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AssτRAcτ

Phosphate and SF6 (an inert tracer) rι'ere injected into ιhe upper mixed
Ιayer in an area of 7 .5 km'.7 .5 hours afτer ιhe injection the chemicaΙly deter-
mined orthophosphaιe had reduced to half iιs initial value and aker 36 hours
to <5nM. Αt the same ιime there was an increased turn-over ιime of biolo-
gically avaiΙable orthophosphate of more ιhan one order of magniιude' sug-
gesting that the phosphaιe had been removed bv biological uptake. Ρrimary
productivity and phμopΙarrkton biomass shorved a nutrient-starved auιotro-
phic cοmmuniφ unaffecιed by the phosphorus addiιion in terms of biomass
or productiviψ their charrges being rather aπributed to small-scale spatio_

ιemporal variabiliry. There ιι,ere complex changes in the detailed functioning
oΓ ιhe microbial ecosysιem which are being evaluated. There was a large

reservoir oΓ DoP in the phοιic zone (50-400 nM), with |5-25 nM of parti_
culaιe Ρ and <5 nM of DΙP onΙy |7o/o οf the DoP was UV-labile. Ιt is now
hypoιhesized that DoP may be impοrtant in providing the P substrate nee-

ded ιo Ιemove excess niuate from the surface wateΙs between winter and ear-

Ιy summer and thus drive the sysιem towards co-iimitation.
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ΙιττRooυcτtoπ

Αn in-situ Lagrangian phosphate addition experiment was carried out at
the core of the Cyprus Eddμ in May 2001. The design οf this experiment
was based on the successfuΙ ΙRONΕX and SOΙREE experiment to determi-
ne whether the East Central Pacific and Southern Oceans were iron limited
(Boyd and Law, 20ο1). Ιt has been shown that ιhe Eastern Mediterranean is
PJimited on the basis of chemical determinations (F(rοm et a1., 1991). The
aim of the CΥCLOPS experiment was to determine whether the Eastern
Mediterranean \Λ/as P Ιimited in May by determining how the naιuraΙ micro_
bial ecosystem respοnds to a single addition of phοsphaιe. Α Lagrangian
experiment was carried out in which phosphare and an inert tracer (SF6)
were added to a patch of water and the chemical and bioΙogical response to
that addition were followed.

MετHoυοιocγ

The Lagrangian experiment was carried out in the center of the Cyprus
anticyclonic eddμ SE Levantine Basin, by ιhe R/V Aegaeo between 5-Ι7 of
Μay 200l. Physica1 data was gaιhered using a Sea Bird Εlectronics
(SBE911plus) CTD profileη furnished wiιh oxygen and fluoromeιer SensoΙs.

\Vater samples were ιaken using a muiιi_sampler/Rosette system (General
Oceanics). Samples π,ere subsequendy anaΙγsed for nutrients and biologicaΙ

Parameters at stations outside and inside ιhe area of phosphaιe addition
(referred to in the teΧι as oUT stations and ΙΝ Stations respecιiι.e1y). The
detaiΙs οf the chemical and biological analyses are described in TabΙe 1.

PHospHeτε ADDΙTΙ oI.J EXPERΙMENT

ΑpproximarcLy 3.2 tonnes of phοsphate \λ/ere added with 0.29 mol SF6 to

a 30m surface mixed layer οr.er an area of -7.5 km' on 11/05/01. Conserva-
ιive dilution wouΙd have resuΙted in a mean dissolved inorganic phosphate
(DΙP) concentration oΓ -103 nmol/l in the patch (compared with undetec-
ιable DΙP οutside the patch), and an average SF6 concentration oΓ -lz30
fmol/l (-16ο0 times the background leveΙ). SF6 results from sampΙes taken

from a transect 7.5 hours after the addition showed that the paιch surface

area had increased by a Γactor of 2.3 (Figure 1). The mean ΙN patch dissol-
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ved inorganic phosphorus (DΙP) concentration at that dme was 22 nmoV|,

halΓ that of the expected value. The disparity between the SF6 concentration
and DΙP indicated that -50o/o of the DΙP had been lοst or taken up by bio-
logical activity. Αt this time eΙectrical and other problems resulted in SF6

being tracked only by discrete sampΙing. A second ΙN station was sampΙed

36 hοurs after the addition using discrete samples collected by CTD. The
drifter buoy and SF6 patch remained closely associated fοr the first ινvo days,

until the drogue was lost frοm the drifter buoy during a storm. Αfter sear-

ching for the paιch for 2 days, it was Γound again. The first Bοx survey
(l4l05l0l) of 15 stations revealed a maximum SF6 concentration of 36
fmol/I, indicating a 15-fold dilution of the SF6 tracer since the first transecr

three days previously. Α 2'd Box SuΓvey oΓ 12 stations confirmed this, with
sοme evidence oΓ verιical heterogeneity in the SF6 tracer distribution. The
patch had moved at hοrizontal speed oΓ approximateΙy 39 km/d which was
much faster than expected and greater than the veΙocity determined in the
Southern Ocean (B"yd and Law, 2001).

Rεsυιτs

NutrienB

The bacξround concentrations of phosphate and nitrate at the oUT sta-

tions in the upper 100 m were beΙoιv detection limit for the conventiona-l

automated method (<10nM) for all samples. Αn improved method for P
determination, the 'nanomolar waveμide systeni, was Put to a successfui

field πial οn-board ship. Results Γrom this ηvsιem (detection Ιimit lnM)
confirmed that natura] waιer column DΙP cοncentrations were <5 nmolil to
the depth οf the nutricline. Silicic acid cοncentratiοns in the uΡΡeΙ 100 m
were 1.11 t 0.25 μM.

Phosphate measured ιγithin the patch rapidly declined over time. Αfter
7.5 hours, the mean ΙΙ.{ patch dissoΙved inorganic phosphorus (DΙP)
concentration \MaS 22 πmolll (Figure 1), and after 35 hοurs, a maximum
DΙΡ concentration of 0'02 μM was found aι 15 m depth with most
samples at or below the analytical limit of detection. The next measure-

ment v/as 5 days after the Ρ addition (due to technicaΙ problems and wea-

ther conditiοns), when P concentration had faΙlen tο background levels.

There \Λ/as no evidence of a change in other nuιrient concentration aS a

result oΓ the P addition.
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Fig. 1 : Fiμre showing the pοsition of the Phospharc/SF6 patch as located by the position of the dro-
gued bouy' The inset shows the measured concentratioι ofphosphate (DΙP) and inserτ tιacer (SF6)

tΙansect 7.5 hours after the reΙease. Ιt is estimated that -50Ψo ofthe DΙP had been rernoved by biolo-
gical uptake during this period

DissoΙved organic-P (DoP)' particuΙate P and dΙssoΙved organic carbon
(Doc)

The acid persulphare rechnique gave fairly high values for rotal-P in the
top 30m (200-400 nM-P). Particulate_P accounts for onΙy a Sma-ιl fraction
of the total-P (|5-25 nM) (Figure 2a).UΥ-|abile DoP was determined sepa-
Ιately on a number of depth profiΙes. There was a significant pool oΓ Ι.ΙV-
labile DoP (-50 nνt1 in the surface waters (Fiμre 2b). Since inorganic-P
was below detection limit in the euphotic zone, the rotal-P determined by
both methods was essentially all DoP There \Ι/as no apparent difference bet-
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Fig. 2a: Total-Ρ (-DoΡ) and
te-P concentrations.

:ι{Ψξ: μaεi
fu{l ij'; :,ξ '#1

oarcicιrΙa-' Fig.2b : UVlabile DoP - ΙN station, 5 days afteι
P addidon.
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Fig. 3ι : DissoΙved reactive Ρ (DRP) and
LΙV-labile DoP
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Fig. 3a : DOC depth profile of the CYCLOPS
Eddy.

ween DoP measured at an OUT sm (4 days after additiοn) and an ΙN sm
(5 days after addition).

Dissolved organic carbon (DoC) and UV-labile DoΡ weΙe also determi-
ned on profile to L750m. DoC Ιanged from 80 μmM at the surface to 40

μmM from surface to 500 m depth. From 500 m ω 1750 m it was Γairly
constant, at apprοximately 40 μmM (Fiμre 3a). DoP decreased from 50
nM in the phοtic zοne to a minimum of <5 nM at 1000 m (Figure 3b) The-
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re was an increase in the DoP and a decrease in the Doc which corres-

ponds to the new Levantine Deep water Γormed in the Αegean'

Poa turnover tΙme and particΙe sΙze dΙstributΙon (15m depth)

Fig.4:Ti:rnover-timeforΡo4insamplesfrom15mdepth.ΙNstationsareshowninblack
(12r and 15e MΦ.
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Fig. 5a & 5b : Shift in mean size oΓ organisms involved in P uptake'

ΙN stations are shown in dark grey (12r and 15il MΦ'

only half οf the phοsphate originally injected v/as^detected as dissοlved

i.rorg"rri" phosphate 7.5 iou.s aft-er release and had fallen to below detec-

,i.rii-i,, (.s.'ιη) by 36hours aΓter release. Αt the Same time (|2l05l0Ι)

there was an increasJd turnοver time οf biologically available orthophos_
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phate oΓmore than one order of magnitude (from <10 h to nearly 100 h).
(Figure 4) ThiS Suggests that the phosphate had been removed by bioΙogical
uptake. The uptake corresponds to an approximate doubΙing oΓ the existing
particuΙate-P. Phosphate uptake as a function oΓ size was very close to nor-
mal distribution, with a mean of Ο.7 um (Figure 5a), indicating a domi-
nance οf uptake in picoautοtrophs. Phosphate uptake was shifted into
slightly Ιarger organisms as a result οf the P additiοn (Figure 5b). This is
consistent with the exΡectation from previous bottle experiments that the
addition oΓ phosphate removed P-starvation in the microbial population
(Thingstad et a1. 2001) particuΙarly within the larger organisms in the
microbial popuΙation.

ChΙorophyΙΙ a

During the period of the experiment the water column was stratified,
with a mixed 30 m upper layer and a seasonaΙ thermocline established bet-

ween 3Ο and 70 m. Total chlorophyΙl a aνeraged 0.03 μg l-' in the surface
mixed layer (0_30 m). Ιt remained very lοw down tο 70 m. The deep chlo-
rophyll maximum (DCM) extended berween 90 and 120 m and had a chΙo-
rophyll a content of 0.213 +0.07 μg l-1. Ιt was always situated under the ther-
mocline whiΙe in most cases (5/8) it was located at 11ο m. ChΙorophyΙl a
remained almost constant over the 5 days of the experiment. The dominan-
ce of picopΙankton in the surface layer was evident in the ΙN staιions, while
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Fig. 6a & 6b : The abundance ofeukaryotic and cyanobacterial cells in the surΓace water (0 - 40 m) ofthe
Cyprus Eddy befoιe and after the addidon ofphosphorus, aτ ΙN and OUT stations.
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no difΓerences can be seen for either total, pico or nano chl a concentrations
between the first and the subsequent days (p>0.05).

Ph o tosyn th eti c picopΙankton

There was nο distinct difference in the abundance oΓ eukaryotic phμo-
plankton celΙs berween sampΙes taken inside vs. outside the patch (Fiμre 6a).
For unicelΙuΙar picoplanktonic cyanοbacteria, howeveη it was evident that
the highest values coincided with the sites of highest bacteriaΙ activity and
high SF6 values (Figure 6b).

PhytopΙankton
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Flg. 7 : Mean (upper paneΙ) and relative (lower paneΙ) contribudon of phμoplankton gιoups in
abundance and biomass, duτing one oUT (cYc14) and two ΙN (CYc17 and CYC2s) primary pro-
ducιion casts (D: diatoms, DF: dinoflagelΙates, F: flagelΙates, C: coccolithoforids).

Ιnterestinglμ the most pronounced variation in the micro_phμopΙankto-
nic communiry (onΙy ΙN stations, Figure 7) was the relative contribution of
each grοup. Dinoflagellates \ΜeΙe the most important grouΡ all over the expe-
riment, both in terms οf abundance (66-39 o/o) and biomass (67-52o/o).Dia-
toms and flagelΙates shared the rest oΓ proportions but within the first two
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days from the addition and until the end of the experiment they were repla-
ced by coccolithophοrids in terms of abundance whereas in terms of biomass
coccοlithοphorids shared pΙoPortions with diatoms.

HeterotrophΙc nanoflageLΙate (HNF) and autotrophΙc nanoΙΙageΙΙate
(ANF) biomass
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Fig. 8 : ΗNF andΑNF biomass OUT stn (CTD14) and ΙN stn (CTD17).

The biomass of ΗNF and ΑNF ranged from 4 to 1 0 and Γrom 2 to 1 0 μg C
1', respectively, in the ΙN and oUT stations in the upper 30 m (Fiμre 8). Both
biomasses appeared to increase after P addition at 5, 10 and 15 m, especially ar

10 m depth. ΗNF increased by a factor of 2 ιnd ΑNF by a factοr of 3. Below
20 m, there was either no change, or a sΙight decrease, as a result of P addition.

CiΙΙates

Ciliate abundance ranged from 82 to 223 cells 1-' in the upper 30 m ; the-

se extremely Ιow values are not unexpected for the region. Both abundance
and biomass decreased sharply down to 30 m and more smoothly down to
150 m (Figure 9). No differences were found berween the ΙN and oUT sta-

tions, in terms of profiles and integrated values or when abundance, biomass
or species composition of ciliates were considered.
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Fig. 9 : Veπical distribudon of ciliate biomass and abιrndance before and after the Ρ-reΙease.

Heterοtrophic bacteria

Bacterial numbers in the surface \Mater (upper 40 m) of the eddy at the
oUT Station ranged from Ο.7 x 1ο5 (NFG |5' 25 m depth) ω 2.2 x 1O5 ceΙls

ml1 (CYC 21, 1 m) with an λΥerλ1e ot l.35 X 105. These are eΧtremely low
abundances for naturaΙ populations of heterotrophic bacteria, even for the
ultra-οligotrοphic Levantine Basin. Α response to the Ρ fertilization \MaS not
detected in bacterial numbers. There was no indication of higher or lower
bacterial counts in the upPer waters (0 _ 30 m) οf the ΙN stations aS oppo-
sed to the oUT Stations. Ιf anμhing, the few highest values, > 2 x 1O5 cells
mΙ-1, were all recorded outside the patch.

ParticΙe voΙumes and sΙze spectra

Total paτticle volume (0.5-50 μm) ranged frοm 5x10a to 2.3xl05 μm3 mΙ_l

and decreased greatΙy at 5 and 10 m after P additiοn.

Primary production

Τbtal primafy pfoduction decreased significantly over the 2 days fοlΙo-
wing P addition (p<0.01) and had decreased even further by 5 days after
addition (p<0.0001 ; ThbΙe 2). AΙthοugh biomass remained almost constant,

primary production gradually decreased over the 5 days, as a result of a redu-
ced assimilatiοn index οf the phμoplankton populations involved.
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BacterΙaΙ actiuity

Ιn most sampling stations and depths there was no distinct difΓerence in
bacterial activiΨ berween samples taken inside vs. outside the patch. Ηolve-
veη the few exceptionally high vaΙues were aΙl for sampΙes taken Γrom inside
the patch, and corresponding with relatively high SF6 values. Expressing the
same data as bacterial specific activiψ i.e. activity per bacterial cell (pmol
Leucine (106 cells)' h'') gave similar resulrs : the highest specific activiry rook
place at the same sites of highest total bacterial activiΨ.

Dlscυssloπ

There 'vvas a rapid uptake of phosphate in the patch after addition with
50%ο being lοst from the \Mater coΙumn within 7.5 hours and vaΙues close to
bacξround being found after 36 hours. There was evidence from the tur-
nover time that this Ιoss from the water column was due to biological upta-
ke. The uptake seemed to be cοncentrated in the larger sized οrganisms. The
other biological data showed a baΙanced but starved autotrophic communiry
in the area, which did nοt Seem to be affected by the phosphorus addition in
terms of phμoplankton biomass οr productiviry. other biοlogical parame-
ters showed a compΙex resΡonse to the addidon with changes that were often
difficuΙt to See above the natural variabiliry within the system. Thus there
were a few exceptiona_lΙy high values of bacterial activiry in the patch but nο
change in bacιerial numbers. Heterotrophic and autοtrophic nanoflageΙlates
increased at Some depths within the patch as did uniceΙlular picopΙanktonic
cyanobacteria. Ciliates and eukaryotic phytoplankton were unchanged. Ιt is
difficult to cΙeate a coherant story regarding the microbial respοnse to Ρ
additiοn because the patch was lost from 36 hours for a further 2.5 days and
when it was Γound again it \Mas very highΙy diluted. Further work is being
carried out to understand better rhe complex changes in rhe derailed func-
tiοning of the microbial ecosystem.

Ιt is well known that the Easιern Mediterranean is extremely oligοtrophic
and with leveis of DΙP close to or at anaΙμical limits of detection throughout
most of the year (trGess and Ηerut, 2001). Ηoweveη the data obtained
during this experiment showed that there νv'as a considerable DoP pooΙ in
the photic zone. Most οf this DoΡ pοol was refractory to ΙΙV light and pre-
sumably also to biologicaΙ activity. The UVlabile pooΙ was only -17o/o oΓthe
total DOP concentration compared to more than 51% found in the oligo-
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trophic North Ρacific (Κarl and Υanagi,Τ997). Ιt is suggested that the λtyPi-
cally low Ρercentage of LΙVlabile DoP in Eastern Mediterranean waters may
be due to the ultra-clear wateη which hoΙds the world record Secchi disk dep-
th (Berman et a]., !985). This may result in the lΙV labile DoΡ being bro-
ken down in-situ to DΙB which is then available for microbial uptake.
Confirmation of these preliminary results wilΙ be sought during the 2002
cruise to the Same area. Ιt is speculated that this may be the mechanism whe-
reby the system switches from P limitation in winteη when there is excess
Γree nitrate left in the surface \raters, and the situation in May, when the sys-
tem appears to NEcP co-limited.
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Table 2 : Primary production
and Chlorophyll-a (integrated over the 0-30 m).

Location of cast (ΙN or oUT) PP (mg C m-2h-1) Chl-a (μs.l-')

ΙN (before P addition) 3.5 0.7

ΙN (aο hours after P addition) 3.0 0.7

ΙN (5 days after P addidon) 2.3 0.7

OUT 2.8 0.9
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