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Responses o Picoplankton to Nutrient Perturbation in the South China Sea,
with Special Reference to the Coad- wards Digribution of Prochlorococcus

JIAO Nian-Zhi* | YANG Yan+ Hui', Hiroshi KOSHIKAWA? , Shigeki HARADA? , Masataka WATANABE
(1. Key Laboratory for Marine Environmental Sdences, Ministry d Education, Xiamen University , Fujian 361005, China;
2. National Ingtitute for Ervironmental Studies, Tsukuba, lbaraki 305-0053 , Jgpan)

Abgtract :  Regonses of  Prochlorococcus (Po) , Synechococcus (Syn) |, pico-eukaryotes (Euk) and het-
erotrophic bacteria (Bact) in pelagic marine ecosysems to externa nutrient perturbations were examined usng
nitrogen (N) , phogphorus (P) , ion (Fe) , and cobalt- (M) enriched incubations in the Suth China Sea
in November 1997. Variations in abundance of the 4 groups of microorganism and cellular pigment content of
the autotrophs during i ncubation were followed by flow cytometric measurementsfor seven days. During the in-
cubation , Syn and Euk showed a relatively higher demand on Fe and N , while Pro required higher levelsdof Go
and P. The Fe was inadequate for al the organismsin the deep euphotic zone (75 m) of the sudy area. The
experimenta results d 2 inplied that biologica interaction among the organi ams played a role in the community
gructure shift during the incubation. It seemed that besdes the efects of temperature , there are me other
physca and chemicd limitations aswell asinpactsfrom biological interactionson Pro digribution in coagt war

ters.
Key words:

9nce the disovery of Prochlorococcus (Po) |, an
extremely small (mean cell sze 0.6 m) , divinyl chloro-
phyll  containing prokaryotic  oxy-phototrophic  au-
totrophl*! | new perspectives are required to understand
the gructure of micro-communities and the relevant eco-
logical processes in the marine ecosysems. Over the past
decade, many field emologica invedigations of Pro have
been conducted!?” "1, Digribution of Po has been ex-
tended from tropical and subtropical to near sub-arctic ar-
eas'® and from oceanic waters to certain coaga war
ters” ° 1% The dgnificance of Pro in total phytoplankton
biomass, production and energy-flow pathways, epecialy
its digribution and reationships with other picoplankton
such as Synechococcus (Syn) , pico-eukaryotes ( Euk)
and heterotrophic bacteria (Bact) , has become a mgjor
concern of biologica ocearogrgphers. Tenperature is the
crucia environmental factor to the digtribution of Prot® !,
which was a® verified by laboratory experiments™!.
Physca conditions such as mixing and gretification have
a9 been proven to be inmportant in describing depth pro-
files and seana fluctuations of Pro populations®*2!.
Chemica oonditions such as nutrients are a cond dered
to be dfecting factors in the digribution of Pl | yet
nutrient inpacts are not as clear as the other factors. Ma
jor nutrients such as nitrogen and phogphorus have been
the badc concerns in traditional concepts of limiting fac-
torsfor phytoplankton in the marine environment. Recent
dudies have reveded that micronutrients, such as
iron!*® ! and obalt!'"*®! | are crucia to phytoplankton
in vad areas of the world oceans. Furthernore, in our
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previous gudieson thefield ecology of picoplankton in the
Eag China Sea, we observed sgnificant correations be-
tween Pro and other picoplankton organiams such as Syn,
Euk and Bact!™!. Smilar relationships were do found
across the QUf Sream in the North Atlantic in summer
1996 (Jiao , unpublished data) . These evidence sugges-
ed that biologicd interaction as a possble factor irfluenc-
ing the digribution of Pro cannot be ignored.

Based on the above condderations, egpecidly the
difference in nutrient conmpostion and concentration be-
tween oceanic waters and coada waters, this sudy was to
explore the reponse of Pro aswell asthe other co-exiging
pi coplankton components Syn, Euk and Bact , to enhance
nutrient concentrations from oligotrophic oceanic levels to
eutrophic coadd levels, and the biologica interactions
anong thee organians during the nutrient condition
shifts. We hoped to obtain some irformetion for interpret-
ing the digribution of Po in the trandtion areas of
margna seas. We chose a typicd margna sea in the
wegern Pacific , the Suth China Sea, as the in situ ex
perimenta field, and employed long-time (seven days)
nutrient enriched incubation as the experimental drategy.

1 Materialsand Methods

1.1 Experimental site

The Siuth China Sea, 5° - 20° N and 109° - 120°
E, isamargnd seain the wedern Pacific covering tropi-
ca and subtropica regons. It is characterized by high
temperature (surface water temperature was around 29
during the study period , November 1997) and mes-olig-
otrophic conditions. The nutrient enrichment experimental
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ste was chosen from 32 field invedigetion déations, the
dation No. 43, located a latitude 6° N, longitude 110°
E, with water depth of 1 100 m and thernocline and nitr-
aclinedf 60- 70 m. Water sanples were taken for incu
bation from the suface layer (0- 5 m) and 75 m, the
meximum chlorophyll layer around the nitracline. Water
teperatureswere 28. 62  and 20. 85 regoectively.
Nutrient concentrations (U nol/L) a& 5 m depth were
0.0, 0. 017, 3.558 and 0. 218 for NOsN, NO-N,
NHsN and PO, P, regectivdy; thoe a 75 m were
14.93, 0.017, 2. 738 and 0. 495.

1.2 Experimental design

In order to see the influence of coaga water on Pro,
al experiments were desgned with repect to shifting the
exlogical conditions in the incubation bottles from ocean-
ic to typical coadd datus. Four dements, nitrogen (N) ,
Progphorus (P) , iron (Fe) and cobdt () , were cho-
sen for the nutrient enrichment experiments based on the
following condderation. N and P are naturally nore abun-
dant in coadd than in oceanic waters and are frequently
reported as limiting factorsfor phytoplankton; Feisan e-
ement that phytoplankton require for synthess of chloro-
phyll and nitrate reductase, and has been proven to be
deficient in mog oceanic waterd ™ gthough it is
much nore abundant in coaga areas. G has been report-
ed to be inportant to phytoplankton metabolismt 81 All
the nutrient enrichment levels were desgned acoording to
high concentration levels recorded in the natura coagd
areas of the China Sead™®??!. The oconcentrations
added to the incubation hottles were: 50 W nol/L N
(NH,d) , 10pu nol/L P (NaH,PO,) , 0.117p mol/L Fe
(Feds) , and 0.005U nol/L G (@dy) , regectvidly.

Ore litre gass hottles were used as incubators. The
hottles were cleaned acoording to the procedures described
by Fitzawater et all®!. Water sanpleswere taken from the
G>-flo bottleswith anpg no exposure to air. The incubar
tion bottles were treated individualy in a srdl area io-
lated by clean plagtic sheets®!. The time lags of incubar
tion &ter sanpling was minimized to the beg atermts.

Incubations were conducted in flowing surface water-
oooled water baths on the deck of the research vessH.
Blue plagic sheets were utilized as covers to provide light
at ambient levels of the sanpling depths. However , we
oould ot keep the tenperature of incubation hottlesof the
75 mwater the same as that at the sanpling depth. Du
plicate incubations were conducted for each treatment.

In order to observe the interactions of picoplankton
under oonditions shifting avay from their origin, incuba
tions were lengthened up to seven days. Bottles were
shaken saverd times a day. 1 mL subsanples were taken
from the incubation bottles every day during incubation for
cell abundance and cdlular pigment content examina
tions. Sanples were placed in 1. 2 i cryogenic vids
(Nalgene) and were fixed with gutaradehyde (fina conr
centration, 1 %) in dark for 10 min, then dored in degp
freezersor liquid nitrogen until anayss.

1.3 Howcytometric ( FCM) analysis

Sanples were run on an FACSCalibur flow cytometer
(Becton-Dickinon) equipped with an externa quantita
tive sanple injector (Harvard Apparatus PHD 2000) ; the
injection flow rate was set a 10 - 200 L/ min for normal
enumeration. FOM data were acquired and analyzed by
CdlQued 2.2 (Becton Dickinsn) . We used 0. 474U m
fluorescent beads (Fuorescence Stientific) as the interna
reference. The three autotrophs were diginguished ac-
oording to their postions in plots of chlorophyll (FAL3)
vs. 90°-ange light scatter (SSC) , and phycoerythrin
(AL2) vs. S, cdlular pigments were normalized to
bead units. SYBR Qeen| (Molecular Probes) was ap-
plied asthe DNA gainfor heterotrophic bacteria enumerar
tion®! . Sarplesfor FOM enumeration of autotrophs were
run separately from those for heterotrophs.

2 Results

2.1 \Variations in cdl abundance o the picoplank-
tersand in cdlular pigment content of the autotr ophs
in the surface water incubations

During the seven days incubation of ocontrol hottles,
the Pro population continued to decline. Bact population
was relatively gable in thefirg three days, and then kept
increadng to the end. There was a dgnificant inverse oor-
relation between the two ( P<0.01) . The Syn population
followed atrend smilar to that of Bact except for a dgnifi-
cant drop on the second day. The population of Euk de
creaxd at fird and then increased to a rdatively dable
level a about 1/ 3o the initid population (Fig. 1a) . The
celular pigment content of Syn in the firg half of the in-
cubation was about twice as the initid levd , then de
creaxed from the fifth day to a level smilar to the initid
(Fig.2a) . Agment levdls of Pro increased a little in the
firg two days and then dropped down to levels smilar to
or lower than the initid level. Euk’ s cdlular pigment
contents dropped abruptly from the beginning of the incu-
bation and kept a low levd till the end (Fg.2, b,c).

In the hottles supplemented with G (Fg. 1b) , Po
regponded rapidly in the firg 24 h and a condderable in-
crease in cel abundance was observed. The cdl abun-
dance then decreased to the initid level where it remai ned
for the next three days. On the fifth day amother svdler
drop occurred and then it meintained a level near 3 x 10*
cdlg L until the end of the experiment. In contrag , the
Syn population decreased in the firgd two days, increased
rpidly dter the Pro population declined , and then held a
concentration of 8.6 x 10° cells/ nL urtil the end of the
experiment. The Euk population, although fluctuating,
findly reached a level dmpg twice itsinitial value. Bact
dowed a pattern dmilar to that in the control bottles. In
this treatment cedlular pigment ocontent of autotrophs
reached high levels early or late days of the incubation.
Thet of Pro in particular was markedly different from that
in the controls (Fg. 2) . Thiswasone o the two nogt fa
vorite conditions for Po (the other being P, beow) in
terms of both cdl abundance and cdlular pigment con-
tent.
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Fig. 1.

Time course of cell abundance of picoautotrophs and heterotrophic bacteria in the nutrient enrichment experiments.

5 m (suface) water incubations: a. Qontrol. b, ¢, d and e. Enriched with cobdlt , iron, amonia and phogphate repectively. Y axis units:
Snx5,Pox1, Euk X100, Bact/ 10 cdld nlL. 75 mwater incubations: f. Gontrol. g, h, i andj. Enriched with cobdt , iron amnonia and
phogphate regectively. Y axis units: Snx15, Pox1, BEuk x50, Bact/ 10 cdlg ni.

For the Fe-enriched hottles (Fig. 1c) , Syn had a
dgnificant regponse in thefirg three days and the lag two
days , reaching the highest abundance of 2 x 1¢ cells/ ni
a the end of the incubation. Euk regponded rapidly to Fe
addition in thefirg 24 h and then decreased. Then on the
fifth day , there was another increase in Euk , to a concen-
tration higher than the initial value, and which remained
to the end of the incubation. The Pro population remained
high for the fird three days, but alnog disgopeared from
the community on the fifth day. Unlike in the other treat-
ments, the Bact population did not grow much , maintain-
ing relatively gable throughout the incubation. Interest-
indy, the fag reproduction of Syn and Euk resulted in
relaively lower celular pigment contents in conpari on

with their pigment contents in other treatments (Fg. 2 ,a,
c). The trend line of Pro cellular pigment was relatively
low and draight , indicating that Pro cells were ot in
good condition (Fig. 2b) .

When enriched with a high level of NH; -N (Fg.
1d) , Pro regonded rapidly at firg and then declined as
Syn and Bact began to grow. Pro was actualy removed
from the community by the end of the experiment. Both
Syn and Bact reached their highes abundance in the latter
haf of the incubation. The Euk population remained rela
tively stable during the firg two days, then increased and
meintained a higher level until the sxth day, and then
decreased to the initid levd a the end of the incubetion.
High cdlular pigment content of Euk during the firg four
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days showed that these cells were very active initidly be-
fore their numbers increased (Fig. 2c) .

In Penriched hottles (Fg. 1e) , Po responded
rgpidy to the enrichment ; its population anog doubled
in 24 h , reaching a concentration of 8.5 x 10* cellg/ L. ,
which was never equaled in any other treatments. Fom
the third day , cell abundance of Pro decreased to a leve
lower than the initial and kept decreasng to the end of the
incubation. However , its cdlular pigment ocontent kept
increasng (Fg. 2b) , diginguishing Pro from the other
groups in terms of both cell numbers and cellular pigment
content. Ropulations of the other two autotrophs, Syn and
Euk , remained anog congant during the incubation , a-
though their celular pigment contents increased &ter the
Pro population decreased (Fg.2 ,a,c). Unlike in the Fe
treatment where Syn and Euk were the dominant au
totrophs, in this caze, Po was the one that remained
dominant amog throughout the incubation.

2.2 \Variations in cdl abundance o the picoplank-
tersand in cdlular pigment content of the autotr ophs
in incubations o the 75 m water

The patterns of abundance variation of the four
groups of organism in the incubation of the 75 m water
(FAg.1f - j) were less conplex than that in the suface-
water experiments. Bact showed uniform patterns in both
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the nutrient-enrichment and the control bottles. Owing to
the increase of tenperature from 21 a the sanpling
depthto 29 o the oooling water from the surface layer |
the Bact population increased drameticaly to 6 x 10°
celd i in the firg two days, and dter a little decline,
increased dightly again. Syn, the nog succesful gecies
in the suface-water incubations, was less succesful in
the degp-water incubations, badcally due to its low initia
abundance (about 1 000 cellg/ L on average) and per-
haps, to the limited remaining environmental carrying ca
pacity dter the Bact population thrived. Although cellular
pigment content of Syn increased in al the bottlesas a re-
ault of the enhanced tenperature (Fig. 2d) , the Syn pop-
ulation developed only in Fe-enriched incubations where
Syn population reached 6 000 cdls mi by the end of the
experiment. Euk populations grew only in Fe and N treat-
ments. Pro population, in dl but one trestment , gradual-
ly decreased to around 6 000 cdlg/ L, equivalent to one-
fifth of their initiad abundance. The exception was Fe en-
richment , in which the Pro population decreased for the
firg five days and then increased to a level close to the
initia abundance at the end of the incubation.
2.3 Redative responses o picoplankton to nutrient
enrichments

Regoonses of Syn, Po, Euk and Bact in cel

-] d

20

6
B
4
2
0 T T T T T T T T 1
01 2 3 4 5 B T
200
f
160
120
=§- Contrc
Ll -~ Co
wi IO
&7

0 T T T T T T 7 T mi

90 1 2 3 4 5 b8 7
75 m water sample

Days of incubation

Fig. 2.

Time course of autotrophic picoplankton cellular pigment contert (in bead units) in the nutrient enrichment experiments.

5m (suface) water incubation: a. Syn. b. Po. c. BEuk. 75 mwater incubation: d. Sn. e. Po. f. Euk.
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abundance to the different trestments can be arranged in
order. As sen from Hg. 1, in npg cases, populations
regponded in the firgd 24 h of incubation and then under-
went drametic changes in the following two to three days,
dter that , relative gable trends can be seen from the later
days. We thus took the ratio of the cdll abundance &ter
24 hincubation (D1) to theinitid abundance (DO) asan
indicator of hiologica reponse to the treatments (Fg. 3) .
While took the cell abundance averaged over the lag three
daysdf the incubation as an indicator of the adaptability of
each group of organiam to the changed environments (Fg.
4) .
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Fig.3. Ratios o picoplankton cell abundance of D1 (&fter 24 h
incubation) to DO (the initid cell abundance) in different nutrient
treatments of the surface water incubations.
Dashed line indicates D1/ D0 = 1. C, control ; Fe, enriched with
iron; o, enriched with cobdt ; N, enriched with amnonia; P, en
riched with phogphete.
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Fig.4. Regonsesd picoplankton cdl abundance to different nu-
trient in the surface water (5 m) incubations. The different treat-
ments were arranged in order in light of cell abundance averaged
over the 5th, 6th and 7th incubation days.

C, oontrol ; Fe, enriched with iron; Qo , enriched with cobdt; N,
enriched with amonia; P, enriched with phophate.

In the suface-water experiments, &ter 24 h incuba
tion, Syn had a drametic reponse to the Fe enrichment ,
its D1/ DO ratio was 1. 67. Ratios in the other treatments
and the control were around 1, indicating there was o
sgnificant gimulation of the addition of these nutrients to
Syn or the reponses of Syn to the trestments were dow
(Fg.3, Syn). While, inthe case of Pro, except for the
oontrol (C) , dl the ratios were greater than 1, suggeding
that Pro regponded very quickly to al the nutrient addition
with begt to P treatment (Fig. 3, Po). With the D1/ DO
ratio in Fe treatment reaching 2, BEuk’ s regponse to Fe
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addition ranked No. 1 anong al the organiams to al the
trestments. While ratios of Euk in dl the res treatments
were rather low. The repponseorder of Fe> N> P>
> C dong with the shap decreadng gradients ado
showed big differences in BEuk’ s reponse to different
treaments (Fg. 3, Euk) . Unlike the autotrophs, D1/ DO
ratios of Bact in dl the treatments and the control incuba-
tion were greater than 1, indicating that the conditions in
the incubation bottles somehow better suited for Bact to
thrive (Fig. 3, Bact) .

Cdl abundance averaged on the lag three daysincu-
bation showed greast dmilarity in nutrient enrichment con-
squence of Syn , Euk andBact (Fe> N> G > P >
C) and digtinct difference from Po (G0 >P>C>N >
Fe) , indicating that Syn, Euk and even Bact were nog
favored by the addition of Fe, followed by N, while Po
was esentialy pushed adgde by them under such oondi-
tions. On the other hand, G and P fawored Pro better
than the other picoplankters. Although Go and P were d-
o dfective to Syn, Bact and Euk (by comparion with
ontrol treatments) . Snce abundance of Bact in the con-
trol bottles were the lowes either in the firg day or the
later days of incubation, dl the nutrients added were
likely to be favorable to Bact in conpetition (Fig.4) .

For the incubationsof 75 mwater , athough an obvi-
ous reponse of Bact to enhanced tenperature made the
dfects of nutrient addition vague, ome trends were yet
diginct. Hrg, Fe was reponded by al the picoplankters
including Po. Ammonia addition, again reponded by
Syn, Euk and Bact though ambient nitrate was abundant.
Unlike the dtuation of the surface water incubation, in
the 75 mwater , Go was regponded ot only by Po in the
begnning but a by Syn and Euk at the end , and Pwas
regponded by Pro and Bact.

3 Discussion
3.1 Incubation conditions

Although long-time incubation entail s the risk of fail-
ure to maintain the biota in hedthy condition, five or
nore days are dften enployed in microplankton nutrient
enrichment experiments®! . In our experiment , except for
the generd decease in Pro population in the later days of
the incubations, which is usualy encountered during in-
cubation due to Pro’ s somehow non-culturability , no s
vere inhibition occurred to the whole communities in the
bottles within the seven days incubation period. Smilar
results were a9 recorded by previous authors®!. Owing
to* wall éfects’ , small bottles may produce an artificia
bias, epecidly in long time incubation'®!. On the other
hand , we did observe Pro population increases in the sec-
ond day in npg of the incubations which condgent with
results of some short period (24 - 28 h) incubations in
the Atlantic ocean'®!. Thus, the results from the latter
days of our experiments should not be extended to natural
ecosysems, but rather be used to explore the hiologica
tolerance to environmental changes and the biologica in-
teractions of the organiams under conditions changing from
their origna environments.

3.2 Picoplankton nutrient requirements

Although there is o doubt that Fe limits distoms
growth in high- nutrient , low-chlorophyll (HNLC) ecosys:
tems, there are different explanations about the efects of
iron on picoplankton , especialy prokaryotes. Bxeriments
with dderriferrioxamine B denondrated that gromh of
Synechococcus is ot grongy limited by Fe in the HNLC
equatoria Pecific Ocean'®!. Other sudies on photosyn-
theds showed that growth of the dominant smal phyto-
plankton is held below the phydologica potentia by iron
deficiency!®’. From our incubation results, we peculate
that Fe was a limiting factor for picoplankton in the sudy
area; Inthe 75 mwater , in particular , the naturally low
Fe and light availability induced higher requirements for
Fe for physiological activities™ and created higher de-
mand for Fe by the dominant picoplankton there. Reda
tively high cellular pigment content in nogt of the Fe-sup-
plemented incubations (Fig. 2) is obvioudy the result of
higher chlorophyll syntheds as a result of higher Fe avail-
ability!®" ®!, Because nitrate reductase activity can be
enhanced by Fel®*¥ | the strong reponse to the addition
o Fe by Syn and Euk in the surface water , and of al the
autotrophs in the deeper water , can be eadly undergood.
Bven for Bact , Fe was shown to be essential in the 75 m
water. This is conddent with results from Antarctic wer
terst®! and from the subarctic Pacific where bacteria are
respons ble for 20 % to 45 %of biological iron uptake!®! .

Major nutrients such as N and P have dravn the in-
tereg of oceanographersfor many years. N has been iden-
tified as the primary limiting nutrient for phytoplankton on
a regonwide and year-round bass. P, dthough fre-
quently reported to be nore important than N in limiting
phytoplankton productivity , is goparently less cond gent ,
tenpordly and satidly, in potentia regulatory inpor-
tance than NP¥~®! These conclusions are basically for
whole phytoplankton assemblages and applicable to gener-
al underganding. With regect to cdl dze, srdl cdls
prefer amnonia to nitrate , and the mgjority of nitrate up-
take is acoounted for by large cell®*). Mog recent
work has reveded that only lowlight ecotype Pro grain
can take up nitrite and dl Pro drains in culture do ot
utilize nitrate due to lack of nitrate reduction genes“zl.
Thus high nitrate concentration favors others rather Pro.
In the present gudy , athough there was plenty of NOs
(15uol/L) in the 75 m water , addition of NH, in-
duced in Euk a great increase in cell abundance with high
cellular pigment content , indicating either that Euk pre-
ferred amnonium to nitrate or that there was indficient ni-
trate uptake under conditions of iron ddiciency as dis
cused above. Moreover , Syn and Euk had higher re-
gonesto N than to P, while Po regponded nore to P
than N.

Qobalt has been reported to be essentid to phyto-
plankton metalolian, egecialy where zinc is depleted.
Dme gecies, e. g. Synechococcus bacillaris, needs G
but rot Zn for gromth!*”! . However , Segatto et all*®! re-
ported ome neutral and negative dfects of G on growth
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rate and biomass accumulaion: the diatom Ditylum
brightwellii Bailey was not afected by cobalt addition,
and the dindflagellate Prorocentrum minimum (Pavillard)
Schiller was inhibited by cobat addition. Our results
showed dgnificant reponse of Pro and weaker but ill
positive regponses of other picoplankton to Go in terms of
both cell abundance and cdlular chlorophyll content.
Bven in the incubations of 75 m water , athough Bact
grew very well due to the tenperature enhancement , al
the autotrophs had higher cdlular pigment content in G
than in the other treatments.

3.3 Implication of biological interactions

By plotting cell abundance over time in the different
treatments for each group of the organisms, inverse trends
between Pro and Bact , and Pro and Syn can be observed.
To find the relationship anmong these organi ams under relar
tively gable conditions, we renoved the data from the
fird two days to awid the irfluence of the intantaneous
reponse to the nutrient pulses and averaged the data for
the remaining five days for correlaion andyss. The cor-
relation codficients were - 0. 74 between Pro and Bact ,
and - 0. 75 between Po and Syn. Therefore, Bact and
Syn would be the mgjor conpetitors of Pro when the envi-
ronmental conditions shifted away from typical oceanic
oonditions.

Large cdls such as big diatoms, which we did not
count in our incubations, might have had dgnificant inr
pact on Pro in ©ome cases, egecialy in the Fe-enriched
bottles. Although the natural abundance of large cdlsis
lower conpared with that of picoplankton in the Sudy area
(chlorophyll ain the less than 2u m sze fraction acoount-
ed for 84.3 % of the total) , the populations of large cells
might be able to grow very wdl in nutrient-enriched incu-
bation bottles, egecialy in those enriched with Fel®!.
Thus, biologca conpetition from large cells should be
taken into cond deration in i nterpreting picoplankton popu-
lation dynamics under incubeation conditions.

In HNL C regions and subtropical regions, grazing by
microzooplankton is the dominant cause of phytoplankton
nortality!®!. In both sysems, the mgor smal phyto-
plankton groups grow rgpidly and are cropped to low gable
level' s by microzooplankton. Sudained high growth rates of
the phytoplankton depend on reminerdization of the by
products of grazing"*!. Assuming that the grazing nortai-
ty of Pro was balanced by its gromth , asfound in dmilar
ecological conditions!**®! | Pro regponded rapidy when
pulsed with additional nutrients in the incubation hottles,
but the grazing pressure remained unchanged or changed
less proportionally in a relaive dort time. Thus, this
balance was broken, resulting in a sudden increase in
phytoplankton cell abundance. Pro actudly increase to
the maximum concentration at the fird one or two days,
and then decreased regpidly consequent upon the grazing
pressure. However grazing loss might not be reponshble
for the mgjor decrease in Pro population in the later days
o the incubation course , as a9 can be seen from that the
other groups, Syn, Euk and Bact , dl reached their high-
eg abundance in the latter days of incubation. Because

Syn, Euk and Bact could a0 be cropped by grazierstheir
populations would have dropped as Pro encountered in the
later days of the incubation. Therdfore we come to the
point that grazing pressure was ot the determining factor
for the total lossof Pro cells during incubation.

We would therefore attribute the mgjor loss of Pro,
bed des grazing nortality , to cdls dying when gressed by
biologica conpetition and other environmenta conditions.
Typical cases in point are N and Fe enrichments in the
surface water incubations, where nutrient enrichment in-
duced a bloom of Syn and Euk and in turn inhibited
gronth of Pro. Indeed , we did notice a sub-population of
Pro snking down into moise in the FOM plots. Those cells
actudly had less and less cdlular pigment content as in-
cubation proceeded. On the other hand, Pro might a0
impacted upon the other organiams. An exanple is the
R-enriched incubation in which Syn, Euk and even Bact
were diginctly irfluenced. The later days of 75 m water
incubation were typicd cases of biologica interaction in
which tenperature enhancement induced sharply increases
in the populations of bacterial®®! and exerted severe gtress
on the autotrophs.

3.4 Factors o regulating Pro coas- wards disribu-
tion

Although tenperature is crucid to Pol®®™! it is
ot the le factor controlling Pro digribution Snce the
recorded termperature lower limits vary from place to
place®7®! The difference between winter and summer
in the Eag China Sea can be aslarge as 10 . Inoconr
ddent with other invedigations that phydca factors such
as mixing and dratification irfluence Po’ s digribution
patern®?! | we ao recognized , in another sudy , the
great dfectsof ocean currentson digribution of Pro in the
oontinental shelf of the BEag China Sea . Beyond that ,
one badc concern is about nutrient which is easy to be
thought of asone of the mgjor differences between oceanic
and coadd environments but not easy to ted out due to
their subtle dfects and conplicated consequences. Al-
though Po is mpog abundant in oligotrophic oceanic wer
ters, it dose mot necessarily mean Pro didike high nutri-
ents ! The quick response of Pro to nutrient addition
a thefirg 24 hinthe current gudy isa o apiece o evi-
dence for this point. However , dnce high nutrient levels
may favor other picoplankters better than Po , as dermmon-
drated in the experiments, Pro would be findly pushed
adde in the sygem. Stuation of Pro’ s didribution in the
ooagtd weters are mog likely such cases. Beyond the di-
rect dfects of nutrients, the oonsequent biological
irfluences are do mot negighle. The reaionship be-
tween Pro and other picoplankters during the incubation
oourse are quite Smilar to what observed in thefield adong
trophic gradientsin the Eas China Seal™!. Therefore , we
geculate that Po would encounter severe physca and
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chemicdl limitations aswell as impactsfrom biologica in
teractions in its coagwards di gribution.

4 Summary

In our experiments on nutrient enrichment , Syn and
Euk denmondrated high smilaritiesin termsof nutrient re-
quirements, epecidly ther high demand for Fe and N.
In contrag , Pro responded nore to @ and P than to Fe
and N.

Fe was i nadequate for the autotrophs in the deep eur
photic zone (75 m) in the sudy area. Although ambient
nitrate concentration was high there, it could not be uti-
lized eficiently by phytoplankton due to the deficiency of
Fe. @ seemed to be particularly esentia to Pro and
Bact.

Biologica interactions should be taken into cond der-
ation for anadlygs of shiftsin microbid communities under
chang ng environmental conditions. In the present sudy ,
addition of N seemed to be eventually urfavorable to Pro
because high N fawored Syn and Euk , which in turn in-
hibited the gronth of Pro. The vice versus d appeared
to apply in the P and (o treatments where Pro had int
pacts on the other groups of organiams. Bact had the least
difference in regonse to different trestments. Bact growth
in the enhanced termperature incubations of 75 mwater in-
hibited all the autotrophs. Pro had different nutrient re-
goonse orders from the other picoplankters and inversaly
oorrelated with Bact in the incubation course.
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