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ABSTRACT: A s tidal range is very small in the M editerranean, the Rhone River plume (1 6 0 0 m 3 s'1) spreads 
as a thin layer of low density water over the seawater. Schematically, the water colum n of the plum e area 
is constituted by three layers. The upper freshwater layer is about 1 -1 .5m  d eep  and carries heavy loads 
of organic and mineral particles as well as dissolved com ponents. The intermediate layer, of 0 .5-1  m, is a 
discontinuity zone, show ing strong density and dissolved nutrients gradients. The third layer, seawater, receives 
mostly particles from the other layers. In the R hone water layer, as well as in the seawater, bacterial production  
and biom ass are relatively constant, whatever m ore important in the freshwater. The three superposed layers 
show ed three distinct microbial com munities. The river water community is com posed  of freshwater bacteria, 
with low activity. The interface layer community can be described as a juvenile com munity of oligotrophic 
marine bacteria. The marine water community w as characterized by low numbers of bacteria whith growth 
limited by organic substrate availability.

Introduction

Contact zones between two water masses are called 
fronts. The physical and biological phenom ena occur­
ring at such interfaces are of great interest to oceano­
graphers as well as ecologists. From an oceanographi­
cal point of view, biomass is higher at fronts at spatio- 
temporal mesoscales, and this plays a major role in 
the global productivity of oceans. From an ecological 
perspective, the properties of the contact zone are 
determ ined by the fluxes of material between water 
masses, and the different densities, which affects the 
buoyancy of the organisms.

Microorganisms can respond rapidly to external 
events and then, the structure of microbial com m uni­
ties at fronts should be different from the surrounding 
between water masses. So, as for macroscopic com ­
munities at the interface, that are distinct from those 
of the two adjacent water masses (Frontier, 1986), 
bacterial communities may also differ in the frontal 
zone (Ducklow, 1983; Egan and Floodgate, 1985).

Coastal plum es are excellent sites for studying such 
situations, as they are characterized by distinct salinity 
structures. The Rhone River plume (1600m 3. s'1) is 
especially suitable because of the lack of tide in the 
Mediterranean Sea. The freshwater forms a thin lens 
(1-1.5m) of low salinity water with high-nutrient con­

centration, overlaying oligotrophic seawater. The 
plume-sea boundary is about lm  deep with strong 
physico-chemical gradients.

We have already shown that the bacterial produc­
tion is greater at the plume-sea boundary (Soto and 
Bianchi, 1988, Kirchman et al, 1989). In this report 
we focus on (i) the nature of the microorganisms at 
the interface, com pared with those of the river water 
and the seawater; (ii) the ecology of microbial com ­
munities in the three layers.

Materials and M etho ds

At a station close to the m outh of the Rhone River 
several depth profiles were taken during a cruise in 
May 1988. As the results were very similar for the 
studied param eters we shall described one typical 
profile. Water samples were pum ped up to  the boat 
at intervals of 50 cm. from the surface to a depth 
of 2.5m, as described previously (Kirchman, et al, 
1989).

The tem perature and salinity were determ ined in 
the three layers with electrods (Yellow Springs Instru­
m ent Co). Ammonium concentrations were measured 
on board (Strickland and Parsons, 1972). Concentra­
tions of nitrite, nitrate and phosphate were m easured 
with an automatic Technicon analyser (Strickland and 
Parsons, 1965). Amino acid concentrations were de-
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Figure 1. Vertical distribution of (a) Tem perature, salinity, and (6) nutrient salts in the three layers.

termined using high pressure liquid chrom atography 
(HPLC and the m ethod described by Lindroth and 
M opper (1979). We used a Kontron Com pact System 
LCS 620  equipped with a Beckman column (Ultras­
phere ODS 5p 4.6 X 250mm).

Bacteria were counted by epifluorescence micros­
copy using DAPI (Porter and Feig, 1980) and image 
analysis {Van W ambeke, 1988). Microflageilates were 
counted using a double staining m ethod (Sherr and 
Sherr, 1983); autotrophic microflageilates and other 
phototrophic organisms were distinguished by their 
autofluoreseing chlorophyll.

In order to differentiate the nutritional nature of 
viable bacteria in each layer, counts were done using 
two nutrient rich media: marine agar (Difco) and fre­
shwater nutrient agar (Difco), and two oligotrophic 
media: Rhone River water and M editerranean seawa­
ter enriched with 10 mgl'1 of yeast extract, without 
distort the oligotrophy (Olsen et Bakken, 1987), and 
15g of agar. Serial dilutions of water samples were 
prepared to IO '5 in 9ml am ounts of sterile seawater 
and were inoculated (0.2ml) in duplicate on each m e­
dium plate. Incubation time was 15 days.

Incorporation rates of (methy 1'3H) Thymidine (Fub-
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Figure 2. Dissolved amino acid concentrations in 

the three layers.
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rman and Azam, 1982) and (MC) Leucine (Kirchman 
et al, 1985) were performed as described by Kirch­
man. et al. (1989), except that the final concentration 
of labelled com pounds which was 20 nM.

Results

The three layers (freshwater, interface and seawater) 
were clearly distinguished by their tem perature, sali­
nity and nutrient concentrations (Figs l a  and lb). The 
river water layer was about 50cm  deep, whereas the 
interface was 1.5m. The seawater conditions of high 
salinity and low nutrient content were established be­
low 2m  depth.

In the low salinity water and seawater, the amino 
acid concentration was less than 0.8 |iM, while it sho­
wed a clear increase. (1.4 pM) at lm  depth, which 
corresponded to the interface water (Fig. 2).

The bacterial densities decreased from freshwater
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Figure 3. (a) Densities of bacteria and heteroflagellates, 
into heterotrophic bacteria.
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(5.5 X IO6 cells ml'1) to seawater (2X IO6 cells m l1). 
The drop of bacterial counts was clear in the interface 
zone (Fig. 3a). The population densities of microbial 
predators (350 cells ml'1) were similar in freshwater 
and in seawater (Fig. 3a). The population densities 
of heterotrophic flagellates were a little greater at 50 
and 150 cm (Fig. 3a). The heterotrophic bacterial acti­
vity, as m easured by thymidine or leucine incorpora­
tion rates, were greatest in the interface water (Fig. 
3b). In the overlaying river water and in the seawater, 
the bacterial activities showed similar values, which 
were about half of the rates m easured in the interface 
water.

Viable counts of heterotrophic bacteria, obtained 
with the oligotrophic river water medium, were higher 
than numbers of colony forming units (CFU) from 
the other culture media in the samples from the sur­
face, 50cm and 100cm  depths (Fig. 4). At the contact
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Figure 4. Viable counts perform ed on two oligotrophic 
and two nutrient rich freshwater and seawater 
culture media.

zone between interface water and seawater (150 and 
200cm) viable counts on all media decreased and 
the greatest numbers of CFU were found on seawater 
oligotrophic medium (Fig. 4).

Autotrophic cells (diatoms, autotrophic flagellates 
and cyanobacteria) showed a vertical distribution si­
milar to that of nutrients (Fig. 5). Similarly to viable 
counts of heterotrophic bacteria numbers dropped 
abruptly at the 150 cm depth. Then, autotrophic or­
ganisms densities were always low in the water column 
(Fig. 5).

Discussion

The three water layers (river water, interface water 
and seawater), were defined by their physical and che­
mical param eters and constituted three different eco-

200

300

mmmmmwmm
Wmm

B  Phytoplankton 

M Autof lagel la tes 

d  Cyanobacteria

500

400
Figure 5. Densities of autotrophic organisms in the 

three layers.

systems.
All enum erated organisms, including bacteria, were 

more numerous in Rhone River water than in seawa­
ter. This was related to the eutrophication degree of 
each water mass (Figs 1 and 2). However, bacterial 
activities, expressed as thymidine and leucine incor­
poration rates, were similar in both ecosystems, d e ­
monstrating a higher activity of bacteria in marine 
water than in freshwater. The low num ber of bacteria 
in seawater probably resulted from the oligotrophic 
nature of the M editerranean Sea. In the more eutro- 
phicated Rhone River water, bacterial predators regu­
lated bacterial numbers, as in many aquatic environ­
ments (Palumbo et al., 1984; Azam et al., 1983).

In the interface layer, site of strong physical and 
chemical gradients, freshwater planktonic organisms 
(phytoplankton as well as Zooplankton) suffer from 
the density increase and release metabolites and cell 
content. This could be reflected by the peak of dissol­
ved amino acid concentration (Fig. 2) in the interface 
water, So, the increase of heterotrophic bacterial acti­
vity in the interface layer (Fig. 2b), already drescribed 
in winter conditions by Kirchman et al. (1989), proba-
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bly originated from the organic m atter retained by 
the physical barrier between the two water masses 
(Zutic and Legovic, 1987). The increase of dissolved 
organic matter, we m easured as dissolved amino 
acids, was able to support this increased bacterial gro­
wth.

Thymidine and Leucine m ethods may give the best 
estimates of rate of bacterial biomass production and 
reveal other aspect of the metabolism of bacterial as­
semblage (Kirchman et al., 1986). The rates of tracer 
incorporation in interface layer were twice as large 
as those m easured in the river layer and in the seawa­
ter layer. Linley et al. (1983) m easured a bacterial 
production six times higher in a frontal sampling sta­
tion, off the English Channel (Ushant Front), than 
in the mixed shelf water. On the other hand, in such 
ecosystems (discontinuities), microbial communities, 
based on experimental time scale, are in a state of 
unbalanced growth (Hanson et al., 1986).

The decrease of viable bacterial counts from the 
river water to the seawater (Fig. 4) reflected the dec­
rease of total num ber of bacteria (Fig. 3a). The use 
of oligotrophic medium, m ade of river water, dem on­
strated the presence of bacteria adapted to the river 
conditions (Fig. 4). Their disappearance in the bottom 
seawater, starting already in the interface water, is 
in agreem ent with the massive death of freshwater 
bacteria entrained in brakish water, hypothesized by 
Painchaud et al. (1987).

In the interface layer the more num erous bacteria 
were enum erated on oligotrophic marine agar. This 
result also agrees with the model of Painchaud et al. 
(1987) concerning bacterial fluxes in an estuary, in 
which the estuarine bacteria were growing rapidly be­
cause of the large am ounts of undegraded organic 
material from freshwater organisms already evo­
ked.

In this layer of high bacterial production, the num ­
ber of bacteria, as well as the num ber of heterotrophic 
protozoa, did not increase (Fig. 3). Com paring the 
heterotrophic flagellates/bacteria ratio, Linley et al. 
(1983) found values similar o r lower in frontal waters 
than in mixed and stratified waters. It is possible that, 
in such ecosystems dem onstrating a high bacterial 
production, the biomass gets rapidly exported by gra­
zing from flagellates to copepods (Painchaud et al., 
1987) combined to physical phenom ena like currents 
or sinking (Le Fèvre and Frontier, 1988).

In conclusion, the three superposed ecosystems 
showed three specific bacterial communities. The river 
water community was com posed of freshwater bacte­

ria growing at the expense of autotrophic planktonic 
organisms. The interface layer community dem onstra­
ted a high production activity com bined with low bac­
terial densities. This community, controlled by bio­
mass exportation, could be described as a juvenile 
community com posed of oligotrophic bacteria. The 
marine water community, characterized by lower bac­
terial numbers and higher bacterial activity than in 
the river water, was regulated by the availability of 
organic substrates.

A k n o w le d g em en ts

This work was done during the cruise “Micro- 
R hône” (4-10 May 1988). We are pleased to thank 
Dr. F. Van W ambeke and J. Garcin for their technical 
help during the field work, D. H ureau and Dr. R. Dau- 
mas for measuring dissolved am ino acids. We are also 
pleased to thank Captain and Crew of the n /o  “KO­
ROTNEFFI We are grateful to Dr. D. Moriarty for 
his reading of the manuscript.

References

Azam F., Field J. G., Gray J. S., Meyer Reil L. A et 
Thingstad F., 1983. The ecological role of water- 
column microbes in the sea. Mar. Ecol. Prog. Ser., 
10: 2 5 7 - 2 6 3 .

Ducklow H. W., 1983. Production and fate of bacteria 
in the oceans. Bioscience., 5 5 :4 9 4  — 501.

Egan B. and Floodgate G. D., 1985. Biological studies 
in the vicinity of a shallow sea tidal mixing front. 
III. The distribution of bacteria. Phil. Trans. R. 
Soc. London, B130 : 435  — 444.

Frontier S., 1986. Studying fronts as contact ecosys­
tems. In: Ed by J. C. J. Nihoul. Marine interfaces 
ecohydrodynamics. Elsevier Oceanography Series 
42, Amsterdam: 55 — 66.

Fuhrman J. A. and Azam F., 1982. Thymidine incor­
poration as a m easure of heterotrophic bacteriop- 
lankton production in the Southern California Bi­
ght. Mar. Biol., 66 :1 0 9  — 120.

Hanson R. B., Pomeroy L. R. and Murray R. E., 1986. 
Microbial growth rates in a cold-core Gulf Stream 
eddy of the northwestern Sargasso Sea. Deep Sea 
Res., 5 5 :4 2 7 - 4 4 6 .

Kirchman D., K’nees E. and H odson R., 1985. Leucine 
incorporation and its potential as a m easure of 
protein synthesis by bacteria in natural aquatic 
systems. Appl. envir. Microbiol, 49 :5 99  — 607. 

Kirchman D., Murray R. E. and H odson R., 1986. Ra­
tes of DNA and protein synthesis by heterotrophic



42 Marine Nature 3, 1990

bacteria in aquatic environments: A com paraison 
between the thymidine and Leucine approaches.
S ym posium  on M icrobial Ecology, L jubljana, 

Yugoslavia.
Kirchman D., Soto Y., Van W ambeke F. and Bianchi 

M„ 1989. Bacterial production in the Rhone River 
plume: Effect of mixing on relationships am ong 
microbial assemblages. Mar. Ecol. Prog. Ser., 53 : 
2 6 7 - 2 7 5 .

Le Fèvre J. and Frontier S., 1988. Influence of tem po­
ral characteristics of physical phenom ena on pla­
nkton dynamics, as shown by North-West euro­
pean marine ecosystems. In: Ed. by B. J. Roths­
child. Toward a theory on Biological-Physical in­
teractions in the World Ocean. Kluiver Academic 
Publisher., 245  — 272.

Lindroth P. and M opper K., 1979. High performance 
liquid chromatographic determination of subpi- 
comole am ounts of amino acids by precolumn 
fluorescence derivatization with o-phtaldialdehy- 
de. Anal, ehem., 5 1 :1 6 6 7  — 1674.

Linley E. A. S., Newell R. C. and Lucas M. J., 1983. 
Quantitative relationships between phytoplank­
ton, bacteria and heterotrophic microflageilates 
in shelf waters. Mar. Ecol. Prog. Ser., 12: 77 — 89.

Olsen P. A. and Bakken L. R., 1989. Viability of soil 
bacteria, optimization of plate counting technique 
et com paraison between total counts and plates 
counts within different size groups. Microb. Ecol, 
13: 5 9 - 7 4 .

Palumbo V. A., Ferguson R. L. and Rublee P. A., 1984. 
Size of suspended bacterial cells and associations

of heterophic activity with size fractions of parti­
cles in estuarine and coastal waters. Appl. envir. 
Microbiol., 4 8 : 157 — 164.

Painchaud J., Lefaivre D. and Therriault J. C., 1987. 
Box model analysis of bacterial fluxes in the St. 
Lawrence estuary. Mar. Ecol. Prog. Ser., 41 : 241 — 
252.

Porter K. G. and Feig Y. S., 1980. The use of DAPI 
for identifying and counting aquatic microflora. 
Limnol. Oceanogr., 29: 943  — 948.

Sherr E. B. and Sherr B. F., 1983. Double-staining 
epifluorescence technique to assess frequency of 
diving cells and bacterivory in natural populations 
of heterotrophic m icroprotozoa. Appl. envir. M i­
crobiol., 4 6 : 1 3 8 8 —1393.

Soto Y. and Bianchi M., 1988. Bacterial abundance 
and growth in oligotrophic M editerranean seawa­
ter and Rhone river plume. Marine Nature, 1 : 15 
- 20 .

Strickland J. D. and Parsons T. R., 1965. A manual 
of seawater analysis. 2nd rev. ed. Fish. Res. Bd  
Can. Bull, 12 : 1 - 2 0 3 .

Strickland J. D. and Parsons T. R., 1972. A practical 
handbook of seawater analysis. Fish. Res. Bd Can. 
Bull., 167: 1 - 3 1 1 .

Van Wambeke F., 1988. Numération et taille des ba­
c téries  p la n c to n iq u e s  au  m oyen  d e  l’an a ly se  
d ’image. Ann. Inst. Pasteur Microbiologie, 139 : 261 
- 2 7 2 .

Zutic V. and Legovic T., 1987. A film of organic m atter 
at the fresh-water/sea-water interface of an es­
tuary. Nature, 328 : 612 — 614.

This article was presented by professor K. -T. Kim. 
It was accepted for printing on I June 1990.


