhaps even NO3

– which would be subsequently exploited by algae.
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Table VII. Phytoplankton growth and development of dominant algae in Lake Kinneret water with
added N substrates

Date Substratesa Growthb Dominant phytoplankton

12 February 1998 – 1.0 Aulacoseira, Peridinium, chlorophytes
5 March 1998 KW 1.0 Pediastrum, Oocystis, Actinastrum, Scenedesmus

NH4
+ 31.9 Actinastrum, Scenedesmus, Synedra, Aulacoseira

NO3
– 25.0 Chlorophytes, Synedra, Aulacoseira, Actinastrum

Hypoxanthine 15.6 Chlorophytes, Actinastrum, Aulacoseira,
Scenedesmus

Lysine 10.9 Chlorophytes, Synedra, Aulacoseira small 
flagellates, (ciliates)

Urea 28.9 Chlorophytes, small flagellates, Synedra,
Aulacoseira, Scenedesmus (ciliates)

KW, Lake Kinneret surface water with no added N source. All samples received 10 µM P, as Na3(PO4)3.
Dominant species are underlined.
aAmbient concentrations in lake water at time zero: NH4

+ 3.1 µM, NO2
– + NO3

– 11.8 µM and DON
14.8 µM.
bGrowth measured as chlorophyll concentrations after 21 days incubation relative to initial concen-
trations (2.4 µg chlorophyll l–1) taken as 1.0.



Thus, we expected to observe more or less similar growth patterns in all samples.
Nevertheless, marked differences were noted in the growth response of these
monoalgal cultures (Figure 1). Pediastrum, A.ovalisporum and Cyclotella de-
veloped as well on some ON sources as on inorganic N. We observed in repeated
experiments that all three cyanobacteria, A.ovalisporum, Microcystis and Syne-
chococcus, grew well on urea, markedly better than on either NO3

– or NH4
+. The

latter two species developed poorly on other ON sources. This may have been
due, however, to the fact that the cultures were growing on LM which was almost
certainly not optimal for cyanobacteria.

In addition to functioning as an N source, urea may also act as a readily avail-
able source of CO2 carbon for photosynthetic organisms. Nevertheless, it is
unlikely that carbon availability would have been a limiting factor for growth in
these experiments using media or Lake Kinneret water with initial high levels of
dissolved inorganic carbon. (Note, the pH in these media was unaffected by the
addition of 100 µM urea.) Although our study does not provide conclusive data
to support the suggestion that urea may act as a preferred source of N for some
cyanobacteria in natural aquatic systems, it would be of considerable interest to
ascertain whether this also holds for cyanobacterial species other than those
observed in this study. It would be particularly intriguing if this preference could
be shown for the ubiquitous strains of Synechococcus found in both freshwater
and marine environments where the importance of urea as an N source for
phytoplankton is well documented (McCarthy, 1972; McCarthy et al., 1982).
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Fig. 3. Summary of 11 growth experiments in Lake Kinneret water with different sources of nitro-
gen: averages, 5–95% and 1–99% confidence intervals of the increase in chlorophyll concentrations
(relative to initial concentrations taken as 1.0). KW, lake water with no added N; treatments with N
supplements as indicated: NH4

+; NO3
–; HYPOX, hypoxanthine; LYS, lysine; GUA, guanine; urea.



Furthermore, it might be important to clarify whether urea supply plays any role
in the reported increasing incidence of toxic cyanobacterial blooms (Carmichael,
1994).

We did not follow the N transformations and cycling in any detail in the experi-
mental flasks, although these processes would be expected to be occurring exten-
sively. One indication of this was the extremely rapid fall in the concentrations of
NH4

+ that had been added to the culture flasks (Figure 2). This decrease can be
mostly attributed to intense uptake and recycling by the bacterial populations
present in these algal monocultures. Only a relatively small amount of the ini-
tially added 100 µM NH4

+ would be required for actual algal growth observed in
these experiments. Uptake of inorganic N by phytoplankton with subsequent
recycling of DON has been shown to occur in nature (Bronk et al., 1994).

A priori, we assumed that similar changes in the patterns of NH4
+ concentra-

tions during the incubations would occur from the same ON compounds in all the
culture experiments. The fact that this was not observed may have been due
either to the presence of different bacterial assemblages associated with the
different algal cultures and/or with modes of ON break down and uptake medi-
ated differently by consortia of various algal and bacterial species. Whatever the
exact reason(s) for the results shown in Figures 1 and 2, the inference is that
utilization of ON by different assemblages of algae and bacteria can vary
considerably. Therefore, it is not unreasonable to suggest that differential exploit-
ation of constituents of the DON pool can act as a selective factor in the develop-
ment of phytoplankton populations in nature.

In the series of experiments with lake water, the growth response (as measured
by chlorophyll increase) with various inorganic or organic sources was extremely
variable (Tables I–VII). This was not surprising considering that the water
samples were taken at different seasons and that different initial phytoplankton
inocula were used. The chlorophyll concentrations in these treatments usually
increased considerably during the 3 week incubation, but, overall, there were no
significant differences between the growth yields with any of the N sources added
(Figure 3). Controls without N supplements had significantly lower growth incre-
ments despite a substantial addition (10 µM) of P, irrespective of season. Previous
work (Berman, 1970; Pollingher et al., 1988) has indicated that during the summer
and fall, phytoplankton in Lake Kinneret are mainly limited by P, but also
occasionally by N, whereas P limitation might occur towards the end of the late
winter–spring bloom of Peridinium.

Although the overall growth response to N compounds added to lake water
was not specific (Figure 3), it was notable that we could often discern changes in
the development of dominant algal species in treatments with different organic
and inorganic N sources. Sometimes, the same dominant algal species grew out
with all N sources (e.g. Tables I, III and V), but frequently this was not the case
(Tables II, IV, VI and VII). Out of a total of 11 experiments, seven showed appar-
ent selective effects of the different supplements. These observations further
support the idea that different N substrates can selectively stimulate the develop-
ment of dominant algal species. (Large numbers of ciliates also appeared in some
of these samples, but with no clear relationship to N source.)
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We note that Peridinium, the dominant lake dinoflagellate, never developed to
any extent in the lake water incubations, but we have repeatedly observed that
these algae do not grow or even survive for long under similar experimental
conditions. Therefore, we suggest that no definite conclusions can be reached at
present regarding the capabilities of Peridinium to exploit ON compounds.

To conclude, we submit that despite the limited number of algal species and
ON compounds which were tested, the results of this experimental study are
consistent with the idea that some components of the natural DON pool may not
only be important as potential sources of phytoplankton N nutrition, but also that
different algal species may be able to exploit these sources with varying capabil-
ities. Thus, the kind of ON compounds available in any given aquatic environ-
ment may affect the species composition of the phytoplankton. Clearly, results
obtained from experiments in small containers may not have direct relevance to
the ‘real world’. Nevertheless, we suggest that ideas and insights leading to
reasonable hypotheses can be generated by this approach. An important chal-
lenge for future research is to develop methods to characterize and to quantify
the actual fluxes of N from DON pools to phytoplankton and bacteria in lakes
and oceans.
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