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Abstract : 
 
The importance of heterotrophic bacteria relative to phytoplankton in the uptake of ammonium and 
nitrate was studied in Mediterranean coastal waters (Thau Lagoon) during autumn, when the 
Mediterranean Sea received the greatest allochthonous nutrient loads. Specific inhibitors and size-
fractionation methods were used in combination with isotopic N-15 tracers. NO3 (-) and NH4 (+) uptake 
was dominated by phytoplankton (60 % on average) during the study period, which included a flood 
event. Despite lower biomass specific NH4 (+) and NO3 uptake rates, free-living heterotrophic bacteria 
contributed significantly (> 30 %) to total microbial NH4 (+) and NO3 (-) uptake rates in low chlorophyll 
waters. Under these conditions, heterotrophic bacteria may be responsible for more than 50 % of 
primary production, using very little freshly produced phytoplankton exudates. In low chlorophyll coastal 
waters as reported during the present 3-month study, the heterotrophic bacteria seemed to depend to a 
greater extent on allochthonous N and C substrates than on autochthonous substrates derived from 
phytoplankton. 
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Introduction 

The abundance and distribution of microorganisms in aquatic ecosystems depend on how they adapt 

to changes in environment (e.g. variations in nutrients, light and temperature) as well as on trophic 

interactions such as prey-predator relationships and resource competition. Heterotrophic bacteria, 

heterotrophic archaea and phytoplankton (including unicellular cyanobacteria) constitute the base of 

the marine food webs and can be considered as essential for the biogeochemical cycling of dissolved 

elements, carbon cycling and energy transfer [18]. Phytoplankton are generally considered to be the 

main user of dissolved inorganic nutrients whereas heterotrophic bacteria are assumed to play only a 

minor role. However, increasing evidence suggests that heterotrophic bacteria do not only mineralize 

dissolved organic nitrogen (DIN: NO3
- and NH4

+) into inorganic forms but that they also require a direct 

inorganic nitrogen supply for their own growth [3, 18, 40]. It has been recognized that heterotrophic 

bacteria assimilate DIN to meet growth requirements not fulfilled by organic substrates [18]. 

Heterotrophic bacterial assimilation of DIN in estuarine and marine systems has been reported to 

account for a significant but widely variable fraction (<5% to >90%) of total DIN uptake [1, 19, 22, 23]. 

A high heterotrophic bacterial contribution to the total NO3
- uptake rates was reported in various 

marine ecosystems having low chlorophyll a (Chl a) concentrations [10]. Based on these observations, 

two opposing hypotheses were postulated i) heterotrophic bacteria outcompete primary producers for 

DIN in low chlorophyll waters and ii) heterotrophic bacteria are weak competitors for DIN compared to 

phytoplankton and contribute strongly to DIN uptake only when phytoplankton is limited by factors 

other than nutrient availability.  

This study was designed to assess the contribution of heterotrophic bacterial to DIN uptake rates in 

coastal waters characterized by large variations in both inorganic and organic nutrient concentrations 

and microbial production [13]. In a Mediterranean climate, coastal ecosystems such as the Thau 

Lagoon are subject to long dry periods interrupted by rainfall events of short duration associated with 

high levels of runoff. As a consequence, the Thau Lagoon regularly receives river discharges, 

occurring mainly during the autumn [4], which implies high nitrogen loads in the lagoon during this 

period [29, 33]. This study was based on the DIN uptake rates in the Thau Lagoon, measured using 

specific inhibitors as described by Trottet et al. [35], during the autumn 2008, including a flood event. 

This flood event occurred from 1 to 17 November, and was generated by a large storm followed by a 
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series of five rain showers [13]. The total flood load measured at the outlet of the river Vène draining 

the largest catchment area (67 km2) was 5.5 Mm3 which represented about 2% of the total volume of 

water in the lagoon [13]. Over half the total nitrogen, phosphorus, silicate and dissolved organic 

carbon load was discharged from the river Vène into the Thau Lagoon within the first five days of the 

flood event. Such loads represent about 8% and 3% of the average yearly total nitrogen and 

phosphorus load discharged into the Thau Lagoon, respectively [13]. This is a moderate contribution 

as one river flood event may contribute to more than 15% of the total annual nitrogen inputs into the 

lagoon [33]. As a direct consequence, the nitrate uptake rate increased by three orders of magnitude 

at the end of the flood period (from 0.007 to 0.3 g N L-1 h-1), and a substantial increase in primary 

production (PP) was also observed (from 2.6 to 7.0 g C L-1 h-1). In addition to the use of specific 

inhibitors, the DIN uptake rates were also measured in these surface waters using size fractionation to 

exclude cyanobacteria from the estimate of the heterotrophic DIN uptake presented below. The 

relative importance of phytoplankton and heterotrophic bacteria in the DIN uptake is then discussed in 

terms of community diversity, biomass specific DIN uptake rates and carbon production during a 

typical autumn in a Mediterranean climate. 

 

 

Materials and Methods 

 

Sampling location 

 

The Thau Lagoon is a shallow lagoon (4m depth on average) with an area of 75 km2 located on the 

French Mediterranean coast (43°24‘N–3°36‘E), connected to the sea by narrow channels (Fig. 1). The 

main economic value of this lagoon is oyster and mussel production [5]. 

Samples were taken from the Crique de l‘Angle, a semi-closed embayment (43°27N- 3°40E, 

hereinafter referred to as the Creek station). The Creek station (Fig. 1) receives input from the river 

Vène, one of the main sources of continental inputs (nutrients, chemical and biological contaminants) 

during flood events in the Thau Lagoon basin [27, 33]. The station was sampled weekly between 11 

September and 12 November 2008. All samples were collected between 08.00 and 09.00 (local time) 

close to the surface (0.5 m depth) using acid-cleaned 10L carboys and stored in darkness before 
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treatment. Within two hours after sampling, sub-samples were taken to measure the nutrient 

concentrations, microbial abundance and diversity, nitrogen uptake rates and carbon production of 

both bacterial and phytoplankton communities. The temperature and salinity of the surface waters 

were determined in situ during sampling using a WTW multiparametric probe. The daily global, direct 

and diffuse solar radiation was recorded at the Météo-France station at Fréjorgues airport (20 km from 

the study site). 

 

Ammonium, nitrate and phosphate concentrations 

 

Triplicate subsamples (250 mL) were immediately filtered through Whatman GF/F glass-fibre filters. 

The nitrate concentration in the filtrate was measured using an LS 45 PerkinElmer spectrofluorimeter 

using a standard method [32] and the ammonium concentration was measured by fluorometry [17]. On 

certain occasions during the study period, the phosphate concentration in the filtrate was also 

measured using an automated colorimeter (Skalar) using a standard nutrient analysis method [34]. 

 

Phytoplankton and bacterial cell abundance 

 

The nanophytoplankton, picophytoplankton (including cyanobacteria) and heterotrophic bacteria were 

sampled daily, immediately stored in liquid nitrogen, and enumerated on 2% (final v:v) buffered 

formalin fixed subsamples (1.8 mL). Analyses were performed using a FACSCalibur flow cytometer 

(Becton Dickinson, San Jose, Ca) with an air-cooled argon laser (488 nm, 15 mW). For each analysis, 

fluorescent beads (1 and 2 µm, YG, Fluoresbrites Polysciences Inc., Warrington, PA) were added to 

calibrate the flow cytometer. Heterotrophic bacterial cells were stained for 15 min in the dark at 4°C 

with SYBR-Green I (Molecular Probes). TruCount control beads (Becton Dickinson) were added to 

each sample (bacteria or phytoplankton) to determine the volumes analyzed. The results were 

collected and analyzed using Cell Quest Pro software (Becton–Dickinson). 
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Detection of phytoplankton pigments  

 

Samples (0.5 L) were filtered onto glass fibre filters (Whatman GF/F), and the filters were stored in 

liquid nitrogen prior to analysis to improve the extraction efficiency and minimize pigment degradation. 

Samples were extracted in 2 mL of 95% methanol (1 h), then disrupted by sonication for a few 

seconds in an ice bath, extracted for an additional hour and then clarified using 0.2-µm filters 

(Millipore) as detailed in Vidussi et al. [39].  

Chlorophyll and carotenoid concentrations were analysed using high performance liquid 

chromatography (HPLC) using a modified version of the method described by Zapata et al. [42] and 

the HPLC system (WATERS) described by Vidussi et al. [39]. The chlorophylls and carotenoids were 

identified according to their retention times and absorbance spectra obtained using a photodiode 

array. The HPLC was calibrated using commercial standards (DHI Denmark and Sigma). Major 

taxonomic pigments were used as taxonomic markers of major phytoplankton groups. Chlorophyll a 

(Chl a) indicated the total phytoplankton biomass. Chlorophyll b (Chl b) was attributed to ―green 

flagellates‖ (chlorophytes plus prasinophytes). Fucoxanthin (fuco) was mainly attributed to diatoms. 

19‘ hexanoyloxyfucoxanthin (19‘HF) indicated the presence of prymnesiophytes. Peridinin (peri) 

indicated peridinin-containing dinoflagellates. Alloxanthin (allo) indicated cryptophytes. Zeaxanthin 

(zea) was mainly attributed to cyanobacteria and allowance was made for the contribution of ―green 

flagellates‖ to this pigment. 

The relative contribution of the taxonomic groups to total Chl a, was estimated using the Chl a 

to pigment marker ratios reported in the literature [21, 38] as follows: diatoms (Chl a:fuco = 1.07), 

cyanobacteria (Chl a:zea = 1.13), cryptophytes (Chl a:allo = 1.17), ―green flagellates‖ (Chl a:Chl b = 

0.70), prymnesiophytes (Chl a:19‘HF = 0.68) and dinoflagellates (Chl a:peri = 0.94). It should be noted 

that Chl a to pigment marker ratios can vary depending on the species and environmental conditions 

and that some pigment markers cannot be assigned exclusively to a single group. Therefore, the 

relative contribution of taxonomic groups as computed here must be considered only as a first 

approximation and not as an accurate quantification of the taxonomic groups.      
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Dissolved inorganic nitrogen uptake rates by phytoplankton and bacteria 

 

 Net nitrogen uptake rates (N uptake rates) by phytoplankton and bacteria in the surface waters 

of the Thau Lagoon were assessed using stable isotope tracers [7] with and without specific inhibitors 

and size fractionation. The procedure using specific inhibitors was described and assessed by Trottet 

et al. [35]. Surface water samples were collected using 10 L acid-cleaned polycarbonate bottles. 

Prokaryotic inhibitors were used to estimate phytoplankton uptake (mixture of streptomycin and 

penicillin: SP) and a eukaryotic inhibitor was used to estimate total bacteria uptake (cycloheximide: 

CHI). The inhibitors (SP or CHI) in powder form were weighed to give a final concentration of 100 mg 

L-1 for each inhibitor and were first mixed with a 10 mL sub-sample and shaken vigorously for 1-2 

minutes in order to encourage dissolution before being added to 0.5 L polycarbonate bottles for each 

N-treatment (3 bottles for NH4
+ and 3 bottles for NO3

-). The bottles with inhibitors were then incubated 

in the surface waters for 2 h at the same time as three control bottles without inhibitors (CONT). Three 

other bottles (0.5 L) without inhibitors were also incubated for subsequent size fractionation to 

determine uptake rates for <0.8 µm bacteria only (BACT<0.8). 

After 2 h of in situ incubation, either K15NO3 or (15NH4)2 SO4 (final concentration of 0.05 µmol N L-1) 

was added to each bottle. All the bottles were then incubated in the surface lagoon waters close to the 

shore, hanging on the MEDIMEER Pontoon (43°24'53.03"N, 3°41'16.34"E) under natural light for 4 h 

around midday. At the end of incubation, all the samples, except for the three bottles to be used for 

size fractionation, were filtered onto precombusted Whatman GF/F filters and stored at -80 ºC until 

analysis. The samples used for size fractionation were first filtered through 0.8 µm Nuclepore filters 

and then onto precombusted GF/F Whatman filters. The precombusted GF/F filters had an average 

pore size of about 0.3 m owing to the compaction of the borosilicate glass microfibres during 

combustion [26]. Only the GF/F filters were stored at -80°C until analysis for the estimation of N 

uptake by free-living bacteria (BACT<0.8). To assess the efficiency of size fractionation in selecting 

only the free-living bacterial community, the cell abundance of bacteria and picophytoplankton was 

enumerated in the sample before filtration and in the filtrates after 0.8 µm filtration and after GF/F 

filtration using flow cytometry as described above.  

To assess the potential ammonium and nitrate regeneration occurring during the 15N incubation 

period, the concentrations of ammonium and nitrate were also measured after filtration onto GF/F 
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filters performed using the CONT bottles. These concentrations were then compared with those 

measured before incubation (see above) using the same analytical protocols. 

All the GF/F filters were dried at 60°C for 24 h, pelleted and analysed for 15N:14N isotope ratios and 

particulate organic nitrogen (PON) using an ANCA mass spectrometer (Europa Scientific). The net 

nitrogen uptake rates (µgN L-1 h-1) were calculated using the equation described by Dugdale and 

Wilkerson [7], assuming negligible N regeneration (no isotope dilution) during the 4 hours of 

incubation. This assumption was verified from the decrease in NH4
+ and NO3

- concentrations 

measured during incubation without inhibitors (CONT). For all the size-fractionated samples obtained 

after 0.8µm filtration, a known amount of carrier (56 µg N and 107 g C from glycine) was added to 

each pelletised filter to produce total N and C masses sufficiently higher than the mass spectrometer 

detection limit for reliable 15N and 13C atom percent enrichment values. A carrier correction was 

applied when calculating the final 15N and 13C isotopic enrichment. Biomass specific NH4
+ and NO3

- 

uptake rates for phytoplankton and free-living heterotrophic bacteria were estimated from the NH4
+ 

and NO3
- uptake rates divided by the biomass and expressed in h-1, using a C:Chl a ratio of 50, a 

conversion factor of 20 fgC cell-1 for bacterial cells and phytoplankton and bacterial biomass C:N ratios 

of 7 and 5, respectively (see [13]). 

 

Primary and heterotrophic bacterial production 

 

The heterotrophic bacterial production (BP) was estimated from the DNA synthesis rates 

measured by (3H methyl) thymidine (3H-TdR) incorporation. A microcentrifuge method was used for 

separation [31] as described in detail by Fouilland et al. [13]. Results were expressed in µg C L-1 h-1 

using 2 x 1018 cells mol-1 TdR [2] assuming 20fgC cell-1 [20].  

 The particulate PP was estimated from the net carbon uptake rates using the 13C tracer method 

[7] combined with 15N measurements as described above. Sodium 13C-bicarbonate solution (99 %13C) 

was added to the 15NH4
+ and 15NO3

- in the control bottles without inhibitors (CONT) and in the bottles 

used for bacterial N uptake assessment (BACT<0.8) at a final concentration of 100 µmol L-1. After 

incubation the samples were processed as described for 15N. The 13C:12C ratio and particulate organic 

carbon (POC) were measured simultaneously as for 15N and PON. The carbon uptake rates (µg C L-1 

h-1) were calculated using the equation given by Dugdale and Wilkerson [7]. The total dissolved 
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inorganic carbon was estimated from salinity measurements as described by Strickland and Parsons 

[32]. The fraction of BP supported by the freshly produced phytoplankton exudates was estimated 

from the ratio of size-fractionated (BACT<0.8) C uptake rates to BP and expressed in %. This fraction 

is probably underestimated as C uptakes rates measured from BACT<0.8 samples excluded large 

bacteria attached to particles and small bacteria not retained by GF/F filters. 

 

Statistical analysis 

 

 Spearman correlations were performed on log10-transformed variables. The correlation was 

tested for significance at p<0.05 and p<0.01. Spearman correlation matrices were calculated using the 

R (www.r-project.org) Hmisc and vegan packages. The Wilcoxon signed rank test was performed in 

order to compare values of biomass specific N uptake rates measured for phytoplankton and 

heterotrophic free-living bacteria with significant difference when p ≤ 0.05. 

 

Results 

 

Physical and chemical conditions 

 

During the study period from 11 September to 12 November, the surface water temperature in 

the lagoon decreased gradually from 22.4°C to 12.2°C (Table 1). The salinity varied between 35.0 and 

38.8 with the lowest values at the end of the period (Table 1). On the last day, the concentrations of 

ammonium (NH4
+) and nitrate (NO3

-) were very high (4.41 and 5.88 µmol L-1, respectively), whereas 

lower values between 0.1 and 1.5 µmol L-1 were recorded on the previous days (Table 1). From 

occasional measurements, phosphate concentrations varied from 0.18 to 0.47 mol L-1 before and 

during the flood event. The daily amount of solar radiation recorded on the sampling dates was a 

minimum (300 J.cm-2) and a maximum (1561 J.cm-2) for values recorded during the first three weeks 

of the sampling period (Table 1).  

 

 

http://www.r-project.org/
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Phytoplankton dynamics 

 

High concentrations of phytoplankton biomass (Chl a concentration) and high primary 

production rates (PP) were observed on two occasions (11 September and 16 October) during the 

study period (Table 1). The highest values (5.2 µg Chl a L-1 and 2.7 µmol C L-1 h-1) were reported at 

the highest water temperatures when the phytoplankton community was dominated by dinoflagellates 

(Fig. 2).The lowest PP (0.17 µmol C L-1 h-1) was measured at the lowest water temperature (30 

October). On this date, the phytoplankton biomass and abundance were very low (Table 1) and the 

community was mainly composed of crytophytes (Fig. 2). PP was positively correlated with 

cryptophyte (allo, p<0.01), ―green flagellate‖ (Chl b, p<0.01), and dinoflagellate (peri, p<0.01) pigment 

markers (Table 2). The concentrations of particulate organic carbon and nitrogen were generally 

correlated with the Chl a (Table 1) and were strongly positively correlated with the diatom pigment 

marker (fuco, p<0.01) (Table 2), with a C:N ratio varying from 3 to 5. The lowest ratios were recorded 

when the Chl a was below 1 µg L-1. 

 

Heterotrophic bacterial dynamics 

 

Heterotrophic bacterial cell abundance varied between 2.8 and 7.4 x 106 cell mL-1 and 

bacterial production rates (BP) varied between 1.6 and 3.7 µmol C L-1 h-1. However, no clear pattern 

was observed for these two variables during the study period. BP was only 11% of PP on 7 and 16 

October. BP was 32% and over 50% of PP on the last two sampling days (30 October and 12 

November). On these days, the fraction of BP supported by the freshly produced phytoplankton 

exudates was the lowest with a value of around 25% (Table 3).  

 

Phytoplankton and bacterial nitrogen uptake rates 

 

The total microbial (phytoplankton + bacteria) NH4
+ uptake rates (0.05-0.12 µmol N L-1 h-1) 

were generally higher than the total microbial NO3
- uptake rates (<0.05 µmol N L-1 h-1) except on the 

first sampling date (11 September). The contribution of the phytoplankton community to the total 
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microbial N uptake rates was estimated from the rates measured using prokaryotic inhibitors and the 

difference between the rates measured without inhibitors and with the eukaryote inhibitor. This 

estimate of the phytoplankton contribution excluded the cyanobacterial community, which was 

assumed to be negligible given their low abundance and low pigment marker concentration (Fig. 2, 

Table 1). The contribution of the total heterotrophic bacterial community to the total microbial N uptake 

rates was estimated from the rates measured using the eukaryotic inhibitor and the difference of rates 

measured without inhibitors and with prokaryote inhibitors. This estimate included the uptake by 

cyanobacteria. However, the cyanobacteria abundance was low (0.9 x 104 cell mL-1 on average) 

compared to free-living bacteria abundance (4.9 x 106 cell mL-1 on average) (Table 1). The 

contribution of the free-living heterotrophic bacterial community to the total microbial N uptake rates 

was estimated from the 15N measurements performed on precombusted GF/F filters in the fraction less 

than 0.8 µm (BACT<0.8). The abundance of free-living heterotrophic bacteria (<0.8 m) represented 

on average 84% of the total heterotrophic bacteria measured by flow cytometry before size 

fractionation, but half of these <0.8m cells passed through precombusted GF/F filters. Therefore, the 

abundance of free-living heterotrophic bacteria (<0.8 m) retained on the precombusted GFF/ filters 

represented about 40% of the total heterotrophic bacteria cells detected by flow cytometry. 

Picoeukaryotes and cyanobacteria cells accounted for less than 10% of the free-living heterotrophic 

bacteria cells (<0.8 m) retained on precombusted GF/F filters.  

 The contribution of the phytoplankton community to the total microbial NO3
- and NH4

+ uptake 

rates was generally higher than the bacterial contribution, averaging 60±14%. The phytoplankton NO3
- 

uptake rates were positively correlated with cryptophyte (p<0.01.), ―green flagellate‖ (p<0.01) and 

dinoflagellate (p<0.01) pigment markers, while there was no correlation between the phytoplankton 

NH4
+ uptake rates and the concentrations of the phytoplankton pigment markers (Table 2). 

 The contribution of the total heterotrophic bacteria to the total microbial NO3
- and NH4

+ uptake 

rates varied between 14% and 60% and the N uptake rates by free-living bacteria (<0.8 µm fraction) 

accounted for 67±24% of the total heterotrophic bacterial contribution. The contribution of free-living 

bacteria to the total microbial NH4
+ and NO3

- uptake rate tended to be negatively correlated with Chl a 

concentrations, the highest contributions (>30%) being recorded when the Chl a concentration was 

low (<2 µg L-1, Fig. 4). At these low Chl a concentrations, the NO3
- and NH4

+ biomass specific rates of 

free-living bacteria were always significantly lower than rates estimated for phytoplankton (Fig. 5). BP, 
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converted into N production using a C:N ratio of 5 (see [13]), supported by NH4
+ and NO3

- uptake (i.e. 

total heterotrophic bacterial N uptake), varied from 87% to 362% and from 1% to 86%, respectively. 

The lowest percentages were reported at the end of the study period, when BP was only weakly 

supported by exudates from PP and a wider number of potential substrates were used for growth 

(Table 3).  

 

Discussion 

 

Major role of phytoplankton in microbial NH4
+
 and NO3

-
 uptake 

 

During the study period, the temperature of the surface lagoon waters decreased rapidly by more than 

10°C, that is greater than the daily temperature variations usually observed in autumn in the Thau 

Lagoon (i.e. about 2°C). The results showed a significant positive correlation between temperature 

and chlorophyll concentration and PP (Table 2) while nutrient levels and solar light radiation had less 

effect on chlorophyll concentration and PP. The highest PP was measured at temperatures greater 

than 22°C, when dinoflagellates dominated the phytoplankton community pigments. The lowest PP 

and phytoplankton abundance were measured on 30 October at a seawater temperature below 13°C, 

when, according to the pigment marker composition, cryptophytes dominated the phytoplankton 

community despite the relatively high concentration of NH4
+. Based on occasional measurements of 

phosphate concentrations, nitrogen seemed to be the main limiting nutrient for the microbial 

community as the DIN:PO4
3- ratio ranged between 3 and 6 before the flood event (1 Nov), values that 

are much lower than the Redfield ratio (16). However, the phosphate concentrations (0.2-0.5 mol L-1) 

were low relative to the increased DIN concentration (4-10 mol L-1) measured in the surface waters of 

the Thau Lagoon during the flood period [13]. This suggests that P became the limiting nutrient during 

and after the flood event, with potential distinct consequences on the balance of C and N uptake rates 

between phytoplankton and bacteria on the last day of the study period only. 

NH4
+ and NO3

- uptakes were similar to those observed by Collos et al. [5] at other stations in 

the Thau Lagoon. NH4
+ uptake rates were in the upper range of rates reviewed by Harrison [16], 

illustrating the highly dynamic nature of the microbial communities sampled during our study. 
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Phytoplankton was the main consumer of NO3
- and NH4

+ with 60% of total uptake on average, even 

under potentially P limiting nutrient conditions.  

 

 

Except on 11 September, the phytoplankton community used mainly NH4
+ as a source of 

inorganic nitrogen, although the concentrations of both NH4
+ and NO3

- were in the same range 

throughout the study. The preference for NH4
+ rather than NO3

- is generally assumed to be due to the 

lower energy requirement for ammonium assimilation [6]. No specific phytoplankton group, inferred 

from pigment makers, seemed to be correlated with the phytoplankton NH4
+ uptake, while NO3

- uptake 

was significantly and positively correlated with ―green flagellates‖, dinoflagellates and cryptophytes. 

However, diatoms were probably the main contributors to the production of particulate organic matter 

(POM) in the surface waters when high POM concentrations were reached during the study period, 

with the C:N ratio close to the Redfield ratio. The difference observed between the phytoplankton 

groups contributing to the N uptake and biomass tends to suggest that diatoms may use other sources 

of N such as organic forms (e.g. amino acids), as reported for several coastal species [8]. 

Interestingly, zeaxanhtin was positively correlated with NH4
+ and NO3

- concentrations but not with 

uptake. This suggests that in periods such as those characterized by large inputs of NH4
+ and NO3

- 

during a flood event, zeaxanthin may be mainly related to the presence of cyanobacteria and/or ―green 

flagellates‖ probably of freshwater origin transported by the flood.  

  

The role of phytoplankton as the main consumer of DIN suggests that primary producers are 

likely to outcompete heterotrophic bacteria for DIN in these autumnal coastal waters even when the 

phytoplankton is adversely affected by the reduction in water temperature. This is confirmed by the 

biomass specific NO3
- and NH4

+ uptake rates estimated for phytoplankton which are significantly 

higher than those estimated for free-living bacteria in low chlorophyll waters, i.e. < 2 µg Chl a L-1 (Fig. 

5). This may be explained by the very high biomass specific carbon production of small picoeukaryote 

cells previously measured in this coastal lagoon [9] which were dominated by the small picoeukaryote 

Ostreococcus tauri (―green flagellate‖ pigment markers) throughout the year [36].  
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High contribution of free-living heterotrophic bacteria to total DIN uptake  

 

The contribution of free-living heterotrophic bacteria (accounting for about 70% of the total bacterial N 

uptake) to the total microbial NH4
+ and NO3

- uptake rates was greater than 30%, when Chl a was very 

low (Fig. 4). This supports previous observations performed in other geographical areas showing that 

heterotrophic bacteria play a greater role in total microbial nitrogen assimilation when phytoplankton 

biomass is low and algal growth is limited, such as in the Thames estuary [23], Menai Strait [30], 

Randers Fjord [37], Hong Kong coastal waters [41] and in Arctic coastal waters [10]. All these results 

suggested that heterotrophic bacteria may outcompete phytoplankton for DIN, indicating that they may 

have a significant role in DIN utilisation when phytoplankton growth is limited. However, the hypothesis 

that heterotrophic bacteria outcompete primary producers for DIN in low chlorophyll waters was not 

confirmed in this study due to the high DIN concentrations and the lower biomass specific DIN uptake 

rates for free-living heterotrophic bacteria. 

 Therefore, the apparent high contribution of heterotrophic bacteria to total DIN uptake rates 

seemed related more to the reduction of phytoplankton biomass in unfavourable growth conditions 

with a subsequent reduction of primary production and DIN uptake. As a consequence, BP did not 

depend strongly on PP as reflected by the BP:PP ratio, which could exceed 50%, and the reduced 

contribution of freshly produced phytoplankton exudates to BP (Table 3). The heterotrophic bacterial 

community may use other sources of organic C when the BP:PP ratio is high (e.g. organic matter 

discharged during a flood). Our results suggest a weak dependence of heterotrophic bacteria on algal 

extracellular production, which is to be expected in environments with coastal inputs of DOC [25] 

and/or in low productive ecosystems [11]. These authors demonstrated that heterotrophic bacteria 

may use C sources (released through mortality or terrestrially-derived carbon) other than those freshly 

produced by phytoplankton. Similarly, the use of NO3
- and NH4

+ by heterotrophic bacteria in low 

chlorophyll waters does not support the bacterial N production in the present study. This suggests that 

in addition to a high heterotrophic bacterial contribution to the overall DIN uptake, organic N sources 

may also be used to a considerable extent. It should be expected that, under such conditions, the 

heterotrophic bacterial community can contribute more to the pool of particulate organic matter than 

the phytoplankton. This is supported by the lower C:N ratio of particulate organic matter measured in 

low chlorophyll conditions. 
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It is clear that phytoplankton was the main contributor to the total microbial NO3
- and NH4

+ 

uptake (60% on average) in Thau Lagoon in autumn. Free-living heterotrophic bacteria were 

responsible for a large contribution (>30%) to the total NH4
+ and NO3

- uptake when the phytoplankton 

biomass, and associated C and N production, was reduced at the end of autumn. The lower 

phytoplankton biomass and production observed in the coldest waters may be due to the high filtration 

by oysters or export through sedimentation [13] after the flash flood event that occurred at the end of 

the study period. The low biomass specific DIN uptake rates estimated for free-living heterotrophic 

bacteria did not support their competition superiority for DIN initially hypothesised in low chlorophyll 

waters. In these conditions, heterotrophic bacteria seemed to rely more on allochthonous N and C 

sources than on autochthonous phytoplankton-derived sources. This supports the apparent low 

dependence of heterotrophic bacteria upon PP in low chlorophyll marine waters, initially suggested for 

C fluxes in oligotrophic marine waters [11 12] and also demonstrated in nutrient-rich coastal waters 

with a high grazing pressure on phytoplankton [14]. Further investigations are requested at different 

seasons and in a wide range of geographical marine areas in order to confirm these results and 

extrapolate the conclusions. 
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Figure legends 

Fig. 1 – Sampling location at the Angle Creek in Thau Lagoon (France) 

 

Fig. 2 – Relative abundances as percentages of phytoplankton groups determined from pigment marker 

analysis during sampling from 11 September to 12 November 2008. The correspondence between the 

phytoplankton groups and the pigments marker is: Diatoms (fucoxanthin); Cryptophytes (alloxanthin); 

Cyanobacteria (zeaxanthin); Green flagellates (Chl b); Dinoflagellates (peridinin); Prymnesiophytes (19‘ 

hexanoyloxyfucoxanthin) 

 

Fig. 3 – Nitrate (A) and ammonium (B) uptake in µmol.L-1.h-1 (mean, standard deviation) for 

phytoplankton and heterotrophic bacteria (shaded bar corresponds to the contribution of free-living 

bacteria of the total bacteria uptake) from 11 September to 12 November 2008. 

 

Fig. 4 – Scatterplot of the relationship between the contribution of free-living heterotrophic bacteria to 

total microbial NH4
+ and NO3

- uptake rates (expressed in %, average and SD) versus Chl a 

concentrations (µg.L-1) from 11 September to 12 November 2008. Concentrations of NH4
+ and NO3

- are 

plotted in the insert.  

 

Fig. 5 – Box plot distribution of biomass specific uptake rates of NH4
+ and NO3

- (h-1) for phytoplankton 

and heterotrophic free-living bacteria (n=9) measured in waters with chlorophyll a concentrations below 2 

µg chl a.L-1. p-values of the Wilcoxon signed-rank test are displayed. The lowest boundary of the box 

indicates the 25th percentile, the line within the box marks the median, and the highest boundary of the 

box indicates the 75th percentile. Whiskers above and below the box indicate the 90th and 10th 

percentiles, respectively. 
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Table Legends 

Table 1 - Physical data (temperature (°C), salinity and solar radiation (J cm -2)), nitrate and ammonium 

concentrations (µmol L-1), abundance of microorganisms (nanoplankton, picoeukaryote, cyanobacteria 

and free-living heterotrophic bacteria) (cell mL-1), concentration of Chl a (µg L-1), and rates of Primary 

Production (µmol C L-1 h-1) and Particulate Organic Carbon and Nitrogen (POC and PON (µmol L-1)) at 

the Creek station from 11 September to 12 November 2008.  

 

Table 2 –Matrix of Spearman Correlations performed between the parameters tested for significance at 

p<0.05 (in grey) and p<0.01 (in dark). Temp: temperature, NH4: ammonium, NO3: nitrate, Ab: 

abundance, Cyano: cyanobacteria, Picoeuk: picoeukaryotes, Nano: nanoplankton, Bact: free-living 

heterotrophic bacteria, PP: primary production, POC and PON: Particulate organic carbon and nitrogen 

respectively, fuco: fucoxanthin concentration, allo: alloxanthin concentration, zea :zeaxanthin 

concentration, Chl b: chlorophyll b concentration, 19‘HF: 19‘ hexanoyloxyfucoxanthin concentration.  

 

Table 3 – Total BP and BP:PP ratio, based on hourly rates, and the fraction (%) of heterotrophic bacterial 

C and N production supported respectively by freshly produced phytoplanktonic exudates, NH4
+ uptake 

and NO3
- uptake in samples collected at the Creek station from 7 October to 12 November 2008.. 

 



Table 1 

S ol a r ra di a t i on T e m p. S a l i ni t y NH 4 
+ NO 3 

- Cya noba c t e ri a P i coeukaryote N a nopl a nkt on Ba c t e ri a P hyt opl a nkt on  
P roduc t i on Chl   a POC PON 

J  c m -2 (° C) µ M µ M 10 4 c e l l  m L -1 10 4 c e l l  m L -1 10 4 c e l l  m L -1 10 6 c e l l  m L -1 µ m ol  C L -1  h 1 µ g L -1 µ M µ M 

1 1 S e pt . 300 22.4 36.6 0.19 (0.01) 1.13 (0.21) 0.85 2.39 0.68 5.54 2.74 (0.03) 5.17 81.31 (10.36) 16.10 (2.15) 

18 S e pt . 545 21.5 37.,3 0.22 (0.03) 0.03 (0.01) 2.05 4.43 0.12 2.78 0.59 (0.03) 1.33 46.14 (8.48) 12.64 (2.03) 

24 S e pt . 1554 18.0 38.8 0.25 (0.01) 0.29 (0.01) 0.99 1.89 0.07 4.89 0.51 (0.10) 0.96 42.50 (5.90) 12.72 (1.73) 

01 O c t . 1561 17.4 38.8 0.28 (0.06) 0.48 (0.01) 0.29 0.56 0.07 4.51 0.36 (0.02) 0.61 41.64 (2.65) 1 1.82 (1.32) 

07 O c t . 746 16.3 36.6 0.78 (0.16) 0.40 (0.01) 1.5 5.93 0.18 2.76 0.62 (0.17) 1.31 52.35 (5.03) 12.40 (1.17) 

16 O c t . 989 19.3 38.4 0.23 (0.05) 0.22 (0.04) 0.8 3.02 0.1 1 6.37 1.37 (0.002) 2.47 80.96 (17.22) 17.35 (2.71) 

20 O c t . 542 17.6 38.3 1.17 (0.21) 0.37 (0.01) 0.24 1.05 0.09 5.78 0.48 (0.01) 1.66 47.61 (3.48) 12.54 (1.69) 

30 O c t . 614 12.2 36.6 1.50 (0.01) 0.10 (0.01) 0.06 0.61 0.01 4.09 0.17 (0.05) 0.68 38.97 (3.79) 1 1.69 (0.81) 

12 N ov . 377 14.8 35.0 4.41 (0.06) 5.85 (1.21) 1.14 2.98 0.18 7.45 0.37 (0.17) 1.66 47.08 (5.47) 12.65 (1.56) 

S a m pl i ng da t e 



Table 2 

Light Temp Salinity NH4 NO3
Cyano 

Ab

Picoeuk 

Ab
Nano Ab Bact Ab PP POC PON

Euk NH4 

uptake

Euk NO3 

uptake
fuco allo zea Chl b peri 19'HF

Light

Temp -0.06

Salinity 0.76 0.30

NH4 -0.43 -0.59 -0.73

NO3 -0.37 -0.27 -0.70 0.90

Cyano Ab -0.20 0.45 -0.28 -0.04 0.12

Picoeuk Ab -0.29 0.27 -0.37 -0.01 0.08 0.87

Nano Ab -0.48 0.59 -0.35 -0.11 0.18 0.17 0.18

Bact Ab -0.14 -0.07 -0.14 0.54 0.65 -0.37 -0.38 0.18

PP -0.32 0.70 -0.07 -0.35 -0.06 0.09 0.13 0.91 0.22

POC -0.28 0.60 -0.02 -0.29 -0.04 0.09 0.24 0.69 0.35 0.90

PON -0.16 0.59 0.09 -0.29 -0.06 0.07 0.16 0.54 0.43 0.82 0.97

Euk NH4 uptake -0.54 0.39 -0.13 0.05 0.08 0.22 0.34 0.25 0.08 0.23 0.34 0.23

Euk NO3 uptake -0.37 0.61 -0.21 -0.23 0.06 0.04 0.06 0.96 0.24 0.97 0.80 0.69 0.16

fuco -0.34 0.64 -0.04 -0.16 0.05 0.39 0.48 0.46 0.33 0.67 0.88 0.89 0.52 0.52

allo -0.43 0.28 -0.34 -0.03 0.14 -0.11 0.05 0.85 0.35 0.86 0.75 0.65 0.01 0.89 0.46

zea -0.23 -0.47 -0.59 0.94 0.92 0.15 0.10 -0.20 0.54 -0.41 -0.30 -0.26 0.00 -0.32 -0.08 -0.17

Chl b -0.59 0.70 -0.19 -0.30 -0.12 0.30 0.41 0.81 0.04 0.87 0.82 0.70 0.57 0.80 0.76 0.71 -0.38

peri -0.42 0.59 -0.14 -0.27 -0.03 -0.09 -0.06 0.94 0.22 0.94 0.74 0.62 0.23 0.97 0.45 0.87 -0.40 0.82

19'HF 0.08 0.25 0.27 -0.34 -0.29 0.12 0.41 -0.01 0.08 0.30 0.66 0.68 0.35 0.10 0.73 0.16 -0.26 0.41 0.04



Table 3 

7-Oct-08 16-Oct-08 20-Oct-08 30-Oct-08 12-Nov-08

Bacterial C Production (mmolC L
-1

 h
-1

) 0.07 0.15 0.07 0.09 0.12

Ratio of BP:PP (%) 11 11 14 53 32

Fraction of bacterial C production supported by freshly produced phytoplanctonic exudates  (%) 109 50 36 7 23

Fraction of bacterial N production supported by NH4
+
 uptake (%) 362 142 211 87 89

Fraction of bacterial N production supported by NO3
-
 uptake (%) 86 56 4 1 36

sampling date
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