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INTRODUCTION

One of the central issues in phytoplankton ecology is

the identification of factors that allow certain phyto-

plankton species to gain an exclusive edge and domi-

nate other species in the assemblage. General in-

creases in phytoplankton biomass, as well as increases

in frequency and duration of blooms of individual

phytoplankton species, have been correlated with an

overall increase in nutrient input to coastal regions

(Smayda 1989, Hallegraeff 1993). Counterintuitive to

this trend are reports that massive blooms of certain

phytoplankton coincide with a decrease in nitrogen,

particularly nitrate. In Long Island coastal bays (New

York, USA), blooms of the eukaryotic picoplankton

Aureococcus anophagefferens occur mainly after

nitrate and ammonium have decreased to the limit of

detection (Keller & Rice 1989, Smayda & Villareal

1989). The observation that phytoplankton biomass

increases despite low nitrate concentration can be

explained by examining the availability of various

forms of nitrogen and their relative rates of utilization

among different phytoplankton. Typically, fast-grow-

ing diatoms are correlated with high fluxes of nitrate

(Collos et al. 1992, 1997, Landry et al. 1997). In con-

trast, other phytoplankton taxa including cyanobacte-

ria, eukaryotic picoplankton and autotrophic flagel-

lates are correlated with high rates of reduced nitrogen

supply, including dissolved organic nitrogen (DON)
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(Paerl 1991, Berg et al. 1997, Berman 1997, Carlsson et

al. 1998).

With an increase in nutrient inputs to a system, there

is a tendency for any extra nitrogen to be in the

reduced form, and for the ratio of oxidized:reduced

nitrogen to decrease (Oviatt et al. 1986). Studies sug-

gest that decreasing the oxidized:reduced supply ratio

may contribute disproportionately to the alteration of

phytoplankton succession (LaRoche et al. 1997, Glibert

& Terlizzi 1999). For example, the Gulf of Riga, a sub-

estuary of the Baltic Sea, has evidenced significant

decreases in surface and deep water nitrate concentra-

tions in the last 2 decades but an increase in phyto-

plankton biomass over the same period (Yurkovskis et

al. 1996, 1999). Experiments carried out on natural

populations and locally isolated algal strains from the

Gulf of Riga suggested that cyanobacteria were able to

sustain growth by uptake of DON substrates, poten-

tially contributing to cyanobacterial dominance of

summer assemblages (Balode et al. 1998, Maestrini et

al. 1999). As measured by 15N-labelled substrates,

DON appeared to be a major source of nitrogen to

phytoplankton in the river-influenced portion of the

Gulf in summer (Berg et al. 2001). We expanded on

these studies to identify specific trends in nitrogen

utilization related to blooms of distinct phytoplankton

groups which could serve as predictors of their

occurrence.

The majority of nitrogen input to the Gulf of Riga

occurs via riverine transport to the southern part, creat-

ing a north-south gradient in concentrations of nitrogen

and salinity (Tamminen & Seppälä 1999). In addition to

riverine input, water column stratification influences

nutrient distributions (Stipa et al. 1999). Variations in

salinity, nutrients and degree of stratification along the

north-south axis of the Gulf promote dominance of dif-

ferent phytoplankton populations (Seppälä & Balode

1999). In the present study we examined surface water

nitrogen concentrations, nitrogen uptake rates and

plankton composition along the north-south axis of the

Gulf during May, June and July 1999 to investigate re-

lationships between specific taxonomic groups and flux

of oxidized versus reduced forms of nitrogen.

MATERIALS AND METHODS

Study location. The Gulf of Riga is a sub-basin of the

Baltic Sea connected to the Baltic proper by 2 straits

(Fig. 1). The average depth of the Gulf is 26 m, with a

maximum depth of 62 m in the central part.

Salinity ranges between 1 and 7 psu (this

study: 1.6 and 6.7 psu) and is influenced by

freshwater flow from several rivers in the

southern and eastern parts of the Gulf, of

which the Daugava River is the largest

(Andrushaitis et al. 1995, Laznik et al. 1999).

Five stations were sampled on May 6 to 10,

June 7 to 10 and July 27 to 30, 1999 (Fig. 1).

The stations were located 4.2 km (Stn 101),

15.5 km (Stn 119), 46.1 km (Stn 121),

104.4 km (Stn 114) and 137.5 km (Stn 34)

from the Daugava river mouth (Fig. 1). At

each station, a vertical profile of salinity,

temperature, and fluorescence (CTD) was

recorded at 09:00 h. Nitrogen concentra-

tions, uptake rates, and phytoplankton

community structure were determined on

200 µm filtered (Nitex mesh) surface water

(0 to 2 m) samples collected with Niskin 10 l

bottles. Rate measurements were carried

out at 12:00 ± 2 h. All incubations and filtra-

tions were done on board the RV ‘Arno’.

Analysis of dissolved nitrogen. Water

samples for dissolved nitrogen determina-

tions were filtered through combusted

(450°C, 1 h) Whatman GF/F filters. Concen-

trations of NO2
–+NO3

– and NH4
+ were mea-

sured with a Skalar autoanalyzer using

standard analytical protocols (Valderrama
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Fig. 1. Gulf of Riga. Inset: Baltic proper. s: Location of sampling stations



Berg et al.: Nitrogen uptake by phytoplankton

1995). Urea was analyzed manually according to

Koroleff (1983). Total dissolved nitrogen (TDN) was

obtained by persulfate digestion followed by determi-

nation of NO3
– as described above. DON was calcu-

lated by subtracting concentrations of NO2
–+NO3

– and

NH4
+ from TDN. Concentrations of dissolved free

amino acids (DFAA) were measured as fluorescent

OPA-derivatives by high-performance liquid chro-

matography (HPLC) according to Mopper & Lindroth

(1982).

Nitrogen rate measurements. Direct rates of nitro-

gen uptake were measured using 15N labeled NH4
+,

NO3
–, urea, adenine and a mix of 3 amino acids (valine,

leucine and aspartic). Because it is difficult to measure

trace rates of nitrogen uptake accurately at low ambi-

ent concentrations, and because our goal was to exam-

ine relative rates of inorganic and organic nitrogen uti-

lization, potential rates (Vmax) were determined in the

present study. The 15N substrates (>98% enriched)

were added to achieve a 95 to 99% enrichment of the

dissolved nitrogen source pool. In June and July, addi-

tions of 10 µg at N l– l were enough to achieve this level

of saturation. In May, concentrations of NO3
– were ele-

vated at Stns 101 and 119 and additions of up to 80 µg

at 15NO3
– l– l were needed to reach 15N saturation of the

dissolved NO3
– source pool. At Stn 119, the addition of

80 µg at 15NO3
– l– l resulted in 85% saturation of the dis-

solved pool, slightly lower than the other samples.

Duplicate, 500 ml acid-rinsed polycarbonate incuba-

tion bottles were used to measure uptake of each sub-

strate. Bottles were incubated in ambient seawater (4

to 9°C in May, 11 to 14°C in June, 17 to 20°C in July)

under layers of neutral density screens to simulate the

light level of sampling (45% incident natural irradi-

ance). Incubations were terminated after 1 h by filtra-

tion through pre-combusted GF/F filters (500°C, 1 h) at

low pressure (<100 mm Hg). Filters were dried

overnight at 50°C and packed in tin foil for 15N analy-

sis. Samples were analyzed on a Europa 20/20 Isotope

Ratio Mass Spectrometer (IRMS) with an attached

ANCA S/L automated elemental analyzer (Europa Sci-

entific). 15N atom percent and nitrogen mass were ana-

lyzed for each filter and nitrogen-specific uptake rates

(Vmax) were calculated using the equations of Dugdale

& Goering (1967)

Vmax = (15Npart–na)/(15Ndiss–
15Npart)∆T = time–1 (1)

where na is the natural abundance (0.366%), 15Ndiss is

the isotopic ratio of the enriched dissolved pool, 15Npart

is the atom percent abundance of the particulate mat-

ter, and ∆T is the time interval between samples.

Plankton community composition. Samples for phy-

toplankton community composition were preserved in

Lugol’s acid solution and settled using the Utermöhl

method (Utermöhl 1958) before being counted on an in-

verted microscope. The biomass (µg C l–1) of each

phytoplankton taxon was calculated from cell bio-

volumes. The biovolumes were calculated from cell

dimensions measured with an eyepiece micrometer

using formulas for geometric shapes (Edler 1979). Fila-

mentous and colonial cyanobacteria were categorized

separately from single-celled cyanobacteria labeled

‘picocyanobacteria’. Samples for enumeration of pico-

cyanobacteria and heterotrophic bacteria were pre-

served with 0.2 µm filtered gluteraldehyde, final con-

centration 1 to 2%. Preserved samples were filtered

(5 to 10 ml) onto 0.2 µm blackened polycarbonate filters

(Millipore) and stained with DAPI (4’-6-diamidino-2-

phenylindole). Cells were counted with a Leitz Dialux

epifluorescence microscope fitted with a 100× 1.25 ob-

jective. Picocyanobacteria were distinguished from

heterotrophic bacteria by switching between a green

filter and UV excitation. Abundances of picocyanobac-

teria and heterotrophic bacteria, reported as the means

of 20 fields per sample, were converted to carbon bio-

mass according to Lee & Fuhrman (1987). At least 500

heterotrophic bacteria were counted per filter.

RESULTS

Vertical profiles of temperature, salinity, density and

chlorohpyll a (chl a) concentration differed between

season and location along the estuarine gradient. In

spring, the vertical density gradient became shallower,

progressing from offshore (Stn 34; Baltic Sea station) to

nearshore (Stn 101; Fig. 2A–C). There was no pycno-

cline at Stn 34 (Fig. 2A), a weak pycnocline at 14 m at

Stn 121 (Fig. 2B), and a stronger pycnocline at 10 m at

Stn 101 (Fig. 2C). At Stn 101, there was also a weak

pycnocline at 2 to 3 m (Fig. 2C). Chl a concentration

decreased 67 to 77% between the upper mixed layer

and the bottom layer at all stations (Fig. 2A–C).

In summer, all stations were stratified. As in spring,

the pycnocline became progressively shallower to-

ward the Daugava river mouth (Fig. 2D–F). The pycno-

cline varied from 22 to 30 m at Stn 34 (Fig. 2D), 16 to

20 m at Stn 121 (Fig. 2E), to 14 m at Stn 101 (Fig. 2F).

Chl a concentration decreased by 50 to 55% from the

upper mixed layer to the lower layer of the water

column at all stations (Fig. 2D–F).

Concentrations of nitrogen decreased from the Dau-

gava river mouth (nearshore) to the open Baltic (off-

shore) during all 3 sampling times (with the exception

of NO3
– in July), but the decrease was greatest in May

and June compared to July (Fig. 3A–C). In May,

NO2
–+NO3

– decreased ~100%, DFAA decreased 60%,

and DON decreased 50% from the nearshore to off-

shore stations. The ratio of oxidized:reduced nitrogen

decreased from 0.35 to 0.44 nearshore to 0.0005
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offshore (Fig. 3A). In June, NO2
–+NO3

– decreased 97%,

DFAA decreased 76%, and DON decreased 37%, and

the oxidized:reduced nitrogen ratio decreased from 0.1

to 0.002 to 0.005 (Fig. 3B). In July, NO2
–+NO3

– increased

66%, and DFAA and DON decreased only 27 and 24%,

respectively, from the nearshore to offshore stations.

The oxidized:reduced nitrogen ratio was similar at all

stations (Fig. 3C). While NO2
–+NO3

– concentration in-

creased from nearshore to offshore stations in July, con-

centrations were 1 to 2 orders of magnitude less com-

pared with May and June. Concentrations of NH4
+ and

urea did not vary horizontally in the Gulf. In May and

June, concentrations of urea and NH4
+ were 3 and

2 µM, respectively, and in July they were 2 and 1 µM.

During all sampling periods, DON comprised the

largest pool of available nitrogen in the Gulf. In May

DON comprised between 68 and 95%, in June 81 and

95%, and in July 96 and 99% of TDN.

Phytoplankton biomass (µg C l–1) in May varied

between 250 and 700 µg C l–1 in the Gulf and 50 µg C

l–1 in the Baltic Sea (Fig. 4A). At this time, diatoms and

dinoflagellates comprised 25 to 60 and 40%, respec-

tively, of phytoplankton standing stock. Closer to the

Daugava River, cryptophytes comprised 20 to 40% of

community composition, while at the open Baltic sta-

tion, filamentous cyanobacteria dominated total phyto-

plankton biomass composition (Fig. 4B).

In June, there was a window of low phytoplankton

biomass (6 to 60 µg C l–1) following the decline of the

diatom bloom (Fig. 4C). At the nearshore station

(Stn 101), diatoms comprised 83% of total phytoplank-

ton biomass, while cyanobacteria dominated the Baltic

station (Stn 34), comprising 85% of total phytoplank-

ton biomass (Fig. 4D). In the middle of the Gulf, phyto-

plankton biomass was 3- to 10-fold lower than at the

nearshore or Baltic stations (Fig. 4C), and dinoflagel-

lates, chlorophytes, and filamentous cyanobacteria

contributed equally to phytoplankton community com-

position (Fig. 4D). At the Strait of Irbe (Stn 114), cryp-

tophytes comprised approximately 50% of total phyto-

plankton biomass (Fig. 4D).

In July, phytoplankton biomass increased from 

the Daugava River (52 µg C l–1), towards the Baltic

(545 µg C l–1) (Fig. 4E). At the nearshore stations, cryp-

tophytes comprised 60 to 80% of total phytoplankton

biomass; in the middle of the Gulf cryptophytes and fil-

amentous cyanobacteria comprised approximately

40% each, and at the Strait of Irbe and the open Baltic

stations filamentous cyanobacteria contributed 76 to

95% to total phytoplankton biomass (Fig. 4F).

Biomass of picocyanobacteria varied between 3 and

10 µg C l–1 in May and July in the Gulf (Fig. 5A). In June,

biomass of picocyanobacteria peaked at >25 µg C l–1 at

the nearshore station (Stn 101), decreasing 66% by
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Fig. 2. Chl a, temperature, and salinity as a function of depth in May at (A) Stn 34, (B) Stn 121, and (C) Stn 101. Chl a, temperature, salinity
and density as a function of depth in July at (D) Stn 34, (E) Stn 121, and (F) Stn 101. Note differing vertical scales among panels
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Stn 121 (Fig. 5A). At the Baltic station (Stn 34) bio-

mass measured 3 µg C l–1 (Fig. 5A). Bacterial biomass

was greater than that of picocyanobacteria during all

3 sampling months. In May, biomass of bacteria var-

ied little throughout the estuary (Fig. 5B). In June

there was a 77% decrease from Stn 101 to Stn 121,

similar to the decrease in biomass of picocyano-

bacteria (Fig. 5A,B), while in July, there was an 80%

increase between Stn 121 and Stn 34 (Fig. 5B).

In May, potential rates of NO3
–, NH4

+ and DFAA

uptake (h–1) decreased 68, 52, and 74%, respec-

tively, going from the Daugava river mouth towards

the Baltic (Fig. 6A). At this time, rates of urea and

adenine uptake remained relatively unchanged

across the Gulf (Fig. 6A). Potential rates of adenine

uptake were an order of magnitude less than the

other N-substrates tested and did not contribute

more than 7% of total nitrogen uptake (Fig. 6A,B).

Overall, NO3
– contributed most to total N uptake

(25 to 47%), followed by NH4
+ (32 to 43%) (Fig. 6B).

Potential uptake of DFAA represented 22% of total

N uptake at the nearshore station, decreasing to 4%

in the middle and increasing to 13% at the Baltic

station (Fig. 6B). The contribution of NO3
– to total N

uptake was significantly less at the Baltic Sea sta-

tion (Stn 34) than at the Gulf of Riga stations

(Fig. 6B).

In June, the highest rates of nitrogen uptake

occurred at Stn 114, in the Strait of Irbe. Here, rates

of reduced nitrogen uptake were 3- to 7-fold faster

than the rate of NO3
– (Fig. 6C). Potential rates of

NH4
+ and urea uptake were 1.6 and 11 times

greater, respectively, at Stn 114 compared to Stn 21

(Fig. 6C). Potential adenine uptake was relatively high

nearshore (Stns 101 and 119), as well as at Stn 114,

where it contributed between 8 and 10% of total nitro-

gen uptake (Fig. 6C,D). Potential rates of amino acid

uptake contributed between 7 to 13% to total nitrogen

uptake. Similarly, the contribution of NO3
– was 13% or

less at all stations (Fig. 6D). The contribution of urea to

total nitrogen uptake increased from 8 to 30% be-

tween Stns 121 and 114, decreasing slightly again at

Stn 34 (Fig. 6D). Uptake of NH4
+ contributed most

(52 to 63%), to total nitrogen uptake in June.

In July, potential rates of NH4
+ uptake were higher

in the Gulf compared to the open Baltic station, while

potential rates of urea uptake were greater at

Stns 119, 121, and 114, compared with Stns 101

(nearshore) and 34 (open Baltic) (Fig. 6E). Urea con-

tributed more to total nitrogen uptake (22 to 37%),

than in May and June. Ammonium contributed 46 to

60% of total nitrogen uptake (Fig. 6F). Potential

amino acid and adenine uptake contributed 6 to 11%

(combined) and NO3
– contributed 5 to 10% of total

nitrogen uptake (Fig. 6F).

DISCUSSION

Terrestrial run-off and riverine input of both inor-

ganic and organic nutrients to coastal regions may be

considerable (Meybeck 1982). The Daugava River has

been shown to be a major source of nitrogen to the

Gulf of Riga (Maestrini et al. 1999, Stålnacke et al.

1999, Tamminen & Seppälä 1999), which in turn has

a significant impact on the microbial community and

nitrogen cycling of the southern region (Jørgensen et

al. 1999, Berg et al. 2001). River runoff, typically

varying from 2000 m3 s–1 in spring to less than 200 m3

s–1 in late summer, creates a horizontal gradient in

salinity and nutrients from the river mouth in the

south to the Baltic Sea in the north (Laznik et al.

1999, Stålnacke et al. 1999). In this study we found

that as the salinity differential between the upper and

lower layers of the water column decreases with
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Fig. 3. Changes in concentrations of nitrate (d), DFAA (n), and
dissolved organic nitrogen (DON) (j) in the Gulf of Riga in (A)
May, (B) June, and (C) July. Grey bars denote the oxidized:

reduced molar nitrogen ratio
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distance from the Daugava river mouth, the mixed

layer-depth deepens, and nitrogen pools become

increasingly diluted. The extent to which differences

in pool sizes of oxidized and reduced nitrogen along

the south-north axis of the Gulf control community

composition is of considerable interest from the per-

spective of understanding plankton succession in this

area.

Plankton succession

The abundance and biomass of both cryptophytes

and filamentous cyanobacteria has increased in the

Gulf of Riga in the last decade (Kahru et al. 1994,

Balode & Purina 1996, Seppälä & Balode 1999), appar-

ently correlating with an overall decrease in river flow

and nutrients (Laznik et al. 1999, Yurkovskis et al.

1999). The present study saw a significant increase in

the biomass of filamentous cyanobacteria between

spring and late summer samplings, as well as an 11- to

78-fold increase from the Daugava River to the open

Baltic Sea. The increase in cyanobacterial biomass was

consistent with increased mixing depth and increased

dilution of riverine nitrogen.

Based on our observations, diatoms were mainly

present in May when NO3
– was an important source of

nitrogen. Following a decrease in river flow and sur-

face water NO3
– in June, the diatoms retreated to the

mouth of the river. In July, they disappeared almost

entirely from the phytoplankton assemblage. This was

unusual as diatoms typically contribute up to 50% of

total phytoplankton biomass in July (Balode & Purina

1996, Balode et al. 1998, Seppälä & Balode 1999, Berg

et al. 2001). Their disappearance coincided with unde-

tectable surface-water NO3
– concentrations and low
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Fig. 5. Changes in biomass of (A) picocyanobacteria and (B)
heterotrophic bacteria with distance of the Daugava river 

mouth in May, June, and July

Fig. 4. Phytoplankton biomass (µg C l–1), and biomass of each phytoplankton group as a percent of total phytoplankton (crypto-
phytes + chlorophytes + dinoflagellates + filamentous cyanobacteria + diatoms) in (A,B) May, (C,D) June, and (E,F) July
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nitrate uptake rates (5 to 8% of total nitrogen uptake),

suggesting that in the absence of NO3
– they may have

been out-competed for other sources of nitrogen.

While silicate is generally considered to limit diatom

growth, it has not been shown to restore the growth

capacity of summer diatom populations in recent

bioassay experiments in the Gulf of Riga (Maestrini et

al. 1997, Balode et al. 1998). The association between

diatom biomass and periodic inputs of NO3
– concurs

with investigations of both coastal and oligotrophic

environments (e.g. Malone et al. 1983, Goldman 1993,

Landry et al. 1997, Lomas & Glibert 1999).

Taxon-specific nitrogen uptake

Linear regression analysis was conducted to exam-

ine the relationship between phytoplankton groups

and uptake of specific nitrogen substrates. Assuming

that each phytoplankton group mainly utilized 1

source of nitrogen, we analyzed the percent biomass of

individual phytoplankton groups as a function of

percent nitrogen-specific uptake. This type of analysis

potentially avoids difficulties associated with size frac-

tionation to differentiate between phytoplankton

groups, and between phytoplankton and heterotrophic

bacteria (Wheeler & Kirchman 1986, Hoch & Kirchman

1995).

Our results indicated that only diatoms were associ-

ated with uptake of NO3
– (Table 1). In the absence of

diatoms, other phytoplankton did not appear to utilize

NO3
–, even large cells such as dinoflagellates. Al-

though the exact mechanisms leading to differences in

the nitrogen metabolism between diatoms and other

phytoplankton are currently not identified, diatoms

potentially take up NO3
– in excess of nutritional

requirements to serve as a sink for electrons during

periods of imbalance between light energy harvesting

and utilization (Lomas & Glibert 1999). This mecha-

nism is apparently not present in non-diatom species
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Fig. 6. Nitrogen-specific rates of uptake, NO3
– (j), NH4

+ (d), DFAA (h), urea (S), adenine ( ) and uptake of each nitrogen
substrate as a percent of total nitrogen (NO3

– + NH4
+ + urea + adenine + DFAA) uptake in (A,B) May, (C,D) June and

(E,F) July
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such as dinoflagellates (Lomas & Glibert 1999). Con-

versely, dinoflagellates and other phytoplankton may

have specialized cell-surface enzymes for hydrolysis of

organic nitrogen substrates that are not present in

diatoms (Palenik & Morel 1990).

In contrast to the diatoms, cryptophytes, dinoflagel-

lates and filamentous cyanobacteria were associated

with uptake of reduced nitrogen substrates including

NH4
+, urea, DFAA and adenine (Table 1). In May, bio-

mass of dinoflagellates and filamentous cyanobacteria

varied as a function of organic nitrogen uptake

(Table 1). While adenine has been shown to provide a

source of nitrogen for growth in some eukaryotic

phytoplankton (Antia et al. 1991), uptake of this nitro-

gen source did not exceed 7% of total nitrogen uptake

and probably contributed a minor part of dinoflagellate

and cyanobacterial nitrogen demand. At this time,

changes in biomass of dinoflagellates and cyanobacte-

ria were most closely associated with variability in urea

uptake (r2 = 0.6 to 0.7, not significant). Later in June,

variation in cryptophyte biomass explained 80 to 84%

of the variability in uptake of urea and DFAA (Table 1).

In July, there was a clear lack of association between

algal taxa and uptake of specific nitrogen substrates.

This may have been because the dominant groups,

cryptophytes and filamentous cyanobacteria, were

using more than 1 source of nitrogen simultaneously,

including NH4
+ and urea, and atmospheric nitrogen in

the case of the cyanobacteria.

Cryptophytes commonly bloom in the Gulf of Riga

(Balode et al. 1998, Berg et al. 2001) and other coastal

regions rich in organic nitrogen (Lewitus & Kana

1994). Consistent with utilization of organic nitrogen,

specific strains of cryptophytes are incapable of growth

on NO3
– as the sole source of nitrogen in culture

(Droop 1957), preferring organic nitrogen substrates

such as urea, purines and aminosugars (Antia & Chor-

ney 1968). In the present investigation, cryptophytes

dominated pockets of the Gulf where rates of reduced

nitrogen uptake were high and percent uptake of urea,

amino acids and NH4
+ varied with percent cryptophyte

biomass (Table 1). For example, in June cryptophyte

biomass was greatest at the Strait of Irbe, where the

turnover of NH4
+ and urea (8 to 30 h) was 2 to 11 times

greater than at any other station in the Gulf. High rates

of reduced nitrogen turnover suggested that a source

of regenerated nitrogen, possibly from the sediments,

created a favorable environment for cryptophyte

growth in this region. Similarly, cryptophytes were

dominant close to the Daugava river mouth in late

summer, where the ratio of oxidized:reduced nitrogen

had decreased from spring, when diatoms were

favored. In this region, DON uptake rates may be

6 times greater than in other parts of the Gulf, suggest-

ing that the resident populations actively incorporate

organic nitrogen substrates (Berg et al. 2001).

Similar to the cryptophytes, filamentous cyanobacteria

appeared to utilize NH4
+ and urea as sources of nitrogen

in June and July (Figs. 4 & 6). Filamentous cyanobacte-

ria such as Nodularia sp., Aphanizomenon sp. and Ana-

baena sp. also fix N2 gas, which is clearly advantageous

when fixed nitrogen is limiting in surface waters (Stal &

Walsby 1998, Stal et al. 1999). In the Baltic proper,

aggregates of Aphanizomenon sp. typically represent

20 to 30% of total cyanobacterial biomass while pico-

cyanobacteria represent 70% of the biomass (Stal et al.

1999, Stal & Walsby 2000). Therefore, it is likely that the

picocyanobacterial fraction is important in the turnover

of fixed, reduced nitrogen. For example, Söresson &

Sahlsten (1987) concluded that 84% of total nitrogen

utilization (NH4
+ + NO3

– + urea + N2) during a bloom of

filamentous cyanobacteria was attributable to non-nitro-

gen-fixing picocyanobacteria. This case cannot always

be made in the Gulf of Riga, where the abundance of fil-

amentous cyanobacteria can be much greater than that

of picocyanobacteria. In the present study, picocyano-

bacteria comprised 8 and 1.5% of total cyanobacterial

biomass in June and July, respectively, at the outer sta-

tions, where some of the most rapid rates of NH4
+ and

urea uptake and turnover occurred. Here, filamentous

cyanobacteria contributed between 80 and 95% of total

phytoplankton biomass, suggesting unrealistic rates of

NH4
+ and urea uptake by the rest of the community if the

nitrogen demand of the filamentous cyanobacteria were

met solely by N2 fixation. At the outermost station, the

absolute rate of nitrogen uptake by cyanobacteria was 9

to 20 times greater than by cryptophytes, the second

largest constituent of the phytoplankton community

(Fig. 7). The highest rate of absolute nitrogen uptake by

cryptophytes was observed at Stn 119 in July (Fig. 7),

where filamentous cyanobacteria contributed a negligi-

ble proportion of the phytoplankton community (Fig. 4).

Taking this rate as a benchmark, fixed nitrogen uptake

by filamentous cyanobacteria was still 6 times greater
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Taxon Substrate r2 p Month

Diatoms Nitrate 0.80 0.040 May
Cryptophytes Ammonium 0.81 0.037 May

Amino acid mix 0.80 0.040 June
Urea 0.84 0.020 June

Cyanobacteriaa Adenine 0.96 0.003 May
Dinoflagellates Adenine 0.82 0.033 May

aFilamentous cyanobacteria only

Table 1. Linear regression of percent biomass (B) of individual
phytoplankton groups—Bind (C l–1)/[Bcryptophytes + Bchlorophytes +
Bdinoflagellates + Bfil.cyanobacteria + Bdiatoms (C l–1)] × 100—as a func-
tion of percent nitrogen uptake (V)—Vs (h–1)/[VNO

3
+ VNH

4
+ 

Vurea + VDFAA + Vadenine (h
–1)] × 100
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than the maximum observed cryptophyte uptake rate

(Fig. 7). This suggests that either filamentous cyano-

bacteria play an important role in uptake and assimila-

tion of fixed nitrogen, or associated heterotrophic bac-

teria play a greater role than previously recognized.

Heterotrophic bacteria mediate nitrogen remineral-

ization in the Gulf of Riga and potentially impact rates

of inorganic nitrogen uptake (Jørgensen et al. 1999).

Biological production and riverine input of DON in

summer contribute abundant dissolved free and com-

bined amino acids to bacteria for assimilation (Jør-

gensen et al. 1999). Under these conditions, gross

bacterial DFAA uptake exceeds nitrogen demand

several-fold and bacteria act mainly as remineralizers

of inorganic nitrogen rather than as net consumers

(Berg et al. 2001). Therefore, in eutrophic coastal

regions bacteria tend to compete for NH4
+ only when

DFAA abundance is low (Keil & Kirchman 1991, Hoch

& Kirchman 1995). In the present study, it is possible

that DON excreted by the filamentous cyanobacteria

supported biomass of heterotrophic bacteria, and that

the 2 groups did not compete for inorganic nitrogen

uptake (Ohlendieck et al. 2000).

Nitrogen fixation is a significant source of new nitro-

gen in oligotrophic regions (Carpenter 1983, Karl et al.

1997). Even in eutrophic regions such as the Baltic Sea,

nitrogen fixation is considered the third largest source

of new nitrogen after land runoff and atmospheric

deposition (Larsson et al. 2001). Field studies from the

Baltic indicate that nitrogen fixation is the dominant

process by which filamentous heterocystous cyanobac-

teria acquire nitrogen (Stal & Walsby 1998, 2000).

These findings are not corroborated by culture and

molecular biological investigations demonstrating that

N2 fixation in filamentous cyanobacteria is strictly reg-

ulated by the availability of NH4
+ (Sanzalferez & Del-

campo 1994). In all nitrogen-fixing, non-fixing, unicel-

lular and filamentous cyanobacteria, synthesis of the

global regulatory protein NtcA is necessary for the

induction of proteins required for the utilization of

nitrogen substrates other than NH4
+ (Frias et al. 1993,

1994, Bryant 1994, Bradley & Reddy 1997, Collier et al.

1999, Lindell & Post 2001). Because N2 fixation is an

energy-expensive process, requiring 15 molecules of

ATP and 6 to 8 electrons per molecule of N2 reduced to

NH4
+ (Postgate 1982), differentiation of heterocysts in

filamentous cyanobacteria is strictly regulated by the

feedback of fixed nitrogen on NtcA transcription

(Stewart & Rowell 1975, Frias et al. 1994, Fiedler et al.

2001). Whether NtcA transcriptional activation in fila-

mentous cyanobacteria is also subject to negative con-

trol by urea is not known.

The role of urea in the nitrogen nutrition of field

populations of filamentous cyanobacteria has puzzled

investigators who have observed relatively high rates

of urea uptake during blooms in the Baltic Sea (Söres-

son & Sahlsten 1987). Only recently have culture

experiments corroborated field observations. In cul-

ture investigations of Aphanizomenon ovalisporum,

growth and yield were consistently greatest when

urea was the sole source of nitrogen for growth,

agreeing with observations in culture studies of the

non-heterocystous diazotroph Trichodesmium sp.

(Berman & Chava 1999). Trichodesmium sp. demon-

strated highest growth and nitrogen turnover rates in

cultures grown on urea compared to cultures grown

on NH4
+, NO3

– or no nitrogen. In these cultures, N2

fixation represented <1% of total daily nitrogen turn-

over (Mulholland et al. 1999). It appears that in some

cases, urea exerts a greater control on nitrogenase

activity than ammonium. In cultures of Trichodes-

mium sp., nitrogenase, the enzyme which reduces N2

gas to NH4
+, was present in an inactive form when

cells were grown on NH4
+ or NO3

– as the sole sources

of nitrogen, while in urea-grown cells nitrogenase

was entirely absent (Ohki 1992). More recently, the

first high-affinity urea transporter has been identified

in the filamentous heterocystous cyanobacterium

Anabaena sp. (Valladares et al. 2002). While the
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Fig. 7. Absolute nitrogen uptake rates, ρmax (transport rates),
were based on Dugdale & Goering (1967), where ρmax (µg at N
l–1 h–1) = Vmax (h–1) × PN (µM). Absolute nitrogen uptake rates
for individual phytoplankton groups were calculated by mul-
tiplying the nitrogen-specific rate, Vmax, by the group-specific
PN. Group-specific PN was obtained by dividing carbon bio-
mass (µM C) of individual groups by 6.625 according to the
Redfield ratio. Calculation of absolute nitrogen uptake rates
by this method assumes that the fraction of a certain group
present is responsible for that same fraction of the com-
munity-specific uptake rate that was actually measured
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transporter appeared to be subject to nitrogen control,

the urease enzyme is constitutively expressed in this

strain (Valladares et al. 2002). These observations

suggest that urea may be a more important source of

nitrogen for cyanobacteria than previously recog-

nized, and that urea can be involved in the ecological

success of filamentous N2 fixers in the Baltic Sea

region.

Further research is needed to determine whether the

ecological success of nitrogen-fixing cyanobacteria is

due to general nitrogen limitation of the phytoplankton

community or NO3
– depletion specifically. We have

shown that a lack of NO3
– may limit the growth of

mainly diatoms while increasing the proliferation of

non-diatom species, including cryptophytes, dinofla-

gellates and diazotrophic organisms. The latter have

high uptake affinities for reduced, fixed nitrogen in

addition to their ability to fix atmospheric N2.
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