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Abstract -Bacterial and phytoplankton biomasses were estimated in a four-year study along a saline gradient (the dilution 
plume of the Gironde estuary on the Aquitanian continental shelf), by measuring bacterial abundance and mean cell 
volumes (epifluorescence counts) and chlorophyll-a concentrations (in vitro fluorescence). The spatial and temporal dis- 
tribution of phytoplankton enabled us to determine the seasonal succession of algal lblooms, sprouting in the marine waters 
of the inner shelf in early spring (picoplanktonic forms), reaching their annual maximum (10 pg L-l) in plume waters in 
advanced spring, and moving to estuarine waters in the summer (> 20 pm forms). Bacterial biomasses followed mainly a 
decreasing dilution gradient, especially in winter and early spring, with maximum estuarine values reaching lo7 cell mL-’ 
(more than 30 % of small attached cells and more than 60 % of free small cocci), in accordance with estuarine discharges 
into the inner shelf zone. Moreover, plume waters showed an additionnal peak of bacterial numbers and mean cell volumes 
in early summer, with increasing proportions of larger rod- and vibrio-shaped bacteria. A clear morphometrical succession 
was followed in marine waters, from a majority of attached and coccal cells in winter, to maximal proportions of larger 
vibrio-shaped bacteria, inducing a maximal spring level of total abundance (2 x lo6 cell mL-I) and high mean cell volumes 
(0.044 pm3), coinciding with the marine vernal bloom. Bacterial estimated biomass represented, consequently, a wide 
range of proportions compared to phytoplankton: only when a good correlation was found between them, bacterial-C/phy- 
toplankton-C ratio was close to l/4, a correlation that improved in warmer periods, throughout different water types. Due 
to the relavitely narrow range of chlorophyll-u values, we could not find a high predictive correlation when pooling all the 
4-year data, a relationship that has been outlined in important reviews by pooling together different aquatic systems. We 
noticed, however, that in the particular environment of our study (high inputs of particulate detritic matter) bacterial-C 
usually dominated the microbial pool (specially in estuarine and plume waters and in light-limited conditions). This 
dominance, added to the frequent dominance of small-sized phytoplankton, leads to an enhanced “microbial loop” activity, 
defining a “maintenance system” (oligotrophic conditions), which alternates witlh some eutrophic periods. 0 Elsevier, 
Paris 
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R&sum6 - Variabilite saisonnKre des biomasses microplanctoniques dans le panache girondin (golfe de Gascogne) : 
importance des bactCries. Les biomasses bactkriennes et phytoplanctoniques ont Ctt estimCes au tours d’une Ctude menCe 
sur quatre ans, le long d’un gradient halin (panache de dilution girondin, sur le plateau continental Aquitain), par des mesu- 
res globales d’abondances et biovolumes bactkriens (comptages en dpifluorescence) et par des mesures de chlorophylle-a 
(fluorimktrie extractive). La rkpartition spatio-temporelle des micro-algues nous a permis de prCciser la succession spatio- 
temporelle de leurs pousstes, depuis le debut du printemps (formes picoplanctoniques) en eaux marines, vers une situation 
de pousste de panache (maximum annuel de 10 pg chl-a.L-‘), puis vers la situation de poussCe phytoplanctonique estivale 
(formes > 20 pm). Un gradient de dilution dkcroissant caractkrise les biomasses bactgriennes, sptcialement en hiver et au 
d6but du printemps, les maxima estuariens atteignant les lo7 cell.mL-‘, 30 % de petites bact&ies attachCes, et plus de 60 % 
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de formes coccoi’des libres. Les eaux de panache ont present6 un pit de biomasses a la transition printemps-CtC, avec 
encore 15 % de batteries attachees, mais de fortes proportions en grandes formes libres (vibrio’ides et batonnets). En eaux 
marines, on decble une succession morphometrique, avec une majorite de batteries attachees et coccoYdes en hiver, alors 
que les formes libres vibrio’ides sont fortement representees au printemps, provoquant, au moment du bloom algal, un 
nilleau maximal d’abondances (2 x 1 Q6 cell.mL-‘) et de volumes moyens cellulaires bacteriens (0,044 um3). L’importance 
relative des biomasses bacteriennes par rapport au phytoplancton est par consequent extremement variable, et la relation 
etablie entre les deux stocks, lorsqu’elle existe, est d’autant plus significative que l’on avance dans la saison, le rapport 
moyen C-bact/C-phyto Ctant de l/4. En raison du manque de representativite des fortes concentrations chlorophylliennes 
dans cette etude, nous n’avons pas retrouve la correlation hautement significative d&rite dans les syntheses bibliogra- 
phiques, englobant un bon nombre de systemes aquatiques. Nous avons toutefois remarque que, dans cet environnement 
particulier (importants apports particulaires detritiques), le C-bacterien domine le plus souvent au sein du yool de bio- 
masse microbienne (surtout en eaux dessalees, et lors des periodes de limitation par la lumiere). Cette dominance bac- 
terienne, ajoutee a la presence dun phytoplancton de petites dimensions, denote dune activite accrue de la << boucle 
microbienne >>, et permet de caracteriser un systeme de << maintenance >> (conditions oligotrophes), alternant au tours des 
saisons avec quelques periodes eutrophes. 0 Elsevier, Paris 

bactkies / phytoplancton / rapport des biomasses microbiennes I variabilitk saisonnihre I panache de dilution 
girondin 

1. INTRODUCTION 

In the last thirty years, new direct methods have been 
developed in microbial ecology which allow the increas- 
ing importance of bacterial biomass and production in 
aquatic ecosystems to be shown. Playing a key role in the 
remineralization of organic matter, bacteria also repre- 
sents quite an important microplanktonic organic matter 
pool, that fluctuates all over the seasons, more or less 
available to predators, in what Azam et al. [6] called the 
‘microbial loop’. 

Even though the relationship between phytoplankton and 
bacteria has been pointed out in several studies and 
reviews concerning fresh, brackish and marine ecosys- 
tems [II, 13, 16, 27, 611, recent studies over a monthly, 
seasonal or inter-annual scale have shown a lack of cova- 
riation of those components of microbial biomass [14, 24, 
34,461. In fact, a time gap found between algae and bac- 
terial seasonal development was supposed to convey a 
bacterial ‘response’ to phytoplankton dynamics, occuring 
days/weeks later than the algal bloom [ 15, 28, 47, 681. 

In coastal zones, allochthonous inputs of organic matter 
and associated-microplankton from rivers and estuaries 
may be important and may alter or determine rhythms of 
microplanktonic seasonal and inter-annual dynamics. In 
fact, bacterial growth can be highly influenced by alloch- 
tonous inputs of organic matter and by mixing processes, 
which can interfere in the photosynthetic-derived-C con- 
trol of bacterial growth (extracellular phytoplankton 

release, [7]). ‘Normal’ relationships between bacteria and 
phytoplankton, as they have been defined in the cross- 
system reviews cited above, may be disrupted in river 
plumes [23, 401. 

By studying the Aquitanian shelf under direct influence 
of the macrotidal and highly turbid Cironde estuary over 
four years (1992-1995), the author wanted to determine 
whether or not bacteria represented an important part of 
microplankton stocks throughout the year in this coastal 
and shelf area; which had never been sampled in a cou- 
pled bacteria-phytoplankton study. 

To begin with, the principal patterns of variability of both 
stocks have been defined over all the seasons, across dif- 
ferent years, by completing the delimitation of different 
seasonal situations, pre-defined in a previous study on 
temperature and chlorophyll-n distribution in surface 
waters [4]. For this purpose, the salinity parameter 
appeared to be the most discriminant one. 

In order to separate seasonal patterns of variation of ‘00th 
microbial parameters in the different types of water 
masses meeting at the Aquitanian inner shelf, the isoha- 
line of 30 was taken as the upper boundary of estuarine 
discharge in coastal waters and the lower limit of dilution 
plume shelf waters, and the isohaline of 34, as the upper 
limit of dilution plume and the lower limit of marine shelf 
waters [9]. Afterwards, both microplanktonic biomasses 
variability was summarised by comparing the bacteria/ 
phytoplankton carbon-ratio along the year, and by testing 
the eventual correlations between both microbial stocks. 
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The relative importance of bacterial carbon (bact-C) was 
also approached by a comparison with the particulate 
organic carbon (POC), at three different spring situations, 
in order to completle our understanding of the two major 
components of microplanktonic-C. 

2. MATERIALS AND METHODS 

2.1. Sampling 

This study concern’ed the immediate zone off the mouth 
of the Gironde estuary, from where transects East-West, 
East-SW and East-NW were done. The sampling net- 
work was essentially determined by weather conditions, 
and was mainly conducted on a 20 m-long coastal ship, 
the ‘C&e d’Aquitaine’ (CNRS-INSU). In 16 surveys from 
three days to three weeks (1992-1995), most of the 
extent of what is called the ‘dilution plume of the Gironde 
estuary’ and part of the inner Aquitanian shelf directly 
influenced by this coastal plume were sampled (figure I). 
The missions wene part of the ‘Programme National 
d’oceanographie C&&e’ (PNOC), the ‘ECOMARGE 
programme and the ‘Programme National de TClCdetec- 
tion Satellitale’ (PNTS, ‘CALIBSAT’ cruises), and were 
carried out on different dates (table I). 

2.2. Hydrography and particulate matter analysis 

Temperature, conductivity (and derived salinity) and 
depth were recorded mainly by a SBE 25-03 sea logger 
CTD, except on the 1992 cruises, when a Zullig and a 
M.E.-GMBA CTD were employed. 

Suspended Particulate Matter (SPM) concentration was 
determined by filtering surface waters collected in ‘Niskin 
bottles or in distillate-water-rinsed buckets, into previ- 
ously weighed GIFK (Whatman) filters, which were 

afterwards dried at 60 “C overnight, and weighed again. 
The organic part of suspended matter was determined 
only in spring using a CHN autoanalyser (Carlo-Erba), 
after filtration onto pre-calcinated GF/F (Whatman) fil- 
ters and after an overnight decarbonatation period with 
HCl fumes [41]. 

2.3. Phytoplankton and bacterioplankton 

Water samples were taken using 5 L or 8 L acid-washed 
and water-rinsed Niskin bottles, at different depths 
(essentially in surface and euphotic zone waters). 

Subsamples for pigment analysis were pre-filtered 
through nylon meshles of 300 or 200 pm, in order to elim- 
inate as much zooplankton as possible. Then, 0.25 to 
1.5 L of them were filtered into GF/F Whatman glass- 
fibre filters. Filters were stored frozen at -20 “C in the 
dark until analysis. In the laboratory, they were ground 
and then extracted overnight at 4 “C with 90 % acetone 
[Ql. 
Chlorophyll-u (chl-cx) and degraded pigments (phaeopig- 
ments) were determined by the fluorescence method [70], 
before and after adding HCl at O.O3M, on a Turner 
Designs (model 10-005) fluorometer. Pigments were 
expressed directly in pg of chlorophyll-a equivalents per 
L [17]. Microphytoplankton (20-200 pm), nanophyto- 
plankton (3-20 pm) and picophytoplankton (0.4-3 pm) 
proportions were determined only on some spring 
cruises, using different successive filtrations: pre-filtra- 
tion through nylon meshes of 200 and 20 pm, and filtra- 
tion through 3 and 0.4 pm Nuclepore filters. 

Subsamples for bacterial measures were collected on 
pressure-sealed sterilized 60 mL glass flasks. They were 
immediately preserved in borate-buffered filtered forma- 
lin (final concentration 5 %), and stored at 4 “C until 
being filtered, less than two months later, in order to min- 

Table I. Dates of the cruises on the Aquitanian Shelf, corresponding to the 8 different seasonal :situations (capital letters) defined in the text 
(see also$,pre 3). 

A B C D E F G H 

Seasonal Wjinter Winter-Spring Inner-Shelf Plume Spring- Estuarine 
Situation Transition Early Sprhlg Spring Bloom Advanced- Summer Summer Autumn 

Spring Bloom Transition Bloom 

1992 - 03/01 03/26-30 05/06-08 01/02-04 - 09/26-10101 
1993 02/10-13 03123-24 04/04- 18 05125-30 06/14- 18 07/28-29 10/13-14 
1994 01/31-02102 - - - 05103-17 07/O%13 - - 

05/03-09 
1995 - - - 05/l&26 - - - - 
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45” 

Figure 1. Sampling Area for 1992, 1993, 1994 and 1995 cruises on the dilution plume of the Gironde estuary and the Aquitanian shelf: “ECO- 
MARGE 92-93”, “PNOCAT93-94”, “CALIBSAT93-94”, “BIOMET95”. 

imize the decrease in bacterial cell numbers due to stor- 
age [67]. Subsamples were mixed before being stained. 

Bacterial numbers were determined by the epifluores- 
cence direct counting method, using the 4,6-diamidino-2- 
phenyl-indole (DAPI) employed at a 1 ug mL-i final con- 
centration, during 15 min of staining [53]. The Acridine 
Orange (A.O.) method was employed only in 1992 
according to the protocol of Daley and Hobbie [18], mod- 
ified by Tort&on [64], at a final concentration of 0.01 %, 
during a 5 min incubation. DAPI staining was preferred 
afterwards because of the lower interference of staining 

particulate organic matter, particularly abundant in estua- 
rine and turbid plume waters [5]. In both cases, 0.2 urn- 
filtered solutions of nucleic acid dye were used. 

Subsamples of 5 mL, 1 mL or less, were filtered immedi- 
ately after staining with a vacuum pump (less than 10 mm 
Hg), onto 25 mm-diameter and 0.2 urn pore-size Isopore 
black-coloured filters (GTBP, Millipore), which had been 
mounted onto GFK (Whatman) filters, in order to have a 
better distribution of filtered cells. The sub-sample was 
completed with 0.2 pm filtered artificial sea water, in 
order to have a minimal volume (a blank was conducted 
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regularly in order to verify that there were no bacteria in 
the dilution water). Dilutions of 10-l or 10m2 were carried 
out in high turbid waters. 

The filters were placed on a glass slide between two 
drops of non fluorescent Olympus immersion oil and ana- 
lyzed at a wavelength of 365 nm using Nachet NS 200 
(A.O.) and Olympus BH2 RFCA (DAPI) microscopes 
(magnification x 1,250). Free-living and attached bacteria 
were counted simultaneously and cells observed within, 
on, or immediately adjacent to a particle were assumed to 
be attached to the particle [26]. Each filter was examined 
to ensure an equal distribution of cells on it. Ten fields of 
no less than 30 bacteria per field were counted, e.g. a 
minimum of 300 bacteria per filter. 

Bacterial cell volume was estimated from microphoto- 
graphs (Kodak Ektachrome ASA 100). Photographs were 
taken of three or four randomly selected fields from each 
microscope slide, in order to have a minimum of 60 bac- 
terial cells. Photographic images were measured with a 
micrometric grid as reference, according to the criteria of 
Lee and Fuhrman [43], and Torrkton [64], categorizing 
cells as rods, cocci, vibrio and ‘S’ forms, and cutting off 
the dim fluorescent ‘halo’ around the cell image. Mean 
cell volume was then calculated treating rods, vibrio and 
‘S’ forms as cylind.ers plus hemispheres at each end, and 
cocci as spheres, rlespectively. 

2.4. Biomass Calculation 

Phytoplankton biolmass was calculated directly from chlo- 
rophyll-a concentration by a mean conversion factor cur- 
rently used in coastal active waters: 50 pg C (pg chl-a)-’ 
[25, 541. In fact, this factor represents the regression fac- 
tor (regression line slope) of the regression model applied 
to chl-a and POC #co-variation in batch cultures and/or in 
natural waters [S]. Nevertheless, this conversion factor 
remains controversial as it can be temperature-, light-, 
nutrient- and/or phytoplankton specific composition- 
dependent [21]. In spite of having obtained some partial 
correlations in spring time, thanks to punctual POC mea- 
sures (factor varying between 58 and 222), the fact that 
no systematic POC data was associa.ted to chl-a measures 
throughout the year made the use of a common conver- 
sion factor [13] more suitable, instead of applying these 
scarce empirical coefficients. 

Bacterial biomass was estimated by multiplying bacterial 
abundance by the mean cell volume of each subsample, 
and then, using a conversion factor to transform biovol- 

ume into biomass. An allometric model was employed, 
assuming that the dry weight-to-volume ratio was lin- 
early dependent on volume, so that smaller organisms 
tend to have a higher dry weight-to-volume ratio than 
larger ones [48,60]. Bacterial volumes in this study (0.01 
to 0.15 pm3 cell-‘) were completely integrated in Simon 
and Azam’s volume range. Their final carbon estimations 
per size-class were chosen to determine a carbon-to-vol- 
ume ratio for each mean cell volume using the following 
relationship: 

Biomass (fgC) = 911 x Biovolume”,6 (,urn3) 

The final carbon content value varied between a mean 
of 10.0 fg C cell-’ (n = 16; S.D = 0.7) in February 1993 
and 14.5 fg C cell-’ (n = 36; S.D = 2.3) in June 1993. 
A.O. counts provided a higher carbon content (average of 
18.3 fg C cell-‘; n = 169; S.D. = 4.0), due to bigger mean 
cell volumes also found in a comparison of both dyes by 
Suzuki et al. [63]. Thus, 1992 cell volumes were not 
included in our estimations of per-season mean cell vol- 
umes or per-season mean bacterial biomasses. Neverthe- 
less, A.O. numbers were not significantly different from 
DAPI ones in the same area [5], in 1993, 1994 and 1995, 
except in high-turbidity waters, where interference with 
humic particles made them rise exponentially with dilu- 
tion and so, only these latter samples were not included in 
calculations of mean seasonal abundance. 

3. RESULTS 

The hydrological system of the Gironde dilution plume, 
in spite of an important daily tidal influence, showed a 
permanent gradient of turbidity and salinity, more accen- 
tuated in winter and in spring (when important estuarine 
discharges occur). In a general way, temperature values 
followed seasonal dynamics well determined by Barthe 
[9] and Hermida 1331: in winter, temperature increased 
with shore distance and with increasing salinity 
@gure 2). With the spring atmosphere warming, this sit- 
uation was progressively reversed, the estuarine waters 
becoming warmer than the shelf ones @gure 2) and, on 
the inner shelf, the winter thermocline disappeared and 
was progressively replaced by the summer thermocline, 
signifying the strongest vertical stratification of the year. 

Turbidity, expressed as a suspended particulate matter 
charge (mg SPM L-l), was almost always inversely 
related to salinity @gure 2; [33]), although showing an 
important decrease on estuarine values in summer. 
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Figure 2. Seasonal distribution (1993) of the temperature (top) and turbidity expressed as suspended particulate matter concentration (bottom) 
along the saline gradient of the Gironde dilution plume, on the Aquitanian shelf. Flood periods (dark plots) are compared to mid-flow and low- 
flow periods (open plots). 
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3.1. Seasonal distribution of phytoplankton and bacte- 
ria along the salinity gradient 

3.1.1. Chlorophyll-o distribution 

The distribution of Ichlorophyll-a concentrations in winter 
and at the beginning of estuarine water warming was 
marked by the dilution of estuarine pigments on the shelf 
@gures 3a, b). Except for a winter chlorophyll peak 
measured in inner shelf waters in late January 1994 
(figure 3n), the ph.ytoplankton bloom began weakly in 
early spring @gure 3c), with an increase of chl-a concen- 
trations (Z 1.5 ug 1,-l) in waters of salinity 34.5. In early 
May 1995 (figure 3d), the spring bloom was well estab- 
lished in waters of salinity ranging from 33 to 34, 
approaching 4 pg chl-a L-i. 

In mid May 1992, 1993, and 1994 (figure 3e), the highest 
values of the year (> 5 pg chl-a L-r) were reached, these 
high concentrations being distributed in a wide range of 
salinity, from 30 to 33.5 (plume waters). In late July 1993 
(figure 3g), a highly significant correlation was estab- 
lished between chl-a and salinity (p < O.OOl), showing 
high values of chlorophyll-u in waters of salinity 26 
(4.5 pg L-r), and a progressive decrease under 0.5 pg L-l 
in marine waters. 

3.1.2. Bacterial distribution along the salinity gradient 

Throughout the year the abundance of bacteria was high- 
est in estuarine waters (figure 4). Evolution of total 
numbers was closely related to turbidity: significant cor- 
relations (p < 0.05) were established between total or 
attached abundance and turbidity or salinity, in almost all 
the seasons, indicating that bacteria would be associated 
essentially to estuarine particles discharged on the shelf. 
The dilution of big estuarine numbers is particularly clear 
prior to the spring bloom, reaching lo7 cell mL-’ in waters 
of salinity 22 and dropping generally to less than 2 x 
lo6 cell mL-’ in marine waters (figure 4b). Even when 
phytoplankton spring bloom was well established in 
marine waters (‘inner-shelf spring bloom’), bacterial abun- 
dance decreased from 8 x lo6 at salinity 19 to less than 
3.5 x lo6 cell mL-l in waters of salinity z== 30 (figure 44. 

In mid and advanced-spring, even though bacterial num- 
bers of 4 x lo6 cell mL-’ were characteristic of estuarine 
waters, a dilution relationship was still highly significant 
in May 1994 (figure 4e). Plume and marine values were 
mainly under lo6 cell mL-‘, except in the spring-summer 
transition, when plume waters showed seasonal maxima. 

A.O. counts (1992) were in any case over the range of 
other year values, specially with deep samples (marine 
waters). 

Finally, when considering the esmarine summer bloom 
period (figure 4g), a significant inverse correlation could 
be established between bacterial numbers and salinity, as 
demonstrated for chtl-a concentrations (p < 0.01). 

3.2. Microbial mean biomasses evolution in surface 
waters 

A general pattern of seasonal variability was deduced for 
each type of water, by considering only surface values, in 
order to avoid differences in depth sampling strategy. The 
author assembled different year patterns corresponding to 
a pre-defined seasonal situation. The results are illus- 
trated in table IZ andfigure 5, showing the distribution of 
mean parameters per season. 

In marine shelf waters, both microalgae and bacterial bio- 
masses were higher during the spring period (May 1, 
figure 5-I). This annual maximum corresponded to more 
than 80 % of non-diegraded chlorophyll and to high val- 
ues of bacterial abundance and mean cell volumes, with 
less than 1.5 % of attached bacteria (table ZZu). Bacterial- 
Uphytoplankton-C ratio reached then 40 %. The lowest 
value of algae was found in July 1993, with the greatest 
relative proportion of bacteria (133 %). Means of bacte- 
rial Cell Volume (M.C.V.) showed bigger cells in warmer 
periods, especially in early summer (table ZZa), while per- 
centages of attached bacteria were almost < 10 %, out- 
side of great estuarine input periods (winter). 

In plume waters, plhytoplankton biomass described a bi- 
modal distribution with a first peak in early March, and 
an annual maximum in the advanced-spring period 
(‘May 2’) representing then 78 % of the sum of phaeopig- 
merits and chlorophyll-a concentrations (% chlaltot) 
(table Zla). Bacterioplankton presented maximum values 
in early spring and summer, just after algal blooms. The 
first bacterial peak (comprising 37 % of attached bacte- 
rial cells) corresponded to the lowest values of algae and 
represented then, in terms of biomass, twice the algae 
stock (figure 5-2). Bacterial-C represented only 32 % 
compared to algal biomass in the spring-summer transi- 
tion, and comprised only 5 % of attached bacteria. Plume 
waters showed a short range of variability in cell volumes 
(table ZZb), and maxima were measured in spring and late 
spring, reaching almost 0.044 pm3 cell-‘. Percentages of 
attached bacteria d.ecreased to less than 10 % at spring 
and summer. 
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Figure 3. Seasonal distribution of chlorophyll-a concentrations, on the Aquitanian shelf, along a saline gradient [the dilution plume of the 
Gironde estuary). 1992 (dark squares), 1993 (open circles), 1994 (open triangles), 1995 (crosses). 
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In coastal estuarine waters, phytoplankton stocks fol- iO0 pg C I.-’ representing nearly twice the algal stock 
iowed a three-modal distribution, showing a first rise in (&uve .5-J), and comprising 30.5 % of attached bacte- 
early March 1993 corresponding to 62 % of non- ria. A stable distribution after the mid-spring period was 
degraded chlorophyll, a second peak in late spring, and observed, bacterial-C (bact-C) averaging from 25 % in 
an annual maximum averaging 200 ug C L-’ and 76.7 % late spring and summer, to 50 % and 100 % compared to 
of chl-u/tot in the summer (table UC). On the other hand, phytoplankton-C (phyto-C) in early summer and autumn. 
bacterial biomass during early spring reached values of There was a low range of mean cell volumes in coastal 

Table XI a, b and c. Seasonal evolution of mean (SD.; 17 ) values of different microbial patterns in surface waters, over the ii-year samphng 
period: chlorophyll-u, % of chlorophyll-u/sum of degraded and non-degraded chlorophyll (‘tot chl-n Eq.‘), bacterial abundance and mean cell 
volume (*only DAPI-staining bacterial measures were taken into account) and % of attached bacterial cells. These measures were carried out 
in waters of salinity (Sal.) > 34 (Marine Shelf Waters) ; Sal. [30-341 (Plume Waters) and Sal. < 30 (Coastal Estuarine Waters). (A) Winter, 
(B) Winter-Spring Transition, (C) Early Spring, (D) Inner-Shelf Spring Bloom, (E) Plume Advanced-Spring Bloom, (F) Spring-Summer Tran- 
sition, (G) Estuarine Summer Bloom, (II) Autumn. 

Sal. > 34 
Surface Waters 

Chl-a 
Rz L-’ 

% Chl-a /tot 
chl-a Eq. 

Bacterial Abundance Mean cell volume* % Attached 
lo6 cell mL-’ Pm3 bacteria 

0.42 (0.17) 
19 

0.65 (0.22) 
6 

0.89 (0.30) 
25 

1.25 (0.48) 
6 

1.00 (0.73) 
43 

0.69 (0.81) 
33 

0.18 
2 

0.52 (0.23) 
9 

62.7 (10.0) 
19 

67.2 (9.1) 
6 

70.1 (9.9) 
25 

81.1 (6.5) 
6 

76.7 (8.5) 
43 

62.6 (8.9) 
33 

71.1 
2 

65.2 (10.7) 
9 

0.38 (0.12) 
10 

0.80 (0.71) 
5 

1.23 (1.65) 
14 

1.81 (1.07) 
4 

0.74 (0.59) 
26 

0.91 (0.70) 
21 
1.00 
2 

1.10 (0.41) 
8 

0.023 (0.002) 
7 

0.030 (0.004) 
i 

0.029;0.007) 
14 

0.044 (0.002) 
3 

0.039 (0.008) 
15 

0.052 (0.011) 
13 

0.034 

26.2 (10.8) 
IO 

18.2 (12.3) 
5 

7.8 (9.7) 
14 

1.4 (0.5) 
4 

3.5 (5.7) 
26 

15.3 (13.9) 
21 
0.6 

L 

0.039 
I 

9.4 (6.1) 
8 

Sal. [30-341 
Surface Waters 

Chll-a 
I% L-l 

% Chl-a /tot 
chl-a Eq. 

Bacterial Abundance Mean cell volume* % Attached 
lo6 cell mL-’ w3 bacteria 

0.69 (0.32) 
12 

1.33 (0.49) 
13 

0.78 (0.24) 
9 

1.45 (0.66) 
22 

3.61 (2.20) 
16 

2.50 (1.16) 
36 

1.81 (0.81) 
9 

1.52 (1.10) 
13 

59.3 (15.5) 
12 

66.0 (10.6) 
13 

56.3 (14.8) 
9 

76.4 (5.6) 
22 

7'7.9 (6.4) 
I6 

64.4 (8.9) 
36 

74.5 (3.7) 
9 

66.3 (7.7) 
13 

2.18 (2.29) 
9 

1.49 (1.44) 

6.69 (6.13) 
5 

1.24 (0.61) 
11 

0.84 (0.38) 
8 

2.82 (4.07) 
19 

1.53 (0.87) 
5 

1.51 (0.61) 
8 

0.026 (0.004) 
9 

0.032 (0.003) 
6 

0.032 (0.004) 
5 

0.044 (0.011) 
11 

0.038 (0.007) 
7 

0.039 (0.007) 
9 

0.036 (0.005) 
5 

40.0 (18.8) 
9 

15.0 (13.8) 
7 

36.7 (13.1) 
5 

3.0 (4.5) 
11 

6.4 (6.8) 
8 

15.2 (15.5) 
19 

4.4 (1.5) 
5 

13.7 (10.3) 
8 
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Sal. < 30 Chl-a 
Surface Waters cng L-l 

% Chl-a /tot 
chl-a Eq. 

Bacterial Abundance 
lo6 cell mL-l 

Mean cell volume* 
Pm3 

% Attached 
bacteria 

A 

B 
c 

D 

E 

F 

G 

H 

0.76 (0.25) 
9 

2.12 
1.06 (0.37) 

22 
1.45 (0.29) 

8 
2.91 (0.91) 

27 
1.96 (0.99) 

15 
3.82 (0.60) 

4 
1.02 (0.31) 

3 

43.5 (17.6) 
9 

61.8 
48.4 (13.3) 

22 
75.1 (7.5) 

8 
68.5 (13.6) 

27 
63.6 (8.6) 

15 
76.7 (1.4) 

4 
46.5 (3.6) 

3 

5.22 (2.‘70) 
5 

8.08 
9.11 (2.32) 

c 

5.32 ;2.81) 
8 

2.93 (1.47) 
12 

4.08 (0.88) 
5 

4.57 
2 

4.41 
2 

0.027 (0.004) 
5 

0.026 
0.028 (0.002) 

5 

0.033 (0.003) 
9 

0.037 (0.007) 
5 

0.036 
2 

0.032 
2 

45.8 (19.8) 
5 

45.5 
30.4 (7.9) 

5 
46.1 (16.7) 

8 
29.4 (8.9) 

12 
28.3 (17.5) 

5 
16.6 

2 
44.4 

waters, the maxirnum values corresponding to the 
warmer periods of June and July (table Zlc). Percentages 
of attached bacteria were always > 15 % (summer lowest 
values). 

3.3. Size distributilon of phytoplankton and morpho- 
logy of balcteria over seasons 

Qualitatively, the chlorophyll maxima observed consecu- 
tively in marine, plume and estuarine waters corre- 
sponded to different cellular sizes [5]. At the beginning of 
the spring, picoplanktonic forms represented more than 
70 % of the total algae biomass in surface waters [57] and 
their importance decayed in the advanced spring period, 
while microplanktonic forms sensu strict0 averaged 60 % 
of the total biomass in plume waters. In estuarine waters, 
nanoplanktonic forms represented 60 % of the total bio- 
mass in spring, whereas prior to summer bloom period, 
microplanktonic forms averaged 65 % of the algal biom- 
ass. 

Expressed only as al percentage of free bacterial numbers 
(attached forms could not be clearly separated into dif- 
ferent forms), coccoid forms of small cellular mean vol- 
ume (0.025 pm3) were the dominating morphology in the 
three types of waters [5], especially in winter (70 %). 
Their importance decreased, especially in marine and 
plume waters, in the spring bloom period, when vibrio- 
shaped forms (of annual average volumes of 0.052 and 
0.049 pm’, respect:ively) represented almost a third of 
the total abundance. Finally, rod-shaped bacteria, of 
average annual volumes of 0.051 (marine waters) and 
0.049 pm3 cell-’ (plume waters) were better represented 
in the advanced-spring bloom, reaching a maximum in 

plume waters (22 %). This cycle could not be character- 
ised in estuarine waters, that showed important percent- 
ages of coccoid forms all over the year, and an increasing 
importance of vibrio-shaped forms, in summer and fall 
(19 % and 25 %, respectively). Rod-shaped bacteria aver- 
aged bigger cellular volumes (0.056 pm3 cell-‘) than in 
both other water types. 

4. DISCUSSION 

4.1. Bacteria-phytoplankton correlations obtained 
on the basis of single values 

All of the last 3-year data on bacterial counts (determined 
with DAPI fluorescent dye) seems to be weakly deter- 
mined by chlorophyll-u (only 17 % of the total variance 
having been explained by this regression model, 
figure 6). As measures carried out in this study were cen- 
tred on the 1 ug chl-,a. L-i level, we did not actually cover 
the wide range of concentrations described in literature 
reviews (including eutrophic systems). On the other hand, 
our [2 x lo5 - 1.6 x lo7 cell mL-‘1 bacterial range corre- 
sponded to lower [I 31 and upper [3] values of bacterial 
abundance usually measured in marine systems. The cal- 
culated regression coefficient (0.39) was much closer to 
that found in Cole et al. [16] general review (0.52), than 
to that calculated by Bird and Kalff [ 1 l] in marine waters 
(0.74). Nevertheless, due to the low determination coeffi- 
cient obtained in this study, the Model II [42] regression 
coefficient of 0.95 was more accurate when making this 
comparison. In fact, the data were not corrected, nor aver- 
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Figure 5. Evolution of per-season mean pbytoplankton (phyto-C) 
and bacterial (bact-C) biomasses (k SD.), and seasonal variability 
of bacterial-Uphytoplankton-C (b-C/ph-C) mean ratio: (1) in 
marine shelf waters (salinity > 34), (2) plume waters (salinity [30- 
34]), and (3) coastal estuarine waters (salinity i 30) (A) Winter, 
(B) Winter-Spring Transition, (C) Early Spring, (D) Inner-Shelf 
Spring Bloom, (E) Plume Advanced-Spring Bloom, (F) Spring- 
Summer Transition, (G) Estuarine Summer Bloom, (H) Autumn. 

aged per water masses, and that mighi have led to these 
differences. 

The determination of the general correlation was however 
improved when taking into account the degraded pigment 
fraction (phaeopigments): the model accounted for 34 % 
of the whole variance. This relationship outlines the 
importance of the detritic part of phytoplanktonic stock 

.1 1 10 100 
Chlorophyll a (1.18 L-l) 

Figure 6. Distribution patterns and calculated correlation modei 
(Model I) of log-transformed bacterial abundance and chlorophyll- 
a data over the last 3 years sampling period on the Aquitanian shelf 
(only DAPI bacterial counts were taken into account). Pearson’s 
determination coefficient and significance (r’, n, p). Model II 
regression coefficient (regr. coeff.). 

discharged by the estuary as detritic pigments, or 
degraded on the shelf (grazing, cellular lysis, decay), as a 
major mode of transfer between algae and heterotrophic 
bacteria [38]. 

Simon et al. [6 l] reported that relationships on a biomass 
basis emphasize other different aspects of the structure of 
pelagic food webs than cell numbers and chlorophyll-a. 
Notwithstanding a weak general correlation calculated on 
a biomass basis (r’ = 0.166), some seasonally significant 
correlations seemed to be improved with rising tempera- 
tures, coinciding with bloom periods (figure 7): the 
regression coefficient (Model II) ranged between 0.24 
and 0.26 in marine and plume waters (May 1995) and in 
all water types (late May and July 1993). This slope was 
close to that calculated by Simon et al. [61] (0.23), on 
marine microbial biomasses. In the summer, when the 
regression model was particularly explanatory, the 
detritic particle amount was low in the mouth of the 
Gironde, corresponding to the low water level, and the 
attached bacteria averaged minimal proportions through- 
out the entire plume shelf system. It seems that outside of 
great estuarine input periods, bacterial-C represents a 
mean proportion of 25 % compared to phytoplankton-C. 

4.2. Relative importance of bacterial carbon 

High and low bact/phyto C-ratios indicate fundamental 
differences in the food-web structure in oligotrophic and 
eutrophic ecosystems 1221. The increasing dominance of 
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2 

inner-Shelf Sprin? Bloom fl995j 
Marine and Plume Waters 

ModelI:y=9.67+0.140~ 
I2 = 0.280, n = 108, p < 0.001 
Model II reg. meff. = 0.264 

0 50 loo 150 200 250 
Phytoplankton biomass Cg C 1-l) 

Phlme Advanced-Spring Bloom fl993) 

Model I: y = 3.02 + 0.154 x 
r2 :: 0.414, n = 24, p < 0.01 
Model II weff. regr. = 0.239 0 

50 100 150 200 250 

Pbytoplankton biomass fpg C 1-l) 

/Sstuarine summer bloom fl993) 

Model I: y = 5.83 + 0.212 x 
ti: = 0.739, n = 15, p < 0.001 
Mode1 II tegr. coeff. =0.247 

0 50 loo 150 200 250 
Wytoplankton bionwss fpg C 1-l) 

Figure 7. Relative importance of bacterioplankton biomass related 
to phytoplankton biomass: three of the most significant seasonal 
relationships obtained over the 4-year sampling period, in the 
Aquitanian shelf. Correlation model (Model I) of microbial biom- 
ass data, Pearson’s determination coefficient and significance (2, n, 
p). Model II regression coefficient (regr. coeff.). (1) Inner-Shelf 
Spring Bloom, (2) Plume Advanced-Spring Bloom, (3) Estuarine 
Summer Bloom 

heterotrophic and autotrophic picoplankton and the 
importance of the ‘microbial loop’ [6], in high bacterial/ 
phytoplankton carbon (‘microbial-C ratio’) periods, attri- 
butable to oligotrop;hic conditions [61], is in contrast with 
low ratios as the autotrophic and heterotrophic picoplank- 
ton become less important with increasing trophic state. 
The Gironde plume and the Aquitanian inner shelf 
showed in effect large seasonal variations in this micro- 
bial-C ratio. By taki.ng into account a rapid bloom limita- 
tion in mid-spring [32], the size structure of the 
phytoplankton community in spring [57] and the magni- 
tude of the sedimientary organic fluxes [41], we can 
deduce that this ecosystem is actually a mesotrophic eco- 
system [55] with large seasonal variations covering major 
oligotrophic and less frequent eutrophic situations, with a 
fairly variable foodweb structure. 

General seasonal patterns of variability for both micro- 
bial mean values in surface waters were defined in three 
different types of environment. These three water types 
displayed a really different seasonal evolution of micro- 
bial biomasses and morphometrical composition of bac- 
teria and phytoplankton. Two main separate trends were 
distinguished: while the microbial-C ratio became pro- 
gressively higher during the course of the seasons in 
marine waters, the greatest ratios, on the contrary, charac- 
terized winter and early spring periods in brackish waters, 
in accordance with high estuarine expulsion periods. 

4.3. Importance of’ microbial-C in the particulate 
organic pool 

When considering bacterial and phytoplankton relative 
importance in the particulate organic carbon (POC) pool, 
Cho and Azam [13~] noticed that, for POC values under 
200 pg ll’, the sum of bacterial and phytoplankton carbon 
(‘microbial-C’) represented roughly 50 % of the POC, in 
oligotrophic and mesotrophic marine waters, and that 
bacterial-C was never less than 14 % of the POC. During 
the present study, such low POC concentrations were 
found only in marine waters. Even though there was not a 
highly significant relationship between microbial-C and 
POC at surface levels, bact-C plus phyto-C sum repre- 
sented almost 41 % of the POC (10 % and 30 % respec- 
tively) in the three spring periods, which is comparable to 
Cho and Azam [13] estimation. In brackish waters, the 
relative importance of bacteria showed a wide range of 
variability. As POlC concentrations were high in early 
spring, bact-C represented up to 27 % of the POC. When 
POC mean values exceeded 700 pg L-l then the micro- 
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bial-C represented less than 25 % of the organic pool 
and, specially in the advanced-spring period, bacteria 
accounted for less than 5 % of it. The organic pool was 
then mainly composed of refractory detritic carbon, in 
accordance with estimations made by Lin [44]. 

4.4. Importance of the attachment of bacteria 
in a highly turbid environment 

In estuaries, the attached state can be either rare [49], pre- 
dominant [30] or of a varying predominance depending 
on the season or the salinity. In the Gironde estuary, as in 
the Humber estuary, the principal mode of distribution of 
estuarine suspended particles (dry weight) is < 40 pm (X- 
10 pm, [69]), and attached bacteria represents up to 60 % 
of the total bacterial numbers. These high proportions, 
corresponding mostly to the ‘estuarine coastal waters’, 
tended to decrease during the warmer periods, as it was 
noticed by Iriberri et al. [35] and by Almeida and Al&- 
tara 121. This state could be advantageous in natural envi- 
ronments [SO], and protective against stress [31], but 
Loodsdrecht et al. 14.51 recently concluded that the 
diverse metabolic changes do not always follow a general 
increase in activity after bacterial adhesion. Bacterial 
adherence may be related to particle abundance [30], as 
was shown particularly in estuarine and plume waters in 
the present study, but it depends also on particle quality 
or shape [19]. 

Considering the important ‘non-labile fraction’ of the 
Gironde’s organic pool (almost > 70 % of the POC, [ 121) 
and the relatively small size of the attached bacteria (an 
overall average cell volume of 0.029 pm3 C 0.013, 
n = 131, in all situations and water types), one can infer 
there is a strong control of these attached cells by organic 
resources and by bacterivore protists. There is also a 
scarce autochtonous organic production in this environ- 
ment limited by high turbidity [37]. In spite of its impor- 
tant total amounts of dissolved and particulate organic 
matter, the Gironde estuary does not allow continental 
inputs to pass through the maximum turbidity zone 
(> 200 mg SPM L-l), which represents virtually a filter 
for ‘fresh’ organic compounds [36]. 

4.5. Controlling factors of bacterial biomass 

Apart from being influenced by physical and chemical 
factors (temperature, pH and solar radiation), bacteria are 
controlled by ‘bottom-up’, as well as by ‘top-down’ forces 

[ 101. The relative importance of bacteria in estuarine and 
plume waters, compared to marine waters, may point out 
the fact that allochtonous substrate sources in addition to 
primary production lead to an enhanced biomass and pro- 
duction of bacteria. Baines and Pace [7j noticed that in 
most aquatic systems, over half of the bacterial carbon 
requirement is met by sources other than phytoplankton 
extracellular release: allochtonous C sources coming 
from estuarine inputs, sloppy feeding, zooplankton excre- 
tion and also phytoplankton senescence are required to 
balance bacterial needs. 

As none of these processes, nor extracellular release, 
seem to be primarily related to phytoplankton biomass, it 
was not surprising that direct highly significant general 
correlations between bacterial and phytoplankton bio- 
masses were not obtained. A better correlation appeared 
when considering degraded pigments, favouring a better 
indirect bacterial-phytoplankton dependence. Neverthe- 
less, these degraded pigments were not systematically 
correlated to POC in spring, neither did bacterial biom- 
ass, considering different water type values. The strong 
and constant correlation found between bacterial num- 
bers and suspended particulate matter suggest that this 
environment might have favoured bacterial attachment 
and accumulation, independently of trophic regulations. 
Shiah and Ducklow [59] argued that, in estuarine habi- 
tats, temperature appears to play a more important role 
than substrate supply in regulating bacterial growth. As a 
matter or fact, it seems that hydrodynamic conditions, 
associated with summer warming (low turbidity period), 
lead to phytoplankton and free-bacterial development in 
brackish waters. 

Bacterivores, recognizing strong differences in bacterial 
populations (sizes and morphotypes), are also supposed 
to control their prey in different ways in brackish and 
marine waters. 

4.6. Significance and importance of seasonal micro- 
bial morphometrical variability 

4.6.l.lnter-spring phytoplankton size distribution 

The relative importance of large vs. small phytoplankton 
is actually highly variable in shelves [65], especially in an 
area submitted to the influence of a dilution plume. Our 
results, that concern only different spring periods, 
showed that in marine waters; microphytoplankton sensu 
strict0 seemed to thrive within a relatively narrow range 
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of hydrological conditions, whereas pica- and nano-phy- 
toplankton dominated the pool of algal cells. In plume 
and estuarine waters, phytoplankton was dominated suc- 
cessively by pica-, nano- and, closer to the early summer 
period, larger microplanktonic forms, reproducing clear 
differences among seasons throughout different water 
masses. ‘Tremblay et al. [66] consider that smaI1 phy- 
toplankton provides a steady state background of produc- 
tion and biomass vvhereas large phytoplankton is respon- 
sible for departures from the background. According to 
this, larger cells representing an average of more than 
60 % of the total phytoplankton could characterize the 
beginning of the advanced-spring bloom (in plume 
waters) and the beginning of the summer bloom (in estu- 
arine waters). 

4.6.2.Seasonal evolution of bacterial forms 

The seasonal monphotype succession caused changes in 
mean cell volumes which could have more or less influ- 
enced the general patterns of biomass evolution, mainly 
ruled by bacterial numbers. Across i.he seasons, estuarine 
bacteria showed th.e lowest mean volume due to high pro- 
portions of attached and coccoid cells in its population. 
Nevertheless, a small increase on estuarine cell volumes 
was noticed in late spring and summer periods, in accor- 
dance with an increased proportion of vibrio-shaped and 
rod-shaped cells (representing then. 25 % of free bacte- 
rial biomasses, [5]). In plume waters, attached and coc- 
coid cells dominated the bacterial pool in winter and 
spring, whereas in summer a relative increase in rod- 
shape and vibrio-shaped cells was observed (represent- 
ing respectively 23 % and 29 % of free bacterial biom- 
ass). Finally, in marine waters seasonal changes in 
biomass were much more pronounced between the winter 
and the spring periods (x 7): the rise in abundance values 
was enhanced by a doubling of the global mean cell vol- 
ume, due to the rising importance of much bigger vibrio- 
shaped cells (representing 40 % of the total biomass). 

4.6.3. Consequences of bacterial size distribution 

The dominance of relatively small bacterial cells (mean 
cell volumes < 0.100 pm3) throughout this study, com- 
pared to other coastal and estuarine studies, seems to be a 
general feature in marine and freshwater pelagic systems. 
Although bacterial cell sizes often cannot be directly pre- 
dicted from abiotic factors alone [52], Albright and 
McCrae [l] have, however, associated great decreases in 

bacterial cell size with cold seasons, as it has been 
pointed in the present study. The important pool of very 
small cells (small coccoid forms of < 0.033 um3) may 
constitute a refuge (bacteria being able to escape preda- 
tion), Jtirgens and Gtide [39] having recently predicted 
the formation of grazing-resistant bacterial morphotypes 
during intense protist predation, but at the same time it 
may represent a state of low physiological turnover [29]. 

It can be inferred that the smallest bacterial cells, repre- 
senting high percentages especially in winter and early- 
spring throughout the entire system ‘estuary-plume-inner- 
shelf’, were only marginally involved in growth and pre- 
dation processes. It would be too speculative, however, to 
assign bacterial activity only to one size fraction, even 
when in their work Pernthaler et al. [52] have noticed that 
there is a positive correlation between changes in the bac- 
terial biomass in the average 0.045 urn3 size class and 
per-cell thymidine uptake. Not dead but ‘dormant’ bacte- 
rial cells can represent an average of more than 60 % of 
total bacterial counts, according to Sherr and Sherr [58], 
considering estimations of metabolically active bacteria 
by the detection of radiolabelled substrates [51], or by 
indication of an active electron transport system [.56]. 

5. CONCLUSION 

Studies of the relationships between bacteria- and phy- 
toplankton biomass are relatively scarce in literature: 
Simon et al. [61], seemed to be some of the first to estab- 
lish such a comparison, in which at least the C/cell 
volume ratio of bacteria was taken into account. Even 
though our study cannot be compared to longer reviews 
because of its limited spatial cover, it appears to be one of 
the first comparisons related to high turbid coastal waters 
and phosphorus-limited marine systems. Two large ten- 
dencies can be deduced from it: 

- firstly, when a significant relationship is noted between 
bacterial-C and phytoplankton-C, the regression coeffi- 
cient is close to 0.25, meaning a relatively low participa- 
tion of bacteria, specially during bloom periods. 
- in chlorophyll-poor waters (deep-shelf samples), as 
well as in environments with a large detrital pigment pro- 
portion (estuarine samples), bacterial-C has a great 
importance and microbial-C ratio can vary indepen- 
dently from chlorophyll values. Notwisthstanding an 
important detritical organic fraction, the poor nutritional 
quality of the POC [ 121 contrasts with the strong bacterial 
attachment, in estuarine waters. In fact, the relative 
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invariability of bacterial numbers (low numbers in deep 
marine waters, or constantly high abundance in estuarine 
numbers), would mask other processes within bacterial 
assemblages that are relative to bacterial growth and pro- 
duction [20]. On the other hand, it may be that bacteri- 
vore populations are too low to exert a strong predation 
pressure in estuarine waters, or that they do not feed effi- 
ciently below cell volumes < 0.033 pm3, 1521, and below 
2 x lo5 cell mL-’ [ 131, in deep marine waters. 

It is generally admitted that phytoplankton is dominant at 
coastal zones. However, in this study, the importance of 
heterotrophic carbon was pointed out in a coastal and 
shelf ecosystem influenced by a highly-turbid estuary. 
Both phyto- and bacterioplankton represented in surface 
levels almost l/2 to l/4 of the POC in marine and plume 
waters, whereas in coastal estuarine waters this propor- 
tion reached only l/10 (high detritic fraction). The bacte- 
rial/phytoplankton-C-mean ratio was high in the plume in 
winter and in spring, in accordance with great estuarine 
expulsions; bacterial-C represented, then, one or two 
times the phytoplanktonic biomass, composed mainly of 
picoplanktonic forms. During bloom periods, microphy- 
toplankton sensu strict0 rose relatively to more than 50 % 
of the total algal biomass, and the bact-C/phyto-C ratio 
reached its lowest values of the year. In fact, according to 
Riegman et al. [55], picoplanktonic forms characterize 
primary production-limited systems (‘maintenance sys- 
tems’), while large cells are common in ‘over-flow’ sys- 
tems. As the Aquitanian inner shelf seems to be rapidly 
limited by phosphate concentrations in spring [32], with 
low vertical fluxes [41], high microbial-C ratios represent 
increased ‘microbial loop’ processes 161. 
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