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Abstract. We investigated the identity of the limiting nu- statistical comparison among treatments at the end of the in-
trient of the pelagic microbial food web in the Mediter- cubation did not support a hypothesis of P-limitation at the
ranean Sea using nutrient manipulated microcosms duringhree study sites. In contrast, primary production was con-
summer 2008. Experiments were carried out with surfacesistently limited by N, and Hprok growth was not limited
waters at the center of anticyclonic eddies in the Westerrby N nor P in the Western Basin, but N-limited in the lonian
Basin, the lonian Basin, and the Levantine Basin. In situ,Basin, and N and P co-limited in the Levantine Basin. Our re-
the ratio of N to P was always higher in both dissolved andsults demonstrated the gap between biogeochemical features
particulate organic fractions compared to the Redfield ra-(an apparent P-starved status) and biological responses (no
tio, suggesting a relative P-starvation. In each experimentapparent P-limitation). We question the general notion that
four different treatments in triplicates (addition of ammo- Mediterranean surface waters are limited by P alone during
nium, phosphate, a combination of both, and the unamendethe stratified period.

control) were employed and chemical and biological param-
eters monitored throughout a 3—4 day incubation. Temporal
changes of turnover time of phosphate and ATP, and alkaline
phosphatase activity during the incubation suggested that
the phytoplankton and heterotrophic prokaryotes (Hprok)
communities were not P-limited at the sites. Furthermore,

Introduction
A large portion of oceanic pelagic waters are characterized

as “low nutrient and low chlorophyll” (LNLC), i.e. olig-
otrophic. In such waters, pelagic productivity is generally

Correspondence toT. Tanaka limited by the availability of inorganic nutrients (e.g. nitro-
BY (tsuneo.tanaka@obs-Vlfr.fr) gen (N), phosphorus (P)), and the microbial food web plays
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a significant role in carbon flux through the pelagic planktonin the region of the plume of the Rhone River (Owens et
food web (reviewed by Karl, 2007). In order to better under- al., 1989). Van Wambeke et al. (2002) reported the results
stand the biogeochemical cycling of carbon (C) in the oceanpf Mediterranean transect study in which prokaryotic het-
it is important to identify which nutrient is the most limiting erotrophic production (PHP) was stimulated by addition of
factor of pelagic productivity and how the structure and func- PO, at 13 sites but also stimulated by addition of Né&x
tion of the plankton food web is affected by the availability 2 sites and by addition of organic C at 5 sites of the 18 sites.
of the limiting nutrient. These studies suggest that phytoplankton and Hprok may ex-
The Mediterranean Sea is a unigue marine system in termperience growth limitation by substrates other than P in the
of its hydrography and biogeochemistry (reviewed by Krom Mediterranean Sea.
et al., 2003). Nutrient concentrations, integrated chlorophyll POy addition to surface waters of the P-starved ultra-
and primary production in the epipelagic layer, and the ex-oligotrophic Eastern Mediterranean Sea in a Lagrangian
port of particulate organic carbon (POC) from the epipelagicexperiment resulted in unexpected ecosystem responses
layer, all decrease in the Mediterranean Sea from west t@Thingstad et al., 2005): the added P@pidly disappeared,
east on the basin scale (Moutin and Raimbault, 2002). Theesulting in an increase of particulate P (i.e. biological P up-
low nutrient status is caused by anti-estuarine circulation intake). A decline in chlorophyl+, no significant change in
which nutrient-poor surface water flows eastward throughbiomass of Hprok, but an increase in PHP, ciliate biomass,
the Straits of Gibraltar and Sicily getting progressively more and copepod egg abundance were observed after a short
saline to the east, while a counter-current of nutrient-rich wa-lag (ca. 2 days). To explain these responses, Thingstad et
ter flows out of the basin. The waters below the epipelagical. (2005) proposed two, not mutually exclusive, mecha-
layer have a nitrate (N§) to phosphate (P9 ratio of 20—  nisms: because of P-limited Hprok and N and P co-limited
25:1 in the Western Mediterranean Seéffioux et al., 1992; phytoplankton, (i) the added RQvas transferred “around”
Marty et al., 2002; Pujo-Pay et al., 2010) and 25-30:1 in thethe phytoplankton compartment to copepods (bypass mech-
Eastern Mediterranean Sea (Krom et al., 1991; Kress an@nism), and (ii) the added RQvas rapidly taken up into P-
Herut, 2001; Pujo-Pay et al., 2010). The biogeochemical pastarved phytoplankton and Hprok, by which the stoichiom-
rameter of the N to P ratio suggests that the Mediterraneamtry of prey organisms was rapidly changed from P-poor to
Sea is P-starved compared to other oceanic regions whose r&-rich (i.e. luxury uptake) (tunneling mechanisms). Results
tios of NGz to PQy conform to what is known as the Redfield from a microcosm experiment, which was done in parallel
ratio of 16. with the Lagrangian experiment, support P-limited Hprok
Nutrient enrichment studies have shown that growthand N and P co-limited phytoplankton (Zohary et al., 2005).
of phytoplankton and heterotrophic prokaryotes (hereafter]t is generally considered that element transfer from lower
Hprok) is often limited by the availability of P£dn Mediter-  to higher trophic levels is accompanied by biomass oscilla-
ranean surface waters during the stratified period (Jacques &bns between prey and predator, and ecological efficiency
al., 1973; Fiala et al., 1976; Zweifel et al., 1993; Dolan et al., becomes lower in more oligotrophic system due to increased
1995; Vaulot et al., 1996; Thingstad et al., 1998; Zohary andnumbers of the trophic levels. However, the above counter-
Robarts, 1998; Sala et al., 2002; Van Wambeke et al., 2002ntuitive observation suggests that, once the limiting nutri-
Pinhassi et al., 2006; Tanaka et al., 2009). The specific affinent (P) is added to a P-starved ultra-oligotrophic system, the
ity for POy uptake by phytoplankton and Hprok, which is microbial food webs can immediately contribute to cope-
the specific P@Quptake rate normalized to biomass, is a use-pod production, thus retrieve part of the primary production
ful diagnostic tool to measure the extent of P&vailability which would otherwise be lost through dissipation inside a
(Thingstad and Rassoulzadegan, 1999; Tanaka et al., 2006nicrobial loop. The study of Thingstad et al. (2005) showed
In Mediterranean surface waters during the stratified periodthat it is necessary to investigate the multiple levels of the
specific PQ affinities are close to their respective theoret- food web in response to nutrient manipulation, rather than
ical maxima which are predicted from the assumption thatthe osmotroph level (phytoplankton and Hprok) alone, to un-
molecular diffusion to the cell surface is the rate-limiting step derstand the structure and function of the plankton food web
(Moutin et al., 2002; Tanaka et al., 2003, 2004; Flaten et al.,in P-starved oligotrophic systems.
2005). These results would then indicate that the biologically The objectives of this study were to identify which nutri-
available PQ concentrations are so low that molecular trans- ent is the most limiting for the pelagic microbial food web
port by diffusion towards cells is the rate-limiting process for in the Mediterranean Sea, and determine how the structure
PO, uptake in Mediterranean surface waters. of the pelagic microbial food web responds to enrichment of
However, there are indications of the limiting nutrient the most limiting nutrient. We performed on-board micro-
being other than P9 Data on concentration ratios of cosm experiments that manipulated availability of inorganic
NO3 +NH4 to PQy and assimilation ratios of organic C to N and P in surface offshore waters collected at three Mediter-
inorganic N suggested a potential N limitation of phytoplank- ranean basins. A suite of chemical and biological variables
ton production in the NW Mediterranean Sea, although thiswas measured during the experiments to determine the effect
study was done during the winter overturn (January 1989)of the nutrient manipulation.
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2 Materials and methods phosphorus (SRP) were measured with an autoanalyzer
(Bran + Luebbe) (Téguer and Le Corre, 1975), and those of
2.1 Experimental set up and sampling NH4 were measured with a fluorimeter (Fluorimeter Jasco

FP-2020) (Holmes et al., 1999). Concentrations of dissolved
Microcosm experiments were performed at the three long-inorganic nitrogen (DIN) were calculated by summing con-
duration stations in the Western Basin (Stn A), the loniancentrations of N@,» and NH;. SRP does not necessarily
Basin (Stn B), and the Levantine Basin (Stn C) of the represent dissolved inorganic phosphorus or phosphate (e.g.,
Mediterranean Sea (Table 1) during the BOUM (Biogeo- Murphy and Riley, 1962), however we use the term phos-
chemistry from the Oligotrophic to the Ultra-oligotrophic phate (PQ) in this paper. The detection limit and the pre-
Mediterranean) cruise from 16 June 2008 to 20 July 2008cision were, respectively, 3 and 2nM for IYH0.02 and
on the R/VL'Atalante (Moutin et al., 2011). These stations 0.02 uM for NG, and 0.01 and 0.01 uM for RO
are located at the center of anticyclonic eddies. Water sam- Samples for organic nutrients were collected at the start
ples for the experiments were collected at 8m depths usand the end of the experiment. Concentrations of DOC were
ing a multi-sampler/carousel rosette system equipped wittmeasured with a Shimadzu TOC-V analyzer by high tem-
Niskin bottles and a CTD. The sampling depth located at theperature catalytic oxidation (Cauwet, 1994, 1999). Samples
lower part of the surface mixed layer (13.5m at Stn A, 8.5mfor dissolved organic nitrogen and phosphorus (DON and
at Stn B, 11.5m at Stn C; Moutin et al., 2011). The col- DOP, respectively) were oxidized and measured spectropho-
lected waters were poured into polycarbonate carboys (20 kometrically (Pujo-Pay and Raimbault, 1994; Pujo-Pay et al.,
Nalgene). The four treatments in triplicate microcosms con-1997). Particulate organic carbon (POC) were collected on
sisted of the unamended treatment, N enrichment, P enrichpre-combusted glass fiber filters (Whatman GF/F), dried, and
ment, and N and P enrichment (hereafter, Control, +N, +Pmeasured with a CHN analyzer (Perkin EImer 2400). Partic-
and +NP, respectively). +N received 1600nM-N at Stn A ulate organic nitrogen (PON) and phosphorus (POP) were
and Stn B and 3200 nM-N at Stn C, +P received 100 nM-P afcollected on 25 mm GF/F filters. After oxidization of PON
all stations, and +NP received 1600 nM-N and 100 nM-P atand POP, liberated N and P were measured spectrophotomet-
Stn A and Stn B and 3200 nM-N and 100 nM-P at Stn C atrically (Pujo-Pay and Raimbault, 1994). See also Pujo-Pay
the start of the experiment. N and P were added ag®H et al. (2010) for details.
and KHPQy, respectively. The level of nutrient amendments
were chosen with the aim of satisfying the requirement of ei-2.3  Chlorophyll-a (Chl-a) concentration
ther N or P or both by the natural Hprok and phytoplankton
community during the experimental period (i.e. 3—4 days).Samples for Chl: were collected on Day 0, Day 2, and at
The N:P ratios (16 and 32) were used as a rough approxthe end of the experiment. Chlwas measured fluoromet-
imation of those below the epipelagic layer of the West-rically, according to Yentsch and Menzel (1963). For each
ern and the Eastern Basins, respectively (see Introductionsample, 500 ml were filtered through 0.2 uM polycarbonate
Since previous studies have shown that Hprok and small phyfilters. Filters were kept frozen in the dark until extraction
toplankton (pico- and nanophytoplankton) use ammoniumin 90% acetone solution overnight. Measurements were per-
(NHg) rather than N@ (e.g., Lipschultz, 1995; Wheeler and formed on board with a Shimadzu RF5301 spectrofluorome-
Kirchman, 1986), we used NfHas an inorganic N source in ter.
this study.

The microcosms were then incubated for 3 or 4 days in2.4 Abundance of microbial components

on-deck flow-through incubators, which were covered by a
screen to reduce the incident light by ca. 50%. During theSamples for microbial populations except ciliates were col-
incubation, samples were taken from each of 12 microcosméected on Day 0, Day 2, and at the end of the experiment.
to measure a suite of chemical and biological variables (se€iliate samples were collected at the start and the end of the
below for the sampling frequency of each parameter). Theexperiment. Samples for enumeration of viruses (2ml) and
carboys used as microcosms were washed with 10% of HClheterotrophic prokaryotes (Hprok) plus small phytoplank-
and rinsed thoroughly with Milli-Q water and three times ton (3 ml) were fixed, respectively, with glutaraldehyde and
with the water samples from the Niskin bottles. To mini- formaldehyde (final conc. 0.5% for the former and 1% for
mize contamination, clean gloves were always used duringhe latter), frozen in liquid nitrogen, and stored-a80°C

the experimental set up and sampling. until analysis (e.g., Troussellier et al., 1995; Marie et al.,
2000; Lebaron et al., 2001; Brussaard, 2004). After quick
2.2 Dissolved and particulate nutrients thawing at room temperature, samples for viruses and Hprok

were stained with SYBR Green | (Molecular Probes) and an-
Samples for inorganic nutrients were collected on Day 0,alyzed based on right-angle light scatter properties (approx-
Day 2, and at the end of the experiment. Concen-imate cell size) and green and red fluorescence using FAC-
trations of nitrate + nitrite (N@,2) and soluble reactive Scan flow cytometer (BD Biosciences, San Jose, CA, USA)
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Table 1. Initial condition at the three sampling sites. Parameter values are shown asth&arf: = 3) except for water temperature and
heterotrophic nanoflagellates £ 1).

Study site Stn A Stn B StnC
Experimental period in 2008 14-17 July 4-8 July 27 June—1 July
Location of water sample 39.96 N, 34°8.20 N, 33*37.50N,
5°21.00 E 18°26.70E 32°39.20E
Parameter
Water temperature’ C) 24.5 25.1 25.2
NH4 (nM) 34+11 49+ 22 15+5
NO3,2 (NM) <20 37+21 40+ 20
POy (NM) <10 <10 30+2
DOC (uM) 66+ 0.6 67+1 73+0.2
DON (uM) 4.5+0.3 6.3+ 0.1 8.4+ 1.6
DOP (uM) 0.04+ 0.00 0.06+ 0.00 0.05£0.02
POC (uM) 3.1+0.1 2.6+0.3 2.9+0.2
PON (uM) 0.29+0.03 0.29+0.01 0.32:£0.05
POP (uM) 0.010.00 0.0+ 0.00 0.01£0.00
DIN/PO}® - - 1.8:1
DOC/DON/DOP 1876:130:1 1215:114:1 1712:190:1
POC/PON/POP 245:23:1 251:28:1 227:24:1
POy turnover time (h) 5.80.8 4.1+ 0.3 6.0+0.8
ATP turnover time (h) 32.512.0 110° 22.9+12.2
APA (nM-P h~1) 1.0+0.2 1.9+0.1 1.2+ 0.0
Specific PQ affinity (Inmol-P~1h~1) 0.017+0.004 0.024:-0.003 0.029:0.004
Chlorophylla (ug I=1) 0.06+0.00 0.05+0.00 0.03£0.00
Primary production (nM-Cﬁl) 24.3+1.8 18.9+1.2 7.3+0.0
Heterotrophic prokaryotes<(10° cells mi1) 3.3+0.3 3.4+04 1.8+0.1
Prokaryotic heterotrophic activity (pM-leucine b 12.5+£0.1 16.7+1.7 7.7+2.0
Synechococcugells mi1) 34654+ 1402 8552+ 198 13815
Picoeukaryotes (cells mt) 67+55 373+ 24 180+ 20
Autotrophic nanoplankton (cells mt) 63+53 238+ 48 280+ 52
Viruses (x10° mi—1) 21+0.6 2.4+0.1 9.5+ 0.5

Heterotrophic nanoflagellates (cellsTh) 2736 1755 918
Ciliates (cells mt1) 151438 2164+49 122429

2 DIN denotes dissolved inorganic nitrogen and presented as the sumgMN@3, and NG;.
b Only the mean value is shown for nutrient stoichiomotry for the simplicity.
¢ The value was a datum obtained from the surface mixed water (5m) which was chronologically closest to the start of the microcosm experiment.

equipped with an air-cooled argon laser (488 nM, 15 mW)4'6-diamidino-2-phenylindole (DAPI) (Porter and Feig,

and a standard filter setup. Thus, the term Hprok used ifl980) within 5h of sampling and stored a20°C until

this paper does not include cyanobacterial cells su@yas-  counting. HNF were enumerated using an epifluorescence

chococcusand Prochlorococcus Using the same model of microscope (Leica FW4000) at 1000 To distinguish

the flow cytometer mentioned above, three different groupshetween ANP and HNF, autofluorescence (chlorophyll)

of small phytoplanktongynechococcupjcoeukaryotes, and was determined under blue light excitation. For ciliate

autotrophic nanoplankton (ANP)) were discriminated andenumeration, samples (500 ml) were fixed with acid Lugol’'s

counted based on right-angle light scatter properties and orsolution (final conc. 2%) and stored af@ in the dark

ange and red fluorescence. until analysis. Ciliates were pre-concentrated by gravity in
the sample bottles, and then settled in Uténinchamber.

To enumerate heterotrophic nanoflagellates - (HNF),cijiate enumeration was done by an inverted microscope
samples (20-30ml) were fixed with formaldehyde (Nikon Eclipse TE2000-S) at 460

(final conc. 1%). Samples were filtered onto black
Nuclepore filters (pore size, 0.8uM) and stained with

Biogeosciences, 8, 52538 2011 www.biogeosciences.net/8/525/2011/
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2.5 Turnover times of POy and adenosine phytoplankton and Hprok (Tanaka et al., 2006). P-biomass of
5-triphosphate (ATP) phytoplankton was estimated from Chkoncentration with
an assumption of C/Chi-ratio of 50 and C/P ratio of 106,
Samples for turnover times of RCand ATP were col- that of Hprok was estimated from abundance of Hprok with
lected every day and measured usitip-orthophosphate an assumption of cell carbon content of 15 fgcél{Caron
and adenosine’§y-23P]triphosphate (A¥P), respectively et al., 1995) and C/P ratio of 50 (Fagerbakke et al., 1996).
(Thingstad et al., 1993). Carrier-fré€P-orthophosphate The POP data present a sum of living particles and detritus
(PerkinElmer, 370 MBqmi') was added to samples at a so that we estimated P-biomass based ond«Cirid cell con-
final concentration of 20-79 pM. Samples for the subtrac-centration. The estimated P-biomass was 45-98%7) of
tion of the background and abiotic adsorption were fixed POP except for two occasions (105 and 115% of POP).
with 100% trichloroacetic acid (TCA) (final conc. 0.5%) be-
fore isotope addition. Samples were incubated under sub2.6 Alkaline phosphatase activity (APA)
dued (laboratory) illumination. The incubation time varied
between 15 and 20 minutes: short enough to assure a linSamples for APA were collected every day. APA was
ear relationship between the fraction of isotope adsorbed vameasured fluorometrically using @-methylfluorescein-
the incubation time but it was long enough to reliably detectphosphate as substrate (Perry, 1972). Fluorescence in the
isotope uptake above background levels. The radioactivitysamples mixed with the substrate (final conc. 0.1 uM) was
from blanks accounted for on average 10.786=(141) of measured immediately after the addition of the substrate so-
that from live samples. Incubation was stopped by a coldlution and at three or four subsequent times according to the
chase of 100 mM KHPQy (final conc. 1 mM). Subsamples fluorescence increase. After correcting fluorescence values
on Day 0 were filtered in parallel onto 25 mm polycarbon- of samples to those of blank, APA (nM-PH was calcu-
ate filters with 2, 0.6, and 0.2 um pore sizes, and subsamlated by using a linear regression of fluorescence values ver-
ples on Days 1-4 were filtered onto 25 mm polycarbonatesus incubation time.
filters with 0.2 um pore size. All filters were placed on a Mil-
lipore 12 place manifold with Whatman (GF/C) glass fiber 2.7 Primary production (PP) and prokaryotic
filters saturated with 100 mM K#POy as support. After fil- heterotrophic activity (PHA)
tration, filters were placed in polyethylene scintillation vials
with Ultima Gold (Packard), and radio-assayed. After the ra-Samples for PP and PHA were collected on Day 0, Day 2,
dioactivities of the filter were corrected for those of the blank and at the end of the experiment. PP and PHA were mea-
filter obtained from fixed samples, phosphate turnover timesured as a measure of growth rate of phytoplankton and
(Ttpoy1:h) was calculated afpo,; = —t/In(1— f) where f Hprok, respectively. PP was measured by @ incorpo-
is the fraction (no dimension) of added isotope collected onration method of Steemann Nielsen (1952). Three light and
the 0.2 uM filter after the incubation timelf). one dark 170 ml polycarbonate bottles were filled up with
AT33p (PerkinElmer, specific activity 111 TBg mmd) sample water from each microcosm. Each bottle was inoc-
was added to samples at a near-tracer concentration of Sulated with 20 uCi of Nal*COs, and all bottles were incu-
25 pM and incubated under laboratory temperature and illubated in the on-deck incubator for 4 h around midday. After
mination for 1-2 h. Incubations were terminated by filtration the incubation, samples were filtered through 0.2 um poly-
through 25 mm polycarbonate filters with 0.2 um pore sizecarbonate filters under low vacuum pressuwe200umHg).
and washed with 2ml of 0.2 um filtrate of seawater. Sam-Filters were put in scintillation vials, fumed with 1 ml of 1%
ples for the subtraction of the background and abiotic ad-HCI in order to remove exceséC-bicarbonate over night,
sorption were immediately (within 30 s) filtered after®P  and radioassayed with scintillation cocktail. PP (nM-Ch
addition (i.e. blank filter). The radioactivity from blanks ac- was calculated by subtracting the radioactivity in dark bot-
counted for on average 8.5% £ 78) of that from live sam- tles from that in light bottles under the assumption that DIC
ples. Filters were placed in scintillation vials with Ultima is 2x 10° nM-C and a correction factor for the lower uptake
Gold (Packard) scintillation cocktail, and radio-assayed. Af-of 14C as compared t&C is 1.05 (see Lagaria et al., 2010
ter the radioactivities of the filter were corrected for those for details).
of the blank filter, ATP turnover timeT{arp;:h) was calcu- PHA (pM-leucine iT) was measured &#i-leucine incor-
lated as mentioned above ffibq,;. Since the sample for the poration rate into TCA-insoluble fraction by the centrifuge
initial value of ATP turnover time at Stn B was lost, a datum method (Smith and Azam, 1992). For each sample, dupli-
obtained from the surface water (5 m), which was chronolog-cate aliquots (1.5 ml) and one TCA-killed control were in-
ically closest to the start of the microcosm experiment, wascubated with 22 nM of leucine (a mixture of 8nM 8H-
used in this study. leucine and 14 nM of cold leucine) for 2h at in situ tem-
The specific affinity for phosphate uptake was calcu-perature in the dark. The incorporation was stopped with
lated by normalizing specific phosphate uptake rates (inverséhe addition of TCA (final conc. 5%). Bovine serum album
of phosphate turnover times) to the summed P-biomass oivas added to each sample (final conc. 100y prior to

www.biogeosciences.net/8/525/2011/ Biogeosciences, 8 53352011
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TCA was mixed with pellet, and then the sample was cen-  *® a | 200
trifuged again. Supernatant was discarded, and a last ceng 7

cocktail, the sample was radioassayed (see Van Wambeke € o T = —
al., 2010 for details). =0 Conto d s f

the first centrifugation. After aspirating the supernatant, 5% stn A stnB StnC
trifuge treatment was done after addition of 80% ethanol. z
After removing the supernatant, and addition of scintillation 500
150 4 —<O— +N 150 150
—A— +P

—@— +NP

100 100 100

2.8 Statistical analysis

PO, (nM)

50 50 50

Student t-test was used to compare values of parameters be
tween the start and the end of the incubation. One-way anal-
ysis of variance (ANOVA) was used to test the effect of dif-
ferent nutrient treatments on a given parameter on the last ) _
day of the incubation at each station. For comparison of" Igd F1>. Tedmpora_" Cdr_‘;”ges in Concemrat'ozﬂ(g'\D/') cgmh' b, 9
each parameter between different nutrient treatments, statisf)—nen Si*;rﬁoer;g 'Zlo;:ﬁ:‘i:r:e?tmenés (Ime pe )i gen Sq“gre’ |
tical analysis was done by post hoc Tukey Honestly signif- P I ngle, and closed circle denote Control,
. . +N, +P, and +NP, respectively. Inlets show Nidoncentrations
icant difference (HSD) test after ANOVA test. Before sta- (M) in Control and +P.

tistical comparison, data were lggtransformed to meet the

requirement of homogeneity of variance. When the dataset

included zero values, data were log transformed using thenq 0.04-0.06 LM, respectively. Ratios of DOC/DON/DOP

equation: logo (x +1) (x: data). Virus samples collected at \yere 1012-2102:111-217:1. Ranges of concentrations of
the end of the experiment at Stn A and Stn B were lost; con-poC, PON, and POP were 2.6-3.1, 0.29-0.32, and 0.01 uM,
sequently, the statistical test for viral particles employed data\'espectively. Ratios of POC/PON/POP were 202—307:21—
from Day 2 for all three stations. All statistical analyses were 3:1. The mean ratios of DON/DOP were in a range of 114—

done using the R softwaréttp://www.r-project.orgl 190, and those of PON/POP ratios were in a range of 23-28
The following four “responses” to nutrient additions were gt the three study sites (Table 1).

defined and used to interpret results of the statistical compar-
ison of parameter values on the last day of the incubation:

Days

POy turnover time ranged from 4.1h to 6 h. Uptake of
33pQ, was always dominated by the 0.6—2 uM fraction, and
the dominance of this size-fraction increased from west to
gast (65% at Stn A to 87% at Stn C, data not shown).
ATP turnover time was one to two orders of magnitude
longer than P@turnover time. Specific PQaffinity ranged
2. N-limitation: concentration or rate of a given parameter from 0.017 to 0.0291nmol-P'h~1. APA was always at

is statistically higher in +N than the Control. measurable levels in situ. Chlconcentrations and Hprok

abundances were initially 0.03—0.06 g land 1.8x 10° —
3. P-limitation: concentration or rate of a given parameter 3 4 x 10° cells mi-2, respectively.

is statistically higher in +P than the Control.

1. No limitation: No statistical difference in concentration
or rate of a given parameter detected among the fou
treatments.

3.2 Temporal variations of dissolved inorganic N and P,

4. N and P co-limitation: Concentration or rate of a given turnover times of PO, and ATP, and APA

parameter is statistically higher in +NP than the others

(|:e. the antrol, N, aqd ). Moreover., no statistical NH4 concentrations in +N and +NP decreased significantly

_d|fference in concentration or rate of a given parameterfrom the start to the end of the experiments at all three sta-

is detected between the Control, +N, and +P. tions (Fig. 1a, b, c; t-test? < 0.05). These decreases corre-
sponded to 16-99% of the initial NfHtoncentration. Sig-

3 Results nificant decreases of RCconcentrations in +P and +NP
(19% and 44%, respectively, of the initial concentration)
3.1 Initial characteristics of the study site waters were observed at Stn A during the incubation (Fig. 1d; t-

test, P < 0.05). In contrast, a significant increase of PO
Concentrations of N& > and PQ were initially close to, or  concentration (1.2—6 times) was detected in the Control, +N,
below, the detection limit of conventional analytical meth- and +P at Stn B, and in +N and +P at Stn C (Fig. 1e, f; t-
ods at all stations (Table 1). NHoncentrations were al- test, P < 0.05). Significant changes in NQ> concentration
ways above the detection limit of the nanomolar analyti- were detected between the start and the end of the incubation
cal technique and in a range of 15-34 nM. Ranges of conin 4 out of 12 occasions (t-tesP, < 0.05, data not shown):
centrations of DOC, DON, and DOP were 66—73, 4.5-8.4,increase in the Control, +N, and +NP at Stn A (60-70nM
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Fig. 2. Temporal changes in turnover time (h) of P@, b, ¢ and j NS
ATP (d, e, f), and alkaline phosphatase activity (APA: nM-Ph

(g, h, i) in different treatments (meanh SD). Open square, open di-

s
3
amond, closed triangle, and closed circle denote Control, +N, +P, S 47 | |
and +NP, respectively. Closed square symbol denotes a datumob © ;| i |
(o]

b b

tained from the surface mixed water (5 m) which was chronologi-
cally closest to the start of the microcosm experiment.

3
%

0.06 -
on Day 3), and decrease in +N at Stn B (below the detection

0.04 b

limit on Day 4). ozl a B ab H a P |, v ° ﬂ
POy turnover time decreased to 1-2h in the Control and ~ , L1 ﬁ ﬁ : ﬁ m W i ’—\ ﬁ :
+N at Stn A and Stn C and in +N at Stn B during the incu- 0.15 q ;

bation (Fig. 2a, b, c). In the Control at Stn B, turnover time
oscillated between 1.7 and 6.5 h. The shortest turnover time £ 010

POP (uM)
(]

NS

at the end of the incubation was found in +N at Stn A, in g

+N and +NP at Stn B, and in the Control and +N at Stn C © %] l 1

(Tukey HSD test,P < 0.05). PQ addition resulted in in- 000 s Below the detection limit

crease in turnover time in both +P and +NP during the first TUC AN 4P NP G 4N P NP C N 4P NP
1-2 days. The increase of turnover time after the BAdi- Treatments

tion was smallest at Stn A. From Day 1 or 2 to the end of

the incubation P@turnover time in +P and +NP decreased. Fig. 3. Comparison of responses of concentration (uM) of P@C (
At the end of the incubation turnover time was longest in b, ¢) DOC (@, e, §), PON @, h, i), DON (, k, 1), POP (n, n, o),

+P and +NP at Stn A and in +P at Stn B and Stn C (Tukeyand DOP p,_q, r) between the different treatments at the last day
HSD test,P < 0.05). ATP turnover times in all nutrient treat-  ©f the experiment. Values are shown as me&D. C, +N, +P, and
ments tended to change little or decrease during the incul’\"- dénote Control, Niiaddition, PQ addition, NH, + POy ad-

. . o dition, respectively. Columns labeled by different italic lettere(
bation (Fig. 2d, e, ). The effect of the R@ddition alone b) are significantly different aP < 0.05. NS denotes no significant

resulted in, at most, a 1.6 time increase 9f turr_10ver t'meeffect of different nutrient treatments on the parameter measured.
of ATP, whereas we observed up to a 10 times increase 0Ege Materials and methods for details.

POy turnover time. ATP turnover time in +N was shortest

on Day 2 at Stn A and on Days 2 and 4 at Stn B and Stn C

(Tukey HSD test,P < 0.05). APAs continuously increased on Days 1-2 at Stn B, and on Days 3—4 at Stn C (Tukey
in +N treatments but in the other treatments varied little atHSD test,P < 0.05). No statistical difference between the
all stations (Fig. 2g, h, i). APAs were significantly higher treatments was detected on Days 3-4 at Stn B because of
in +N than all the other treatments on Days 1-3 at Stn A,increased variations between the triplicates in +N.
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3.3 Responses of organic C, N, and P, and microbial St A S B St G

components a b
b
a a a ﬂ
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Concentrations of POC were highest in the +NP treatments 041

at all three stations (Fig. 3a, b, ¢), and significantly higher in 024, 2 . ﬂ b H
+N than the Control at Stn B (Tukey HSD tedt,< 0.05). 00 LB ﬁ s B 0| P P
d
b
b

Chlorophyll a (ug I'*)

An effect of nutrient addition on DOC concentration was 1400
detected only as a significantly lower concentration in +NP
than the Control at Stn C (Fig. 3d, e, f). PON concentrations
were significantly higher in +N than the Control and +P and

Primary production
(nM-C h°
(2]
8
o

highest in +NP at all stations (Fig. 3g, h, i; Tukey HSD test, ‘2‘22 ] , ﬁ

P < 0.05). No significant difference of DON concentration P D I | P
was detected between the Control and the nutrient addition 5Tg

treatments at all stations (Fig. 3j, k, I). POP concentrations NS

NS J 1
150

were highestin +NP at all stations (Fig. 3m, n, o; Tukey HSD
ﬁ [ &l ﬂ :
mﬁﬁﬁ%ﬁ%ﬂﬁ,ﬂ
(o} N

|

h i
k4

T

c
c
a
b

Hprok abundance
(x10° cells mI™")
N

+P were significantly higher compared to those in the Con-
trol (Tukey HSD test,P < 0.05) but not compared to those
in +N. Nutrient addition did not affect DOP concentration at
all stations (Fig. 3p, q, ).

Chl-a concentrations were higher in +N than the Control
and +P, and highest in +NP at Stn A and Stn B, and higher
in +NP than the others at Stn C (Fig. 4a, b, ¢; Tukey HSD
test, P < 0.05). PP was significantly higher in +N than the
Control and +P, and highest in +NP at all stations (Fig. 4d,
e, f; Tukey HSD testP < 0.05). No significant difference Treatments
between the treatments was detected for Hprok abundance
and PHA at Stn A (Fig. 4g, j). At Stn B, Hprok abundances Fig- 4. Comparison of responses of chlorophyltig 1 (@ b,
were significantly lower in +N and +NP than the Control and ©- Primary production (nM-Ch™) (d, e, f), abundance of het-
+P, while PHA was significantly higher in +N than the Con- erotrophic prokaryotes (Hprok) (cells) (g, h, ), and prokary-

. . : ) otic heterotrophic activity (pM-leucinet) (j, k, 1) between the
trol and +P, and highest in +NP (Fig. 4h, k; Tukey HSD test, different treatments at the last day of the experiment. Values are

P <0.05). At Stn C, Hprok abundances were significantly gy as meatt SD. C, +N, +P, and +NP denote Control, DH

lower in +N than the other treatments, and PHA was signif-3qgition, PQ addition, NH;+PO, addition, respectively. Columns

icantly higher in +NP than the other treatments (Fig. 4i, |; jabeled by different italic letters:(or b) are significantly different

Tukey HSD testpP < 0.05). at P <0.05. NS denotes no significant effect of different nutrient
Abundances oSynechococccusere significantly higher ~ treatments on the parameter measured. See Materials and methods

in +N than the Control and +P, and highest in +NP at Stn Afor details.

and Stn B (Fig. 5a, b; Tukey HSD tegt,< 0.05). At Stn C,

Synechococcuabundance was significantly higher in +NP (Fig. 6g, i; Tukey HSD testp < 0.05), while no significant

than the others (Fig. 5¢). No significant differences in pi- effect of nutrient addition was detected at Stn B (Fig. 6h).
coeukaryotes abundance between the treatments were de-

tected at any station (Fig. 5d, e, f). A significant effect of

nutrient addition on ANP abundance was detected at bothy Discussion

Stn B and Stn C (Fig. 5h, i). ANP abundance was higher in

+N than the Control and +P, and highest in +NP at Stn BOur investigation, at three offshore stations in the Mediter-
(Tukey HSD test,P < 0.05). At Stn C, ANP abundance ranean Sea, is the first on-board study of nutrient-
was significantly higher in +NP than the others. No signifi- manipulated microcosms that examined simultaneously ma-
cant difference in concentration of viral particles between thejor biogenic elements (C, N, P), the extent of availability of
treatments was detected at any station (Fig. 6a, b, ¢). SignifPQ, and labile DOP, abundances of major functional groups
icant differences in HNF abundance between the treatmentgéviruses to ciliates) in the microbial food web, and growth
were detected only on twice: higher in +N than the Control atof phytoplankton and Hprok. Our results are the first that
Stn A, and higher in +NP than the Control at Stn B (Fig. 6d, demonstrate that a P-starved status, as indicated by relative
e; Tukey HSD testP < 0.05). Ciliate abundances were sig- in situconcentrations, may not correspond with P-limitation.
nificantly higher in +NP than the others at Stn A and Stn CWe found no significant differences indicative of P-limitation

il

T

o

N
=]
S

S
=]

test, P < 0.05). At Stn B and Stn C, POP concentrations in
+ +P +NP  C +N +P +NP C +N +P +r\'lP

Prokaryotic heterotrophic
activity (pM-leucine h'™")
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Fig. 5. Comparison of responses of abundance (celislnlof Fig. 6. Comparison of responses of abundance (particles or
Synechococcu@, b, ¢, picoeukaryotesd, e, f), and autotrophic ~ cells mi~1) of viruses &, b, 0, heterotrophic nanoflagellates (HNF)
nanoplankton (ANP)d, h, i) between the different treatments at (d, e, f), and ciliates g, h, i) between the different treatments at the
the last day of the experiment. Values are shown as me®d.  last day of the experiment except for viruses (data from Day 2).
C, +N, +P, and +NP denote Control, I§taddition, PQ addition, Values are shown as mea&rSD. C, +N, +P, and +NP denote Con-
NH4+PQy addition, respectively. Columns labeled by different trol, NHg addition, PQ addition, NHy+PQy addition, respectively.
italic letters @, b or ¢) are significantly different aP < 0.05. NS Columns labeled by different italic letters,(b or ¢) are signifi-
denotes no significant effect of different nutrient treatments on thecantly different atP < 0.05. NS denotes no significant effect of
parameter measured. See Materials and methods for details. different nutrient treatments on the parameter measured. See Mate-
rials and methods for details.

in any measured biological parameters of the microbial foodpop and arsenate (reviewed by Karl and&man, 2002).
web after P-addition in three anticyclonic eddies of the West-on the other hand, Marty et al. (2002) report that thesNO
ern, the lonian, and the Levantine Basins. to PQy ratio in surface waters of the DYFAMED time-series
In all three experiments, the initial ratios of N to P were station (an offshore site in the NW Mediterranean Sea) was
higher than the Redfield Ratio at all three stations with re-highly variable in a range of 1-60 (observation period: 1991-
gard to both DON to DOP (111-217) and PON to POP (21-1999), even when only the data on concentration oflsdd
30) (Table 1). In contrast, the ratio of DIN to R@L.8) at  PO4that exceeds 0.1 uM (i.e. more than twice their analytical
Stn C was much lower than the Redfield ratio. Gldencen-  detection limits) were taken into account. The N© POy
trations, PP, Hprok abundance, and PHA in the waters usedatios in Mediterranean surface waters which are lower than
in this study were within the previously reported range in the Redfield ratio are a contrast with the pi© PQy ratios in
offshore surface waters of the Mediterranean Sea during thevaters below the epipelagic layer (22-28, Krom et al., 1991;
stratified period (see the compiled data in Siokou-Frangou eBéthoux et al., 1992; Kress and Herut, 2001; Pujo-Pay et al.,
al., 2010). This suggests that the sites studied were initiallj2010). This may suggest that surface offshore waters with
oligotrophic or ultra-oligotrophic with a mixed signal of ei- low DIN to POy ratios occur on limited spatial and temporal
ther N or P limitation. However, the estimated DIN to PO scales during the stratified period in the Mediterranean Sea.
ratio at Stn C includes certain elements of uncertainty. Al- A P-starved status at all three sites was suggested by data
though concentrations of NHwvere low but well above the on specific PQ affinity which is a measure of P availability
detection limit of the nanomolar analytical technique, con-for osmotrophs (cf. Thingstad and Rassoulzadegan, 1999).
centrations of N@;2 and PQ were close to the detection Tanaka et al. (2006) proposed that a specifig R@inity
limit of the conventional technique used in this study. The > 0.021nmol-P1h~1 indicates P limitation, i.e. the growth
molybdenum blue reaction method measures not only POrate of the existing osmotrophs (here, phytoplankton and
but also has a potential background such as from acid labilédprok community) is reduced because of low P availability.
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According to this criterion, the phytoplankton and Hprok was detected in a given parameter, the indication was almost
communites were initially P-limited at all three stations, and always N-limitation or N and P co-limitation (Figs. 3-6).
the extent of P limitation tended to increase from west to east We found that PP was consistently limited by N, while the
(Table 1). The P biomass estimate, which was used to detetimiting nutrient for Hprok growth was variable among the
mine specific PQ affinity, also includes elements of uncer- study sites: no nutrient limitation in the Western Basin, N-
tainty (see Materials and methods). If specificsPadfinity limitation in the lonian Basin, and N and P co-limitation in
is recalculated by assuming C/Chlatio of 100 (e.g., Mal-  the Levantine Basin (Fig. 4). However, Ridame et al. (per-
one et al., 1993), and C/P ratio of 250 for phytoplankton, sonal communication, 2011) found that P addition in their
which is similar to POC/POP ratios in situ (Table 1), and experiment significantly enhanced PP at 48h at Stn B and
C/P ratio of 150 for Hprok, which was found in P-limited Hprok growth at 24 h but not at 48 h at Stn A during 2-day
conditions (e.g., Vrede et al., 2002), the estimate of speincubation at the same cruise. While both our study and
cific affinity would increase by a factor of 2 at all three sta- Ridame et al. study employed water collected at the same
tions (i.e. an indication of enhanced P limitation). This sug-depth at the same sites, the experimental design and treat-
gests that the phytoplankton and Hprok community was ini-ments were different (e.g., nutrient concentration and micro-
tially P-limited at all three stations, despite the uncertaintycosm size). Hence, these differences in response of phyto-
in our estimate of specific PCaffinity. However, it should plankton and Hprok between two studies remained to be ex-
be noted that specific R@ffinity for the phytoplankton and plained. Ternon et al. (2010) found significant increases of
Hprok “community” is a measure only of BQavailability. PP in both the aerosol and the Saharan dust analog addition
In other words, the extent of P availability based on specifictreatments compared to the Control at Stn A, B, and C in the
POy affinity values does not necessarily exclude the possibil-same cruise. Since both analogs include N and P as well as
ity that growth of the whole osmotroph community was co- other elements (e.g., Fe, Al), the limiting element was not
limited by P and other substrate nor the situation that specifievident in their study.
osmotroph groups were limited by substrate(s) other than P Responses to nutrient additions were also different among
in our study. the stock parameters and between the study sites in our in-
Increases of P@concentration in the Control and +N at vestigation (Figs. 3—-6). The NHaddition resulted in in-
Stn B during the incubation were unexpectedly high (up tocreases of PON, Chi; Synechococcyusand HNF at Stn A,
ca. 6 times, Fig. 1e), and were not consistent with variationswvhile at Stn B the NI addition resulted in an increase of
of organic P pools. Pg©turnover times were relatively stable POC, PON, Chk, Synechococcusind ANP but a decrease
in the Control and decreased in +N at Stn B (Fig. 2b). Henceof Hprok abundance. At Stn C, the NHddition alone re-
we speculate that PQOcontamination in these samples oc- sulted in an increase of PON and POP, but a decrease of
curred outside rather than inside the microcosms. With theHprok abundance. A combined addition of Nidnd PQ
analytical detection limit and the precision for the NQ at Stn C resulted in an increase of POC, PON, POP, Chl-
measurement in this study, significant changes osNO  a, Synechococcu&NP, and ciliates, but no change in Hprok
concentration remained to be explained. abundance. Interestingly, despite N-limitation or N and P co-
Our study demonstrated that no chemical and biologicallimitation of Hprok growth, the abundance of Hprok was sig-
parameters measured during the microcosm experiments imificantly smaller in the Nl addition compared to the Con-
dicated P-limitation at any station. If the osmotroph com- trol (Fig. 4h, i). Hprok were dominated by a low DNA con-
munity were limited by P alone, turnover times of Pénd  taining subpopulation at the start of the experiment, and the
ATP would have been similar between the Control and +N,significantly smaller abundances of Hprok in +N and +NP
and APA would not have been enhanced by N\adidition =~ compared to the Control were mostly because of little change
(Fig. 2). In a previous study, responses ofP@rnover  or decrease of this subpopulation during the incubation (data
time and APA were similar in the Control and the Naiddi- not shown). From the same experiment done at Stn B, Ta-
tion treatments, when surface offshore waters of the Easterfarmin et al. (2011) report that cell-specific PHAs of two high
Mediterranean Sea were manipulated by an in sity BD DNA containing subpopulations were 2 times higher in +N
dition in May 2002 (Flaten et al., 2005; Thingstad and Man- and +NP than the Control, but the proportion of these sub-
toura, 2005). In that study, Hprok growth was P-limited and populations to total Hprok abundance was similar between
PP was N and P co-limited (Thingstad et al., 2005; Zoharythe Control, +N, and +NP at the end of the incubation. This
et al., 2005). Our results suggest that initially the availability suggests rapid top-down control on Hprok abundance. How-
of the PQ pool for osmotrophs was controlled by the avail- ever, abundances of viruses, HNF, and ciliates were similar
ability of NH4 (i.e. potential N-limitation) at the three sta- between the Control and +N at Stn B and Stn C (Fig. 6),
tions. Hence, an Nidaddition to the waters collected in this while ANP abundance was significantly higher in +N than
study enhanced the P requirement by the osmotroph commuhe Control at Stn B (Fig. 5h). This may indicate a tight
nity, by which turnover times of Pfand ATP decreased and trophic coupling in the heterotrophic compartments and a rel-
APA increased in +N. In our experiments, whenever a sig-ative benefit for ANP (more growth and/or less grazing) over
nificant difference between the different nutrient treatmentsa short time.
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The limiting nutrient in our sample waters was not the  Our results show that while the C/N/P ratio of particu-
same as in the offshore water studied during the CYCLOPSate organic matter consistently indicated P-starved status
Lagrangian P-addition experiment in the Eastern Mediter-compared to the Redfield ratio, whenever nutrient limitation
ranean Sea (see Introduction, Thingstad et al., 2005). Henceas detected, phytoplankton and Hprok never experienced
it was impossible to test in this study if the bypass and tunnelP-limitation in surface waters in the center of anticyclonic
ing mechanisms for P exist in different sites of the Mediter- eddies at the three Mediterranean Basins. These results sug-
ranean Sea. On the other hand, the responses at the ogest a large gap between biogeochemical features (P-starved
motrophs community level in +N treatment at Stn C (an in- status) and biological responses (no P-limitation). We ques-
crease of PP, no change of Ghiand PHA, but a decrease tion the general notion that Mediterranean surface waters are
of Hprok abundance) seem a mirror image of the results inlimited by P alone during the stratified period. However, sur-
the CYCLOPS experiment (an increase of PHA, no changdace waters in N-limitation or N and P co-limitation may cre-
of Hprok abundance and PP, but a decrease ofuCRIsarra  ate a niche for M fixers that have recently been found in
et al., 2005). However, a rapid transfer of a limiting nutrient the Mediterranean Sea (Sandroni et al., 2007; Bar Zeev et
(N) to higher trophic level such as ciliates was not evident atal., 2008; Bonnet et al., 2011). If indeed organic matter in
Stn C. An existence of the bypass and tunneling mechanismthe surface layer is P-poor (skewed ratios of DON/DOP and
for N under N limited condition needs to be tested in future PON/POP), but the microbial food web is either N-limited or
studies. N and P co-limited, are conditions which suggests a turnover

In the Eastern Mediterranean Sea, high amounts of NO time of organic N longer than that of organic P (cf. Thingstad
and PQ with N/P ratios of 22-28 is supplied to the and Rassoulzadegan, 1995). A required condition that per-
epipelagic layer during the winter overturn, and annual phy-mits N and P co-limited Hpok but N-limited phytoplankton
toplankton bloom (November—March) results in an exhaus-in the same water is that N:P ratio in phytoplankton com-
tion of Py and a NQ residual in the epipelagic layer when munity is much higher than that in Hprok community (i.e.
the water column stratification is established (Krom et al.,greater P requirement per cell volume by Hprok) (reviewed
1991, 2003, 2010). In the same area, summer condition®y Vadstein, 2000; Sterner and Elser, 2002) in surface waters.
are firmly established with a strong thermocline and a well-Further research is needed to investigate how the most lim-
developed deep chlorophyll maximum by May (Krom et al., iting element for the pelagic plankton food web varies with
2005). LNLC conditions develop in the euphotic zone abovetime (spring phytoplankton bloom, development of the strati-
the chlorophyll maximum with concentrations of WKBO—  fication, and decline of the stratification) and space (different
80nM), NOs;2 (<1-10nM), and P® (< 2—-4nM) which  depth layers in the euphotic zone, anticyclonic and cyclonic
are only detectable using nhanomolar methods (Krom et al.eddies, coast-offshore gradients, and different basins) in the
2005). Note again that Hprok were not limited by N likely Mediterranean Sea.
because of the presence of measurablq Bl of bioavail-
able DON, while phytoplankton were N and P co-limited Acknowle_dgementsThis is a contrib_ution to the BOU_M (Bio-_
in surface offshore waters in May 2002 in the same areaﬁ/leod‘?them's”y )from_ thtef_ o"QOterOFt’)h'Cthto Fthe r?ltra(t)‘“gmlr?_thllcE

H . . eaiterranean roject finance e French nationa -
(Th'”gs“’?d etal., 2005; thary et e.ll" 2005)..The preVIOUSCYBER prograr’r? alnd the Europegn commission SESAME IP.
study which employed nutrient-manipulated bioassay EXPeIThe BOUM project was coordinated by the Institut des Sciences

iments in July and September 1999 along the Iongitudinalde 'Univers (INSU) and managed by the Centre National de la

transect in the Mediterranean Sea, found that Hprok growtikecherche Scientifique (CNRS). The authors thank the crew of the
is generally limited by P in surface OffShlore waters (Yan R/V L'Atalantefor outstanding shipboard operation, chief scientists
Wambeke et al., 2002). Our study done in June/July indi-T. Moutin and L. Prieur for the cruise organization, C. Marec

cated that PP was consistently limited by N, while Hprok and L. Prieur for CTD and rosette operation, and D.éveé,
growth was not nutrient limited in the Western Basin, N- M. Le Moal, A. Nowaczyk, and K. Popendorf for microcosm setup
limited in the lonian Basin, and N and P co-limited in the and sampling. Thanks are also due to two reviewers for useful
Levantine Basin (Fig. 4). Specific R@ffinities indicated P- ~ comments, and J. Dolan for the linguistic correction.

limitation of the phytoplankton and Hprok community in the
initial community (Table 1). A possible scenario for these
seemingly disparate results would be that (1) as the strati-
fied period progresses, the available pool of both inorganic N
and P becomes very small in the surface mixed layer, (2) the
plankton food web shifts to N and P co-limitation. Thus,
growth of osmotroph groups is limited by different nutri-
ents in a same system, and the most limiting nutrient for os-
motroph growth shifts seasonally or sporadically among N,
P and N + P (cf. Hecky and Kilham, 1988).
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