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ABSTRACT: The effect of rain-borne nutrients in spring on the marine microbial community was stud-
ied in Villefranche Bay (France), a system in which previous studies have suggested that competition
exists within the microbial food web for nutrient salts. In 5 incubation experiments, 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 HM of dissolved inorganic nitrogen
(NH4* + NOj;™ forms) and 0 to 0.05 pM of inorganic phosphorus (PO,37). In 4 out of 5 experiments, sig-
nificant increases in chlorophyll a (chl a) were detected. The ratio of added N (rg I'Y) to apparent
increase in chl a (pg I"!) 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 populations of autotrophic bacteria (Synechococcus sp.),
heterotrophic bacteria, or the predators of bacteria, heterotrophic nanoflagellates. In one experiment,
there was no significant effect of rainwater addition; however, nutrient concentrations of unamended
seawater samples were high (1.0 pM DIN, 0.06 pm PO,%). Our data indicate that in late spring, when
the NW Mediterranean is most likely nitrogen limited, rain-borne ‘new nutrients’ appear to benefit
small eucaryotic phytoplankton, PNAN, rather than autotrophic or heterotrophic bacterial populations

or larger phytoplankton.

KEY WORDS: Nitrogen - Rain - Bacterioplankton - Phytoplankton - Synechococcus

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).
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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
blooms (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 ‘mew’ 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 C 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 & Fogel 1994). However, to our knowledge,
no studies have attempted to assess the response of
phytoplankton to atmospheric 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 mew
nutrients' can paradoxically 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 spring-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







