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ABSTRACT The effect of ra~n-borne nutnents in spring on the marine microbial community was stud- 
ied In Villefranche Bay (France), a system in which prevlous studies have suggested that competition 
exlsts within the microbial food web for nutrient salts In 5 incubalon expenrnents conducted from 
May 1994 to March 1996, surface seawater was amended with 2 to 8 %  (v/v) rainwater additions The 
additions yielded final nutrient concentrations from 0 98 to 5 93 pM of dissolved inorganic nitrogen 
(NH,+ + NO,- forms) and 0 to 0 05 PM of inorganic phosphorus (PO,'-) In 4 out of 5 experunents sig- 
nlficant increases in chlorophyll a (chl a )  were detected The ratio of added N (py 1 - l )  to apparent 
increase in chl a (pg 1.') averaged about 100 The increases in chl a were correlated with Increases in 
abundances of phototrophic nanoflagellates (PNAN] In contrast to chl a and PNAN stocks, no effect of 
rainwater addition was evident among the populatlons of autotrophic bacteria (Synechococcus sp ), 
heterotrophlc bactena or the predators of bacteria heterotrophic nanoflagellates In one expenment,  
there was no significant effect of rainwater addition however, nutnent concentrations of unamended 
seawater samples were high (1 0 PM DIN 0 06 pm P o d 3  ) Our data indicate that in late spnng,  when 
the NW Mediterranean is most likely nitrogen limited rain-borne 'new nutnents appear to benefit 
small eucaryotic phytoplankton, PNAN, rather than autotrophic or heterotrophic bactenal populations 
or larger phytoplankton 
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INTRODUCTION 

The atmosphere has long been known as a route for 
the delivery of dissolved inorganic nitrogen (DIN) to 
marine surface waters (Menzel & Spaeth 1962, Duce 
1986, Loye-Pilot et al. 1990). Since most oceanic waters 
are assumed to be principally N-limited (Ryther & 

Dunstan 1971, Codispoti 1989), interest in the fate of 
these nutrient inputs has been growing (Fanning 1989, 
Duce et  al. 1991) in part, at least, due  to concern over 
the ecological consequences of increasing emissions of 
N-based compounds to the atmosphere (Buijsman et 
al. 1987, Paerl et al. 1990, Fisher & Oppenheimer 1991, 
Paerl 1993). 

Increases in nitrate concentration following rainfall 
events have been noted by many investigators, and the 
conclusion has been drawn that precipitation delivers 
detectable amounts of new nutrients to marine surface 
waters (e.g. for the NW Mediterranean: Bernard 1956, 
Selmer et al. 1993). Similarly, following rainfall events, 
increases in chlorophyll a (chl a)  concentrations (Mar- 
tin et al. 1989) as well as near surface phytoplankton 
bloon~s (Owens et al. 1992, Mallin et  al. 1993) have 
been reported. 

However, there is little consensus concerning the 
general importance of such nutrient inputs. It has been 
argued that, over large time and space scales (e.g.  
annual and basin-wide scales), the quantities of DIN 
delivered via the atmosphere are  very small relative to 
the stocks of nitrogen (Knap & Jickells 1986). Nonethe- 
less, there is a growing body of evidence arguing for 
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the importance of atmospheric input over short time 
scales (Donaghay et al. 1991, Michaels et al. 1993, 
Spokes et al. 1993), in particular in oligotrophic areas 
where surface waters are nutrient poor (Willey & 
Cahoon 1991, Owens et al. 1992, Rendell et al. 1993, 
Jickells 1995). Furthermore, any input from the atmos- 
phere represents the delivery of nutrients which are 
'new' to the system. 

In recent years, the conceptual division of primary 
production into 'new', as based on nutrients imported 
into the surface layer (new nutrients), in contrast to 
'old', as based on nutrients recycled within the surface 
layer (Dugdale & Goering 1967), has become com- 
monly accepted (e.g. Eppley & Peterson 1979, Eppley 
1989). New production is considered to be equivalent 
to production, or matter, exported out of the surface 
ocean to deeper layers. Over a global scale, the nitro- 
gen supplied by atmospheric deposition may support 
from 8 to 70% of such 'new' production in various off- 
shore as well as coastal and estuarine waters (Duce 
1986, Paerl et al. 1990, Fisher & Oppenheimer 1991, 
Paerl 1993). 

In the Mediterranean Sea, as in other enclosed seas, 
atmospheric deposition of nutrients is probably an 
important term in nutrient budgets (Paerl 1995). For 
example, consideration of nitrogen budgets and 
annual surveys of wet precipitation has led to the sug- 
gestion that wet deposition of DIN could support from 
25 up to 60 % of estimated new production (Loye-Pilot 
& Morelli 1988, Migon et al. 1989, Loye-Pilot et al. 
1990) and perhaps as much as 70% if DIN dry deposi- 
tion is included (C. Klein unpubl.). 

The utilisation of newly available rain-borne nutri- 
ents has been investigated in bioassays, primarily in 
areas of the North Atlantic These studies have focused 
exclusively on phytoplankton and have found signifi- 
cant effects, in terms of 14C fixation and increases in 
chlorophyll stocks, in samples of sea surface water 
enriched with 0.5 to 20% (v/v) rainwater (Paerl 1985, 
Paerl et al. 1990, Willey & Cahoon 1991, Willey & Paerl 
1993, Paerl & Fogel1994). However, to our knowledge, 
no studies have attempted to assess the response of 
phytoplankton to atri~ospheric deposition in Mediter- 
ranean waters, where atmospheric deliveries are prob- 
ably proportionately more important than in the North 
Atlantic. Surprisingly, no previous studies have at- 
tempted to determine which part of the phytoplankton 
community may respond to wet deposition or consid- 
ered possible effects on other components of the 
microbial food web. 

Such data is of great interest because carbon and 
energy transfer to the higher levels of the marine food 
webs is dependent upon on the structure and composi- 
tion of the microbial compartment (Azam et al. 1983, 
Pomeroy & Wiebe 1988). Of particular importance is 

the average size of the dominant primary producers 
because little matter is exported out of the surface 
layer, or passed on to higher trophic levels, when 
primary production is essentially due to small phyto- 
plankton (Rassoulzadegan 1993, Legendre & Rassoul- 
zadegan 1995, 1996). For example, the small cyano- 
bacteria (approx. 1 pm in diameter) are generally 
thought to be consumed by protists such as hetero- 
trophic nanoflagellates and ciliates while the larger 
photosynthetic flagellates and diatoms can be con- 
sumed directly by copepods, the next higher trophic 
level (e.g. Sherr et al. 1986). Small, transient increases 
in nitrate concentration, such as might be expected 
from rain events, have been associated with blooms of 
of the small cyanobacteria Synechococcus (Glover et 
al. 1988). 

Currently, it is well recognised that not only auto- 
trophic but also heterotrophic bacteria are an impor- 
tant component of planktonic food webs. In oligo- 
trophic systems, such as the NW Mediterranean, 
heterotrophic bacteria, like phytoplankton, can be lim- 
ited by inorganic nutrients and bacteria can act as effi- 
cient competitors of phytoplankton for scarce nutrients 
(e.g. Dolan et al. 1995). In waters in which bacteria are 
nutrient limited rather than carbon limited, dissolved 
organic carbon can accumulate, which is apparently 
the case for the NW Mediterranean (Thingstad & Ras- 
soulzadegan 1995, Thingstad et al. 1997). 

Experimental studies of the natural bacterial com- 
munities in the Bay of Villefranche (France) have 
shown that growth rates can increase in the presence 
of the excretory products of protists (Ferrier-Pages & 
Rassoulzadegan 1994). When the bacterial community 
is released from nutrient limitation, the consumption of 
dissolved organic carbon is stimulated (Zweifel et al. 
1993). As bacterioplankton in the NW Mediterranean 
are apparently often limited by inorganic nutrients, 
rather than dissolved organic carbon (Thingstad et al. 
1998), the addition of nutrients may result in a net res- 
piration of carbon through the activities of bacteria 
rather than a fixation of carbon due to the activities of 
phytoplankton. In this sense, the addition of 'new 
nutrients' can paradoxical1y yield an increase in the 
consumption of carbon rather than the export of car- 
bon. These considerations led us to investigate the 
effect of rainwater additions on stocks of both het- 
erotrophic and autotrophic populations of bacteria and 
eucaryotes in the NW Mediterranean. 

We focused on the period of the spr~ng-early summer 
stratification when the system is subjected to periodic 
heavy rainfall and is most likely to be limited by nitro- 
gen. Previous studies have indicated that from mid- 
summer to late fall the system is phosphorus limited 
(Berland et al. 1980, Dolan et al. 1995, Thingstad et al. 
1998). The basic approach was the use of bioassays in 
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which seawater is amended with natural rainwater, 
which produces increases in nutrient concentrations 
which are  slight relative to traditional nutrient enrich- 
ment experiments. Changes in microbial populations 
were then followed with time. We employed a variety 
of rain types to encompass the range of natural rainfall 
events. 

METHODS 

Rainwater sampling and analysis. Rainwater was 
collected in a n  open area at  the Station Zoologique, 
Villefranche-sur-Mer (France), using plastic collectors 
prewashed and rinsed with deionised distilled water 
(DDW). Collectors were set out as rainfall started and 
retrieved as rapidly as possible at  the end of the event 
(within 6 h). 

Among the rainwater samples collected, 6 were used 
in the bioassays. These samples were characterised 
(Table 1) according to the classification of rain events 
established for the western Mediterranean region 
(Loye-Pilot & Morelli 1988). The main types distin- 
guished are Oceanic, Saharan, Polluted or Composite. 
Most of the rainwater we used in our bioassays was 
composite with a polluted component. This type is 
frequently observed over a yearly scale in this region 
(Loye-Pilot et  al. 1990) as a result of surrounding 
anthropogenic sources (intensive agriculture, industry, 
urban traffic) in Europe (Table 1).  

Rainwater samples were divided into 10 m1 aliquots, 
filtered through 0.45 pm Millipore filters, and then 
kept frozen until either chemical analysis or utilisation 
in the bioassays. The analysis of DIN species employed 
classic colorimetric methods, the blue indophenol for 
NH,' (Solarzano 1969) and Na-salicylate for No3-  
(Rodier 1976) Detection limits were 0.3 and 0.5 pM 
respectively, with corresponding 2 and 3% standard 
deviations. PO," concentralions were determined 
with a n  AutoAnalyser System (EV2-Alliance Instru- 

ments) according to Treguer 61 Le Corre (1975). Detec- 
tion limit of this procedure is 0.02 FM, with 0.01 pM 
standard deviation. 

Experimental protocol and  analytical procedures. 
Experimental protocol: Five incubation experiments 
were carried out from 1994 to 1996, all from April to 
June,  at the Station Zoologique of Villefranche-sur- 
Mer. We collected surface seawater in polycarbonate 
bottles at the standard sampling site 'Point B' at the 
mouth of Villefranche Bay, off the bay of Villefranche- 
sur-Mer (43"411 10" N, 7" 19'0" E). Seawater was 
immediately brought to the laboratory, where it was 
screened through a 60 pm mesh to remove large zoo- 
plankton and transferred into 2 1 transparent polycar- 
bonate bottles. The bottles had been rinsed and kept 
filled with HC1 (10 %) before use, and were rinsed with 
DDW before every experiment. 

Two to 4 sets of triplicate bottles were monitored, 
including controls and bottles supplemented with rain- 
water within the 2 to 8 %  (v/v) addition range. In 
Expts 1 and 3, 8 %  and 5 %  rain treatments were per- 
formed respectively (Table 2).  In Expts 2 and 4, 2 treat- 
ments were simultaneously monitored: 2 % and 5 % in 
Expt 2, and 5% and 8% in Expt 4. Finally, we tested 
2 different rainwater samples [labelled (a) and (b)]  at  a 
5 % addition level in Expt 5. 

In each experiment, bottles were incubated in a run- 
ning seawater bath installed in a semi-shaded area of 
the dock. Temperat'ure range varied between 16.8 and 
23.8"C in the different experiments. A 220 m1 sample 
was taken from each bottle at time zero and each day 
thereafter for 4 d .  Final water volume in the bottles was  
never below half the initial volume. 

Analytical procedures: Initial concentrations of 
NH,', NO3- and  Pod3-  in surface seawater were deter- 
mined at the beginning of each experiment using 
a n  AutoAnalyser System (EV2-Alliance Instruments) 
according to Treguer & Le Corre (1975). Respective 
detection limits were 0.02 FM PO4"-, 0.05 pM NO3- and 
0.05 pM NH,+ with 0.01 pM standard deviation. Sam- 

Table 1 Meteorological and chemical characteristics of the rainwater samples and b~oassa)  experiment no. in which they 
were used 

Date Amount 
(cm) 

Rain type 

25 April 1994 2.14 Composite (Polluted northern sector + Saharan) 

17 May 1994 1.07 Composite (Saharan + Polluted eastern sector) 

13 May 1994 0.55 Composite (Saharan + Polluted eastern sector) 

18 Jan 1995 5.82 Composite (Polluted northern sector + Oceanic) 

13 Apr 1995 (a) 1.62 Polluted (a) and (b) 
24Apr1995(b )  3.34 (eastern and northern sectors) 

Nutrient conc. (PM) Bioassay 
NO,- 1 

- --  

10.8 13.8 0.19 Expt l 

42.7 30 3 1 Expt 2 

78.5 40 0 1 Expt 3 

6.0 13.5 ~ 0 . 0 1  Expt 4 

15.0 10.5 <0.01 Expt 5 
13.0 6.7 ~ 0 . 0 1  
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Table 2 .  Summary information for the 5 experiments. Significance of chl a stimulation: "p < 0.001, ' p  < 0.005, ns- not significant 

Expt Date U/O rain 
addition 

1 25 May 1994 8 '%I 

2 16 Jun  1994 2% 
5 ":l 

3 16 May 1995 5 " O  

4 1 Jun 1995 5 '!,, 
8 O; 

5 22 Mar 1996 5% (a) 
5 "A (b) 

Nutrient conc. (PM) 
Before ram addition After rain addition 

NO3- NH.,' PO<-'- NO1 NH4+ PO.,' 

Chl a 
stimul 

ples for chl a determinations were filtered onto What- Chlorophyll a 
man GF/F filters before extraction in 90% acetone 
(Lorenzen 1966), and chl a concentration was deter- Initial concentrations of chl a in surface seawater 
mined by fluorimetry on a Turner Designs fluorometer. varied between 0.35 and 0.89 pg 1-' (Fig. 1). Within 

Following Porter & Feig (1980), formalin-fixed sam- individual experiments, the reproducibility between 
ples (3% final conc.) were DAPI stained (final conc. experimental bottles was good in most cases, with 
0.25 pg ml-l) and drawn down on black polycarbonate coefficients of variation (CV) among triplicates of less 
filters (0.2 pm pore size) under low vacuum. Filters than 15%; but, occasionally higher values (220%) 
were mounted on a slide and examined using epifluo- were found at very low chl a concentration ranges 
rescence microscopy. Slides were examined at a total (0.10 to 0.05 1-19 1-I chl a) .  
magnification of xlOOO (Zeiss Axiophot equipment). A l-tailed t-test was used to examine the effect of the 
For heterotrophic bacteria enumeration, 30 fields con- rainwater treatment on chl a.  There was a significant 
taining a minimum of 15 bacteria per field were treatment effect observed in all the experiments 
counted. A minimum of 120 cells were counted on except Expt 5 (Table 2). A common pattern of temporal 
transects for the enumeration of heterotrophic (HNAN) changes in chl a was noted (Fig. 1). A clear increase 
and autotrophic (PNAN) nanoflagellates and cyano- appeared after 48 h and lasted for 2 d thereafter, 
bacteria (CYANO). though its magnitude decreased the second day in 

some experiments (e.g. Expt 2, Fig. 1: maximal in- 
crease at 4 8  h decreased by 25% at 96 h). The magni- 

RESULTS tude of the chl a enhancement observed varied among 
the experiments and with the percentage of rain sup- 

Nutrients plemented within the experiment. However, increases 
in chl a were not linearly related to the amount of DIN 

DIN concentrations (Table 2) were close to or below added. The ratio of pg nitrogen added to pg chl a 
the detection limit in initial sea surface water, except in increase observed (net increase after 48 h) averaged 
the case of Expt 2 (0.47 pM NO3-) and Expt 5 (0.6 pM about 100 and ranged from 19 to 173 (Table 3). 
NO3- dnd 0.5 PM NH,'). Rdinwdter 
enrichment in the 2 to 8 %  range 
yield,ed final DIN concentration of 0.98 Table 3. DIN inputs in bottles supplemented with rain and associated chl a and 

PNAN changes (A)  relative to control after 48  h incubation 
to 5.93 PM. concentrations in 

centrations of 1 pM. Thus, water sam- 
ples amended with rainwater yielded 
final levels either below the 
detection limit or not exceeding 
0.08 pM (0.05 PM in Expt 2 and 
0.08 pM in Expt 3 with 5 % treatment). 

rainwater were below the detection 
limit (<0.2 p ~ )  except in E~~~~ 2 and 
3, in which rainwater contained con- 

Expt % rain A DIN A DIN A DIN:A chl a A chl a A PNAN 
added (PM) (pg I-') (pg  I-') (cells ml-l) 
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Expt l + Control Expt 2 + contro l  cold with a diameter of mean size - 8% -2% around 1 pm. There was no detectable 
+ 5 %  2.5 treatment effect of rain additions on 

L 1 .S $&-+ populations of cyanobacteria. Among 
U 

the experiments, CYANO cell abun- 
1 .o 

0.5 dance (Fig. 3)  varied similarly in both 
9 0.5 supplemented and control bottles 

0.0 0.0 
0 1 2 3 4  0 1 2 3 4  regardless of whether or not the net 

Time (days) Time (days) changes were positive, insignificant 
or negative. 

Expt 3 -e Control + Control Heterotrophic nanoflagellates Expt 4 
-5% -5% 

0 1  
0 1 2 3 4  

Time (days) 

0.0 I 
0 1 2 3 4  

Time (days) 

Expt 5 & Control 

-5% 
-5% 

, 0.6 7 

Fig. 1 Temporal changes in chl a 9 0.2 
concentration in the 5 bioassay 
expenments.  Percentages refer to 01 
rain dilution factors, see text and 0 1 2 3 4  

Initial HNAN standing stock in sea- 
water varied within a range of l to 4 X 

103 cells ml-l. HNAN cell size varied 
from 2 to 10 pm, and the dominant 
size was 4 pm. As observed for 
CYANO, HNAN varied similarly in 
control and rainwater-amended bot- 
tles (Fig. 4).  Changes in HNAN con- 
centrations with time showed either 
no specific trend (Expt 1, Fig. 4) or 
increased the last day (Expts 3 and 4, 
Fig. 4 )  by 2 to 3.5 times their initial 
concentrations. In Expt 3 HNAN 
increases were associated with large 
CV values among triplicate bottles 
(up to 50%) ,  indicating different 
developments among HNAN popula- 

Table 2 for details T ~ m e  (days) tions 

Heterotrophic bacteria 

Phototrophic nanoflagellates 

Initial PNAN cell abundance in surface seawater at 
Point B varied from 0.9 X 103 to 5.5 X 103 cells ml-l. 
PNAN size varied between 3 and 10 pm in length, but 
most cells were approximately 5 pm in their largest 
dimension. The ram treatment effect on PNAN (Fig. 2) 
appeared within the flrst 48 h of incubation in all 
experiments except Expt 5. Concentrations of PNAN 
increased 1.2 to 2.2 times relative to controls. In gen- 
eral, temporal changes in PNAN paralleled those of 
chl a and increases in chl a were correlated with 
increases in PNAN. 

Cyanobacteria 

CYANO density in initial surface seawater ranged 
from 1.7 to 5.5 X 104 cells ml-l. The usual form was coc- 

Initial abundances of hetei-otrophic bacteria in una- 
mended surface seawater ranged between 3.0 X 105 
and 10.8 X 105 cells ml-'. Similar to CYANO and HNAN 
populations, there were no significant differences 
between treated and untreated bottles. Moreover, in 
all the experiments, bacterial concentrations remained 
relatively stable throughout the incubation period 
(Fig. 5) varying less than 15 %. 

DISCUSSION 

The majority of our rainwater samples were Coin- 
posite with a Polluted con~ponent attributed to air 
masses from the eastern and northern sectors of 
Europe (Table 1) .  This polluted signature reflects the 
influence of anthropogenic sources located in northern 
Europe and Italy. The DIN concentrations in our rain 
samples varied over a broad range of values from 9.5 to 
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Expt 1 d Control Expt 2 6 control and P in rainwater may have been 
-8% -2 available for biological processes. 

- - c 5  

m _ ' 
1: .p There ture that is some evidence in the litera- 

m additions in the nano- 
o 6 molar range can represent a non- 
7 4 - A - negligible input of nutrients (Suttle et 
5 2 - 
U 0 U 

U 0 
al. 1990). Nonetheless, it should be 

0 1 2 3 4  0 1 2 3 4  noted that the nutrient enrichment 
T ~ m e  ( d a y s )  Time ( d a y s )  levels which resulted from the rain- 

water additions in our experiments 
were very low relative to typical and 
previous nutrient enrichment experi- 

Expt 3 -c Control Expt 4 - Control ments. Traditional nutrient enrich- 
+ S %  - 5  % 

ment studies utfise final N and P con- %::U :;;b-8% centrations on the order of 10 pM N 

m and 0.5 to 1 pM P (e.g. Fiala et al. 
0 

': 5 
1976, Berland et al. 1978) compared 

tn - - - - to our additions resulting in 0.6 to 
0 U 
U o 2 pM N and 0.1 pM P. 

0 1 2 3 4  0 1 2 3 4  The dilution treatments we em- 
Time ( d a y s )  Time ( d a y s )  ployed, 2 to 8%,  fall within the range 

of treatments used in previous studies 

Expt 5 
with treatments of 0.5 to 20% dilution 

--e Control values. A 2% rainwater addition cor- 
-m- 5% 

responds to the in situ dilution of a 

1: 
2 cm rainfall event in the top meter of 
the water column. Corresponding 

- 4 in situ salinity changes have been 
- Fig. 2 Temporal changes in abundance s z  of phototrophic nanoflagellates (PNAN) linked such rain events In 

U o in the 5 bioassay experiments. Percent- Atlantic waters (Paerl & Fogel 1994). 
0 1 2 3 4  ages refer to rain dilution factors, see text Rain events resulting in 2 to 8 cm of 

Time ( d a y s )  and Table 2 for details rain are not rare for the Mediter- 
ranean region from May to Septem- 
ber. We found that increasing the per- 

118.5 PM. This feature illustrates an observation made centage of rain supplied within the same experiment 
previously for this region that DIN values in rainwater increased the magnitude of the chl a enhancement. 
depend on the respective influences of Polluted, Saha- The extent of this signal in our experiments varied 
ran and Maritime air masses, which are variable (Loye- between a 0.52 and 2.8-fold chl a increase, quite simi- 
Pilot et al. 1990). Such variability however is not lim- lar to the 2.5-fold increase in chl a reported in similar 
ited to the Mediterranean, as it has also been noted experiments employing a 5°/0 rainwater addition to 
with regard to atmospheric input reaching the North Gulf Stream waters (Willey & Cahoon 1991). In their 
Atlantic Ocean (Galloway et al. 1984). study, Willey & Cahoon (1991) reported DIN concen- 

Our analysis of rainwater (see Table 1) indicated a tratiocs represen?ative of natural Continental Event 
general lack of phosphate, relative to nitrogen, as type in the Gulf Stream area and similar to our Polluted 
reported by others for the NW Mediterranean (Migon type. 
et al. 1989, Rergametti et al. 1992) as well as other sys- In our experiments, increases in chl a were highly 
tems (Duce 1986, Willey & Cahoon 1991). An exception correlated with increases in PNAN stocks, with a 
was rain with a Saharan contribution (Expts 1, 2 and 3), change in chl a of 1 pg corresponding to an increase of 
where Pod3-  concentrations reached 1 PM. However, about 106 PNAN cells on a per liter basis (Fig. 6). While 
in our experiments, final concentrations after we have no data on the size distribution of the chl a,  
the addition of rain were undetectable or very low the following rough calculations indicate that the 
(50.08 pM in Expts 2 and 3, see Table 2), so we believe observed increase in PNAN likely accounted for most 
that chl a stimulation we observed resulted mainly of the increase in chl a. A phytoplankton cell of about 
from nitrogen enrichment. Nonetheless, we cannot 5 pm diameter can be expected to contain roughly 1 pg 
reject the hypothesis that both inorganic forms of N of chl a based on relationships of chl a per unit cell vol- 
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Expt 1 & Control 

- 8 %  
F 1 2 ,  

Expt 2 +Control 
- 2 %  

1 .o 
0 . 5  

tected were not related in a simple 
fashion (Table 3). This was not surpris- 
ing, given that chlorophyll to carbon to 
nitrogen ratios are far from constant 
even within a given species. For exam- 
ple, a recent chemostat study of Duna- 
liella tertiolecta showed that N-limited 
cultures subjected to changes in light 

Tlme (days) Time (days) regime displayed N:chl a ratios which 
shifted by a factor of 3 to 4 (Sciandra et 
al. 1997). Such considerations under- 
line the hazards of attempting to pre- 

Expt 3 + Control Expt 4 -+ Control dict increases in phytoplankton stocks 
- 5 %  +S% from nutrient additions. 

F + 8 %  

E :E--- i /@ In contrast to photosynthetic eucary- 
P otes, bacterial populations, whether 
0 
T: 2  cyanobacteria or heterotrophic bacte- - 7 

Z - n 
ria, showed no significant reactions to 

0 
W 

E o the addition of rainwater (Figs. 2, 3 & 
0 1 2 3 4  0 1 2 3 4  4). It could be argued that the stability 

Time (days) Time (days) of cyanobacteria and heterotrophic 
bacteria does not negate their having 
been stimulated but simply reflects 

Expt 5 + Control 
--c 5% 

tight predator control, by HNAN, of 
these populations. This eventuality 

t 2 k i - 5 %  

should have been reflected in some 
treatment effect on the predator popu- 

Fig. 3.  Temporal changes ~n abundance -: I lation, HNAN, or at least parallel 
of cyanobacteria (CYANO) in the 5 trends between HNAN and their pho- 
bioassay experiments. Percentages 0 o tosynthetic counterpart, PNAN, since 
refer to rain dilution factors, see text 0 1 2 3 4  

and Table 2 for details Time (days) 
these 2 populations are likely sub- 
jected to common predators. However, 
in all the experiments, there were no 

ume and cell size (Malone 1980). 
Therefore, an increase of 106 cells per 
liter would yield a 1 pg increase in Expt 1 + Control Expt 3 + Control 
chl a, as we observed. Thus, one of -8 % -5 % 

our major findings is that stimulation 8 
of phytoplankton, noted in previous ' :;::p studies in other systems (e.g. Paerl "6 - 1985,Willey&Cahoon1991,Willey& U ; z  

Paerl 1993), was, in our Mediter- W W 

0 
ranean experiments, the result of 0 1 2 3 4  0 1 2 3 4  
increases in PNAN stocks. Time (days) 

While our data showed a relatively 
robust relationship between chl a 
and PNAN, the quantity of nitrogen Exp t 4 A Control 

-5 96 
added and the increase in chl de- --CB % 

Fig. 4.  Temporal changes in abundance of 
heterotrophic nanoflagellates (HNAN) in W 

U 0 the bioassay experiments, Expt 2 excepted. U 

Percentages refer to rain dilution factors, 3 l??!!? 0 1 2 3 4  

see text and Table 2 for details Time (days) 

Time (days) 

Expt 5 + Control 
--c 5% 
+S% 

8 

Time (days) 
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Expt 1 -C Control 
+ 8 %  

0 1 2 3 4  

Time (days) 

Expt 4 

0 1 2 3 4  
Time (days) 

Expt 3 
+Control 
- c 5  % 

- 

0 1 2 3 4  

Time (days) 

Expt 5 -e Control 
-c 5% 
-A- 5% 

c 0- 
0 1 2 3 4  

Time (days) 

treatment effects with regard to HNAN concentra- 
tlons, which is similar to findings for cyanobacteria and 
heterotrophic bacteria. We believe the likely explana- 
tion for our findings is that, relative to PNAN, neither 
cyanobacteria nor heterotrophic bacteria reacted sig- 
nificantly to the addition of rainwater. 

Our findings with regard to which component of the 
microbial food web profits from rainwater nutrients 
were unexpected. Among unicellular organisms, 
which includes PNAN, CYANO and heterotrophic 
bacteria, there are basic similarities in mechanisms of 
nutrient uptake but considerable differences in terms 
of surface to volume ratios because of differences in 
cell size. Due in large part to high surface to volume 
ratios, cyanobacteria or heterotrophic bacteria can effi- 
ciently compete with larger phytoplankton cells such 
as PNAN for mineral nutrients under low nutrient con- 
centration levels, both in the case of P (Currie & Kalff 
1984, Bratbak & Thingstad 1985) and N (Wheeler & 
Kirchman 1986, Furhman et al. 1988) limitation. Thus, 
we had expected increases in either CYANO or het- 
erotrophic bacteria in our rainwater-amended experi- 
ments to be large relative to changes in either chl a or 
PNAN. 

With regard to the coccoid cyanobacteria, it is tempt- 
ing to speculate that the lack of a response indicates a 
lack of N-limitation, perhaps due to an ability to fix 
atmospheric N.  However, studies thus far have failed 

to produce evidence of N-fixation in 
free-living marine Synechococcus 
species of cyanobacterla in nature 
(Zehr 1995). In other oligotrophic 
systems, Synechococcus blooms 
have been closely linked to transient 
increases in concentrations of nitrate 
(Glover et al. 1988), arguing against 
a capability to fix nitrogen. Further- 
more, in the Bay of Villefranche. 
previous field investigations have 
found Synechococcus cyanobacteria 
to react positively to the presence of 
excretion products of protistan graz- 
ers (Ferrier-Pages & Rassoulzadegan 
1994). Concentrations of cyanobac- 
teria in the Bay of Villefranche have 
been closely correlated with bulk 
ammonium uptake rates (Selmer et 
al. 1993). Therefore, perhaps the 
simplest explanation for our findings 
concerning the lack of a response of 
bacteria, whether heterotrophic or 
autotrophic, is that while nitrogen 
concentrations were too low for reli- 
able detection by our methods, con- 
centrations were sufficient for the 

picoplankton-sized cells. The populations of CYANO 
and heterotrophic bacteria were then not stimulated 
because they were limited by the availability of some 
other element, probably phosphorus (e.g. Thingstad et 
al. 1998). 

In conclusion, our work suggests that nutrients deliv- 
ered to the NW Mediterranean via the spring rainfall 
events benefit eucaryotic phytoplankton, photosyn- 
thetic nanoflagellates, rather than autotrophic or het- 

Fig. 5. Temporal changes in abundance of heterotrophic bacteria in the bioassay 
experiments, Expt 2 excepted. Percentages refer to rain dilution factors, see text 

and Table 2 for details 

Fig. 6. Correlation between the chl a and PNAN variations 
(relative to control) after 48 h incubation in the experiments 
in which significant changes in chl a concentrations were 

observed. See Table 2 for detalls 
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erotrophic bacterial populations, the  dominant  pico- 
plankton populations. We found that increases  in chl a 
resulting from the  additions of ' new '  rain-borne nutri- 
en t s  w e r e  not related i n  a simple fashion to the  quant i-  
ties of N added .  Furthermore,  t h e  phytoplankton pop- 
ulation stimulated w a s  no t  the  population usually 
associated with injections of 'new' nutrients,  generally 
assumed to b e  diatoms (i.e.  Goldman 1993). Thus ,  our 
findings indicate that nutrient pathways,  a t  least  in 
oligotrophic systems such  a s  the  NW Mediterranean,  
a r e  difficult to predict i n  advance.  We urge  caution in 
at tempting to predict the  results of increases  i n  nutri- 
e n t  concentrations w h e n  deal ing with complex micro- 
bial communities. 
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