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Abstract. The biogeochemistry of carbon and nutrients co-limited (Thingstad et a).1998 2005. Unfortunately, in-
(N,P) in the surface layer of the ocean strongly depends ororganic nutrients concentrations are often close to or below
the complex interactions between primary producers (phythe detection limit in this layer and elemental content of os-
toplankton) and remineralizers (heterotrophic bacteria). Tomotrophs is rarely quantified directly on board. This makes
understand how these interactions impact the overall DOCGhe understanding of the coupling between carbon, nutrients
dynamics in the surface layer of the Mediterranean Sea, wand growth at the cell level difficult to assess. On short
implemented, using Eco3M (Ecological Mechanistic Modu- time scales, the observed response in bioassay experiments
lar Modelling tool), a multi-element model with a mechanis- is likely to be a relatively complex phenomenon involving
tic description of primary production. We studied the model cell physiology for uptake, as well as, storage of limiting and
steady state results under various nutrient conditions andhear limiting resources. This is regarded as a key issue when
fixed cell abundances. By doing so, we show how the bottorrtrying to understand the coupling between nutrient and car-
up control of osmotrophs growth can impact the overall DOCbon in the eupohtic zone. To overcome this issue, theoreti-
dynamics in the system. Based on our set of parameters;al mechanistic models provide a good counterpart to in situ
the biogeochemical characteristics displayed by the modemeasurements. A Numerical model based on P-limitation
appear realistic when compared to literature data for theof both bacterial and phytoplankton growth has success-
Mediterranean basin. Differences in DOC dynamics betweerfully described qualitatively some of the observed features
N and P limited systems in the model, lead to the conclusiorof the surface water of the Mediterranean S€hirfgstad

that the unusually high N:P ratio of the Mediterranean Sea2005. However, for heterotrophic bacteria, enrichment in
may favour the uncoupling between growth and carbon pro-both organic carbon and nutrients systematically leads to a
duction leading to higher DOC accumulation compared tostronger response compared to experiments with nutrients
systems with lower N:P ratio. alone WWambeke et a).2002. This means that interaction
between heterotrophic bacteria and phytoplankton is proba-
bly more complex than simple competition for inorganic nu-
trients and that the organic carbon production rate and the
lability of the different available carbon sources may also

During summer, the surface layer of the Mediterranean Se#®!ay @ role in the observed DOC dynamics. In this study,

is a stratified Low Phosphate Low Chlorophyll (LPLC) sys- We investigate a simple dynamical mechanistic model that in-
tem (Moutin et al, 2008. The high nitrate to phosphate cludes both competition for inorganic nutrients and commen-

ratio observed below the euphotic zof&dm et al, 1991) salism (through DOC exudation and re-mineralization) be-
and the significant response of primary and bacterial producteen pico-phytoplankton and heterotrophic bacteria. Dur-
tion in bioassay experiments have suggested that both phy'd Summer, a tight balance between growth limitation by

toplankton and heterotrophic bacteria are P-limited or Np-nutrients and control of cell abundances by predation results
in relatively stable populations of both group of osmotrophs

_ (Magazzu and Decembrinl995 Christaki et al, 2007). In
Corregponder)ce taRR. .Maunac this context, we chose to look at the steady state results as-
BY (romain.mauriac@univmed.fr) suming constant cell abundance and a conservative amount
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Fig. 1. Diagram representing a simplified system of competi- Critical size for cell uptake

tion and commensalism between bacteria and phytoplankton. Bott,
groups are competing for nutrients (N,P) but while phytoplankton ) ) ) ) )
relies on light to produce carbon, bacteria uses three organic carbofil9- 2- Diagram representing dissolved organic matter in the model.
sources that originated either from photosynthetic extracellular re-£ach pool is discriminated based on size and lability assumptions.
lease (PER) or from grazing and mortality. PER was considered alWO Pols (SLDOC and SRDOC) are considered similar in size and
semi-labile DOC source (SLDOC). 40% of DOC from grazing and above the critical size of particle that can pass through bacterial cell

mortality was considered semi-refractory (SRDOC) and 10% wasgwall (thus they need an hydrolysis step before being assimilated).
considered as labile (LDOC). LDOC on the other hand is considered to be directly assimilable.

In terms of lability, each DOC pool is associated with an assimila-
tion efficiency of 0.7, 0.5 and 0.3 for LDOC, SLDOC and SRDOC

of nutrients. This steady state system can impact the overafeSPectively.

DOC dynamics in different ways but ultimately depends on

the balance between DOC production through mortality and

exudation and DOC consumption through heterotrophic bacState system where loss of nutrients is compensated by re-
terial activities. Our steady state results suggest that althougRtineralization of organic compounds, making dissolved or-
the system appears balanced or net heterotrophic during sun§anic nitrogen (DON) and phosphate (DOP) implicit in our
mer, the ratio of inorganic nitrogen to inorganic phosphatemedel. The conceptual model (Fit) that comes from our
could have an impact on the observed DOC accumulation irfteady state assumptions includes two living compartments

the surface layer of LPLC areas over seasonal time scales. (Picophytoplankton and heterotrophic bacteria), two inor-
ganic compartments (N and P) and three distinct more or less

labile DOC pools that supply the Bacterial Carbon Demand

2 Model description (BCD). LDOC, SLDOC and SRDOC represent the three de-
tritic compartments in the model. SRDOC and SLDOC are
2.1 Overview assumed to have similar sizes above the critical size for di-

rect assimilation, an hydrolysis step is thus required (Big.
During summer, the offshore surface water of the Mediter-Different assimilation efficiencies were associated with each
ranean Sea is characterized by low levels of production, smalpool. SLDOC and SRDOC are thus similar in size but differ
organisms and stable stratification. In addition, variation inin terms of lability. LDOC was associated with the highest
cellular abundance of phytoplankton is relatively small sug-assimilation efficiency (0.7) and with a size below the crit-
gesting a state of particular equilibrium for this functional ical size for direct cell uptake, no hydrolysis required prior
group Magazzu and Decembrin1995. For heterotrophic to assimilation. DOC production in the model is the result
bacteria, the close coupling between bacterial productiorof two distinct processes. It is either supplied by exudation
and predation by higher trophic levels, suggests a similaof carbon by phytoplankton (photosynthetic extracellular re-
pattern Christaki et al. 2001). Based on these considera- lease (PER)) or via grazing and mortality. The DOC sup-
tions, we assumed a constant cell abundance for both groupglied through grazing and mortality represented 50% of phy-
During this period of stable stratification, the system reliestoplankton and bacterial mortality as suggestedibgstrom
mostly on regenerated nutrients due to internal recycling ofet al. (1989. The other half is supposed to be transferred
organic matter NMloutin and Raimbaujt2002. Hence, we to higher trophic level and thus lost for the system. In the
assumed that the system could be assimilated to a steadyodel, 40% of DOC originating from grazing and mortality

Biogeosciences, 8, 93950, 2011 www.biogeosciences.net/8/933/2011/
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is assumed to be a semi refractory form (SRDOC) and 10%Nutrients

is present as the most labile form (LDOC). This fractiona-

tion between LDOC and SRDOC intends to represent the,; 8 ;

release of compounds of different labilities during cell ly- ——=f,' O% ¢ + f§' Oy B — f,gpN hQN B (13)

sis and sloppy feeding processes. The 10% attributed to the UptN hQN

LDOC pool in the model is also close to the fraction of total —

DOC that is considered to be most labigofidergaard and dP 0 m B upts , Qp

Middelboe 1995. We did not explicitly represent the labile  dr =1y Qe+ S5 Cp B Sy " hg" B (14)

fraction of DOP and DON in our model. We assume that the _ f;PtP hgf’ @

labile part was instantaneously remineralized into the inor-

ganic form resulting in algal-bacterial competition for both Our system is mathematically described with 14 state vari-

N (Kirchman 1994 Bronk et al, 2007, and P Thingstad ables (Tablel and Egs.1-14) and 5 biogeochemical pro-

et al, 1997 Moutin and Raimbaujt2002 Thingstag 20095. cesses, namely growth, mortality, nutrient uptake, primary
production and respiration (cf. Sect®3.2-2.5). Bacterial

2.1.1 State equations and phytoplankton are described in terms of cellular abun-
dance and C, N, P biomass, and an additional state vari-
Phytoplankton able representing phytoplankton chlorophyll biomass is used

(Sect.2.4). For phytoplankton, we assume that the popula-
tion was composed solely of synechococcus cells, a genus

a9 _ fe—1e (1) known to dominate in the surface layer of the Mediterranean
J Sea during the summer periodaulot et al, 1996. All the
% = fPP hgc 0= for e — I 0% ¢ 2) state variable;, process functions, and parameters used in the
J 4 model are defined in Tabldsto 5.
(ﬂN upty ; 0 m e
= hgV @ — 3
=Jo fo O ¢ 3 2.2 Intracellular quota and growth
d(PP upt, 0 1)
dr =fo " hg" v = 1y Qp ¢ @ The model is based on the assumption that there are a mini-
dgchi P, e mum (Q¥") and maximum Q%) intracellular content for
ar =f —Jo CQeni @ (5) each elemenk among (C, N, P)Q¥"" can be interpreted as
the amount of element used in cellular structure and ma-
Bacteria chinery and everything else can be seen as storage for future
growth. Since Droop and his work on vitamin B1R2rbop,
/3 1968, this concept has been widely used, especially to sim-
— = fﬁ B — fﬂ B (6) ulate change in organisms’ stoichiometKlgusmeier et aJ.
d,B 2008. We therefore used the classical Droop formulation
9 (fuptu)oc + fUPtSLDoc + fUptSRDOC) th B (7)  (Eq.15) combined with the Leibig’s law of the minimum to
dr resp describe growth rate.
—fp B fﬂ QC 2 len anc’ln Qmm
dpn _ upt =p min[(1— 1- =2 y,a-=t 15
dﬁp In this formulation,QX represents the actual cell content for

app uptp , Qp B
=fp " hg" B- fﬁ Qp B ©) a given element X, angd the maximum theoretical growth

rate of the organism. It should be noted that imposing an
Dissolved organic carbon explicit maximum intracellular quota with the Droop for-
mulation implies thafx is never achieved. In Eql¥), the
maximum achievable growth ratg) is controlled by the

dLSOC = ws (f(;” Q‘é ¢+ fgl Q’é Bec) (10) 0% value of the element_ for v_vhich the organism possess
utptL 0 the smallest storage capacity. Since we assumed that for each

—fg " hgC B elementX, Q13 s 2.5 times greater tha@'?'™", the maxi-

dSLDOC Upts 0 mum achievable growth rajeis equal to 6 4. Concerning

— = A= hg) @ = f o hg B (11)  the factor 2.5 betweeT" and QT if we assume that

dSRDOC p an individual cell needs at least to double its biomass before
yr we (fy' Q¢ v+ f§ Q¢ Bo) (12)  peing able to divide into two cells, the@T? = 2 Q" ap-

pears as a minimum value f@9?. The value 2.5 which

_ fUptSRDOC nlc B ' . !
B B has been used in the present study is a compromise between

www.biogeosciences.net/8/933/2011/ Biogeosciences, 8983832011
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(2 fgP cell1). Itis in the range of values found in the litera-

ture using both direct and indirect measuremelfis/@a et al,
Unit 1997 Heldal et al, 2003 Bertilsson et a].2003. Using the
redfield ratio as the optimal ratio (C:N:P 106:16:1), the min-

Table 1. Model's state variables.

Symbol  Definition

Phytoplankton imum carbon and nitrogen content in phytoplankton cells are
¢, Phytoplankton abundance celrth respectively set to.8 10715 mol cell~! (82 fgC celf* and
Oc Phytoplankton carbon content mol cel 1015 mol cell-?1 (14.5 fgN cell‘l).
Q‘K, Phytoplankton nitrogen content mol ceh
Q‘f) Phytoplankton phosphate content mol céll 2.3 Uptake of nutrients
Q(éhl Phytoplankton Chlorophyll content g ceft
@c Phytoplankton carbon biomass mof#h To describe the gross uptake rate of nutrients, the Michaelis-
PN Phytoplankton nitrogen biomass morth Menten relationship was chosen for its simplicity (E6). A
op Phytoplankton phosphate biomass moln feedback from internal cellular status to mediate the net up-
¢chl Phytoplankton Chlorophyll biomass g take rate is in the form of a quota function (Ei) (Lehman
Heterotrophic bacteria etal, 1975.
B Bacteria abundance cellmd [X]

B . upty _ ymax 21 16
0 Bacteria carbon content mol ceft f X [X]+ Ky (16)
Q% Bacteria nitrogen content mol ceft
Q’; Bacteria phosphate content mol céil 4Ox 0™ — 0x 17
Bc Bacteria carbon biomass molm o o _ Qmin (17)
BN Bacteria nitrogen biomass molm X X
Bp Bacteria phosphate biomass motth [X] represents the concentration of an elemgniN or P)
Non-living taken up by phytoplankton and bacteriey'® and K y are
LDOC  Labile DOC concentration mol T assumed constant in the model and represent the uptake pa-
SLDOC  Semi-labile DOC concentration (PER)  mot#h rameters one would obtain from nutrient starved organisms

SRDOC  Semi-refractory DOC concentration moidh (e.g maximum potential uptake rate). This maximum po-
N Inorganic nitrogen concentration mol T tential uptake rate is associated with a maximum theoretical

mot#n affinity amax, Which represents the volume of water cleared

P Inorganic phosphate concentration : ) g
for nutrients per unit of biomass per hotitdaley 1980:
v
Omax= ———— 18
max KX Qr)?m ( )

(i) the fact that an element can be stored in excess of what

is required for one cell division, (Il) the fact that our values This equation shows that the maximum affinity of a given
should be within the range of reported values in the Iiteratureorganism is the ratio between its uptake ability (how fast an
(Mauriac et al.201]). Also, we assumed that is the same  grganism can take up an element) and its requirements for
regardless of the organisms considered. We can suspect thigowth (how much of this element is needed to produce a
assumption is not always verifie@G¢ldman and McCarthy  new cell). Therefore Eq.1) express the organism com-
1978 Terry et al, 1989, but to keep the model as simple petitiveness. Saying that bacteria are more competitive than
as possible, we have used it in our simulations. Hence, oy toplankton is the same as saying x> afax For a
phytoplankton and bacteria, the maximum growth /ats  gpherical cell, and assuming that all the molecules reaching
set to %-3 10°s7t (2d™), thusi is equal to 1.3910°s~ the cell through molecular diffusion are captured, the theo-
(1.2d7). _ retical expression farmax has also been given byljingstad

The minimum P contentQ?"™ for bacteria is set to and Rassoulzadegat999:
1.61 1017 mol cel! (0.50 fgP celtl) which is close to
values found for aquatic bacteri&ggerbakke et al1996 . = 3_D2 (19)
Gundersen et al.2002 Lovdal et al, 2008. Using an yr

optimal C:N:P ratio of 50:1%:1F(agerbflkke et a|,199?, Here, D is the diffusion coefficient for nutrieny; is the min-
minimum C content is 8.110°mol cell~ (9.68fgCcelt™)  imum internal nutrient concentration (mol o) or the so
which seems acceptable for small oceanic bactéiik{da  c5)ied conversion factor, andis the cell radiusy can also
et al, 1998 Gundersen et 3l2002. The minimum nitrogen ;¢ expressed as the ratiO@ngn with the cell volume gms)

content of 1.61 10'®mol cell-* (2.26 fgN cel%), resulting g Eq. (9) can be rearranged as follows:
from the optimal ratio selected, is also close to published ' '
values for oceanic bacteri&\fjkuda et a].1998. For phy- 47 Dr

toplankton, the minimum P content is 6.4 %0 molcelt ~ *ma&x= Qi (20)

Biogeosciences, 8, 93950, 2011 www.biogeosciences.net/8/933/2011/
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Table 2. Model's functions.

937

Symbol Definition Unit
Phytoplankton
1y Phytoplankton specific growth rate -5
q’," Phytoplankton specific mortality rate -3
PP Gross primary production (nutrient repleted) molcéls—1
fPehl Chlorophyll production rate gmofts1
fooP Phytoplankton respiration rate mol celis—1
f(:f Py Phytoplankton nitrogen uptake rate (nutrient starved) motdeit!
f(;’ptp Phytoplankton phosphate uptake rate (nutrient starved) —motcstil
hgc Phytoplankton quota function for carbon -
th Phytoplankton quota function for nitrogen -
hg" Phytoplankton quota function for phosphate -
Heterotrophic bacteria
flg‘ Bacteria specific growth rate -4
flg” Bacteria specific mortality rate -4
f; Plooc  Bacteria LDOC uptake rate (nutrient starved) molcék1
f;ptSLDOC Bacteria SLDOC uptake rate (nutrient starved) molcky1
f ; PRDOC  Bacteria SRDOC uptake rate (nutrient starved) molced1
flgeSp Bacteria respiration rate mol ceft s~1
f;ptN Bacteria nitrogen uptake rate (nutrient starved) molced1
f;ptp Bacteria phosphate uptake rate (nutrient starved) mot&sitl
hgc Bacteria quota function for carbon -
th Bacteria quota function for nitrogen -
hg” Bacteria quota function for phosphate -
Table 3. Miscellaneous model parameters.
Symbol Definition Units Values
Diffusion rate
DnUT Molecular diffusion coefficient for nutrients w1l 1100
DLpoc Molecular diffusion coefficient for LDOC fs~1 310710
Dsi pocisroog  Molecular diffusion coefficient for SLDOC and SRDOC  2sr! 610711
Mortality
ws Fraction of mortality returning as LDOC — 0.1
w6 Fraction of mortality returnning as SRDOC — 0.4

Using Eqg. (8) and Eq. 20), we obtain the following rela-
tionship:

Vmax

X _—47 Dr
Kx

(21)

and Gregory1974, andr was set to 0.5 and 0.18 um for phy-
toplankton and bacteria respectively (Tabdesnd5). v ™Max

was chosen based on literature values for uptake of phosphate
(Ikeya et al, 1997 Fu et al, 200§ and the half-saturation
constantk p was derived from Eqg.21). Assuming that the

Eg. 1), conveys the idea that, under extremely low nutrient diffusion coefficients for N and P are the same, and account-
concentrations, diffusion is the limiting step in the uptake ing for Eq. (21) we can write:

process. In this study) was set to 10° m?s~1, an interme-
diate value commonly used for ions in seawabtargn-Hui

www.biogeosciences.net/8/933/2011/
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Table 4. Model parameters for phytoplankton.

Symbol  Definition Units Values
Intracellular content and growth
i maximum specific growth rate -4 2.310°°
Qmin minimum phosphate content mol cel 6.410° 7
0P maximum phosphate content mol cell 2.50p"
onn minimum nitrogen content mol ceit 16Qrp'f‘
wa"x maximum nitrogen content mol ceft 2.5070"
onn minimum carbon content mol ceft 106Q5{,f'”
o maximum carbon content mol ceft 250"
Nutrient uptake
r Cell radius m 5107
ap Affinity for phosphate mmol~1s1 93
oy Affinty for nitrogen mmol~1s-1 58
VAGY,  Maximum uptake rate for nutrients (N & P) molcelis~ 61019
Kypy Half-saturation constant for nutrients uptake (N & P) moln 1074
Photosynthesis and respiration
T Electron turnover-time in PSII S 2518
ops| PSII cross section fo1 8
k4 Dimensionless rate of PSIl damage - 4580
kr PSII repair rate sl 26104
a* Mean Chla-specific absorption coefficient gchrl 37

Cax  Maximum quantum yield for carbon fixation molCY 11077
Qg‘ﬁl’/‘N Maximum chlorophyll to nitrogen ratio gChimoiN 2
wy Fraction of surplus C respired -3 2.8910°°

Vmax Vmax . .
N __ P (22) 2.4 Photosynthesis, chlorophyll production and

Kn Kp autotrophic respiration

Since we have found in several studies that the half-rpe model uses a mechanistic formulation for photosynthe-
saturation constants for P and N are not so different (Tablgyjg g chlorophyll production. The basic idea of the pho-
2)’ wg_thzrepreEchong ; II(P Lor theafake ?nfai'wl'c'ty' tosynthesis modeHan 20032 is that the reaction center of
ombine W't. _q.( ; )’t. IS lea sy - VP NVEar€  pgj| can be found in three different states, namely open (and
aware that this is a simplification of reality but this simpli- therefore reactive for photosynthesis), close (that means al-
fication is not wholly unreasonable as it maintains a differ- ready occupied) or photodamaged In this model. the pri-
e?f_cg beftwelz\lenbthe ranImulrg fﬁ'n':}y forIP all(nd the :jn?)gr?ummary production rate is therefore proportional to the number
affinity for ) (by a qctor_ > 1orp ytop an ton an Y 10T ot pSilinthe open state. The chlorophyll model relies on the
heterotropmc b.acterla) similarly to what is reported n thel‘act that the rate at which chlorophyll is produced depends
litterature (cf.R|egman et al(2000 and reft_arence herein). on the nitrogen status of the ceBdklouti et al, 20063.
Several studies have IOOke,d at the qompetltlon between phyy thorough investigation of the associated mathematical for-
toplankton and heterotrophic bacteria both for phosphate ang, . -+ions given in Eqs20) and @4) and their sensitivity to
nitrogen. Most of them show that heterotrophic bacteria areparameter values can be found in the two paperBaslouti
better competitors tha.n.phytoplankton (including picoph.yto- et al. (2006gb). These formulations were chosen for their
pla_mkton) for the acqwsmon of N and P at low concentrations o -hanjstic underlyings and the fact that all parameters are
(Kirchmarn 1994 J_omt etal, 2002 Grover, 200Q Drakare measurable. In Eq26), we chose to scale the production
2002 and this is in agreement with the uptake parameters,io 1o the maximum growth rate to allow chlorophyll syn-

used in this work. thesis in the case where intracellular N content is greater than
QW' but N uptake rate is zero.

Biogeosciences, 8, 93950, 2011 www.biogeosciences.net/8/933/2011/
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Table 5. Model's parameters for heterotrophic bacteria.

939

mbo efinition nits alues
Symbol Definiti Uni Val
Heterotrophic bacteria
Intracellular content and growth
i maximum specific growth rate -4 2.310°
Qmin minimum phosphate content mol cel 1.6110°%7
0P maximum phosphate content mol cell 2.50"
onn minimum nitrogen content mol celt 100"
on¥ maximum nitrogen content mol ceft 2.500"
opn minimum carbon content mol celf 500"
(e maximum carbon content mol ceft 250"
Nutrient uptake
r Cell radius m 1.810°7
abax Maximum affinity for phosphate fmol~1s~1 140
aN o Maximum affinity for nitrogen mMmol~1s~1 14
Vi Maximum uptake rate for nutrients (N & P) molcelis™1 910720
Kn(p) Half-saturation constant for nutrients uptake (N & P) moidn 410°°
DOC uptake and respiration
LDOC Maximum affinity for LDOC mmol~1s1 11
aSLDOC Maximum affinity for SLDOC mmol~1s1 0.15
ASRDOC Maximum affinity for SRDOC mmol~1s~1  0.09
v Maximum uptake rate for LDOC molcelt.s1 510720
Vi Boasroog  Maximum uptake rate for SLDOC molcett.s! 2510720
KLpoc Half-saturation constant for LDOC mol T 410°°
Ks poosrpog  Half-saturation constant for SLDOC molm 1074
1) Efficiency of LDOC uptake - 0.7

1 y p
1) Efficiency of SLDOC uptake - 0.5

2 y p
1) Efficiency of SRDOC uptake - 0.3

3 y p

Table 6. Half saturation constants for N and P found in literature
for small phytoplankton

Ky Kp Reference

molm—3 mol m—3

810> 5110 Lovdal (2007

1.8-2.410% 3.4-4.410% Riegman et al(2000
2-4107% Fu et al.(2009
4-10107° lkeya et al (1997

c = %
PP ¢max a*E QCh|/C
f}’lr =

= (23)
1+opsi E T+ (kY /k) (opsi E)? ©

oc

pren_ fy (QCmmImax far- 1= O/ (Qhyn)max
’ a* dGax Qtnyc E (1= O%nn/(Q&pn)max) +0.05

(24)

www.biogeosciences.net/8/933/2011/

In Egs. @3) and @4), %, represents the maximum quan-
tum yield for carbon fixationg*, the mean Chl a specific
absorption coefficientt, the irradianceQé:hI /c the chloro-
phyll to carbon ratiogpsy;, the PSII cross section, the elec-
tron turnover timekX, the PSIl damage raté,, the PSII
repair rate a”“jQé:hVN)max the maximum chlorophyll to ni-
trogen ratio. Parameters were chosen to stay within the range
of published values for phytoplanktosgntsch and Vaccaro
1958 Claustre et aJ.2009. In the model, phytoplankton res-
piration is described by a “maintenance” cost associated with
the excess carbon present in osmotrophic cells{he®stad
(1987 for more detail concerning the term “maintenance”).

fyP=(0c— 08" wa (25)

One aspect is that respiration rate will increase with increas-
ing carbon intracellular content and this conveys the idea
that respiration rate may be higher during the day, a feature
that has been observed in natural communiti@sder et al.
1989.

Biogeosciences, 8985832011
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Fig. 3. (a)Range of total nitrogen (TN) and total phosphate (TP) concentrations tested with the model (diamonds markers represent the TN
TP values tested in the different simulations and isolines represent the TN to TP (failmlorganic nutrient concentrations at steady state
in nM as a function of TN and TP (dashed lines represent inorganic nitrogen and solid lines inorganic phosphate).

2.5 DOC uptake and respiration by bacteria for LDOC in the lower range of reported valuEspoc = 40

nM. Assuming a diffusion rate of 3 T8°m?s-1 (Nimer

et al. (2003), the resultingV™® based on Eg. (22) is
Since SRDOC and SLDOC are larger in size than LDOC,5 10-20 mol cel1 51 (0.18 fmol cel-1 h=1). For SLDOC
these compounds need to be hydrolyzed before being assiming SRDOC, we assume that th&2 was lower than for
ilated by bacteria. However, we assumed that the products poc (assuming the hydrolysis step as the limiting step).
of the hydrolysis of SLDOC and SRDOC (denoted SLDOC’ \we therefore set thei’ ™ to half the value chosen for
and SRDOC' in Fig. 2) are not LDOC but molecules of | poc. We also tried to take into account the slower diffu-
lower benefit for heterotrophic bacteria. In other words, thegjgn rate of these larger molecules by reducing the diffusion
net budget between the carbon assimilated and the carbogpefficientto 6 1611 m2s—. Our choices is thus an extrapo-
respired is different for each DOC compartment. The netjation based on literature values for diffusion coefficient and
budget correspond to the parametefsw; andws in Table5  yptake kinetics of labile DOC compounds such as glucose.
(for example, for SRDOC only 30% of the gross SRDOC ye scaled SLDOC and SRDOC uptake kinetics based on
uptake can be stored within the cell, assuming that the rethe previous consideration. Based on the parameters chosen
maining 70% is lost through respiration). While LDOC and for SRDOC, SLDOC and LDOC, bacterial growth efficiency
SRDOC are produced through mortality processes, SLDOGBGE) cannot exceed 0.7 and could in theory reach zero
comes from phytoplankton exudation (PER), which is of- when growth rate is null. The fact that BGE will vary with
ten described as an overflow mechanidbo(nsen 1988.  sypstrate supply and inorganic nutrient availability without
We further assumed that SLDOC (PER), which is mainly exceeding 0.7 and the fact that bacteria may not grow at the
composed of carbohydrate chaindyklestad 1999, was  same rate depending on the carbon source concur with in-situ
less costly to transform into bacterial biomass than most Ofobservationsl‘(/liddelboe and Sondergaartio93 del Gior-
the DOC associated with mortality processes (SRDOC). Fogig and Cole1998. For heterotrophic bacteria the resulting

DOC uptake we used the same Michaelis-Menten equation agspiration rate based on cost for DOC acquisition is:
for nutrients (6). V"™ andK x values for uptake of LDOC,

SLDOC and SRDOC are chosen so that maximum affinity £5°P= (1—w1) f;"%% + (1—wp) f;" 00 (26)
constants are one and two orders of magnitude lower than 1 UPsrDOC
for inorganic nutrients. It allows us to take into account the t(1—w3) fy

larger size and thus lower diffusion rate of these moleculesrhjs choice allows two types of carbon limitation, either lim-
as well as the longer hydrolyse step require before bacterigation by availability (when DOC resource is low) or limita-

can assimilate these compounds. If we co.nsider glucose asy by lability (when DOC acquisition is costly) both cases
proxy of LDOC, then we are left with a wide range of val- resulting in a low bacterial growth rate.

ues for bothKs and V™& (Schut et al(1993 and reference
within). Since we are interested in describing the uptake rate
of an organisms strongly C-limited, we chose #&values
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3 Simulations set up to 15nM and from 0 to 370nM for phosphate and nitro-
gen respectively (Figdb). These values are consistent with
To describe the day/night cycle, the model was run with awhat is usually measured in the surface water of the Mediter-
given light regime described by the following equation: ranean Searom et al, 1992 Pujo-Pay et aJ.2010. Under
these conditions, phytoplankton growth rate ranges between
0 and 0.53d? (Fig. 4a) and bacterial growth rate ranges be-
tween 0 and 0.5 (Fig. 4b). For phytoplankton, the max-

Where Ema represents the imadiance at noon under the SUmum growth rate is found when nutrient concentrations are
face (WnT2) and the time in seconds. Since we set 9

the mortality rate equal to the cellular growth rate at all ?lghertti\r;aln Olr?9 nrll\:lr ar;dernhMtfc;r tp:hors]iphéltetarr;dtrrl]ltrcrﬁje;
time, cellular abundance is always constant and was fixed " >PECtVElY. In contrast, for heterotrophic bacteria the ma

to 5 16 cell -1 and 25 10’ cell 11 for bacteria and phyto- imum growth rate is found for low P concentrations (0.06

plankton respectively. These values are in the range of Iiter—to 0.08nM) associated with relatively high N concentrations

ature values for bacteri®pbarts et J.1996 Lemee et al. (>10 nM). This particular.feature fo_r heterotrophic bacteriall
2002 Tanaka and Rassoulzadegaf04 and phytoplankton growth' IS the result of a'h|g.h'e r afﬂmty fo.r phosphate assocl-
(Wambeke et al.200%; Christaki et al, 2002 Tanaka and ated Wlth high DOC avall_ab|llty (FigB) which in turn results
Rassoulzadegar2002 Siokou-Frangou et al2010 in the from & high DOC exudation rate by phytoplankton (Fég).

; : o Nutrient uptake rates ranged from 0 to 6 nmdi¢i—! for P
western Mediterranean basin. In addition, they allow the(Fig. 5b) and from 0 to 115nmotttd-L for N (Fig. 5a).

ratio of bacteria to phytoplankton carbon biomass to rang . k
between 0.12 and 0.94 which is consistent with the in-si'ﬂ?Uptake of b(.)th elements Sh(.)\.N non-linear pattgrns W'.th re-
spect to environmental conditions. Uptake of inorganic ni-

bservations for the Mediterranean ros-Alio et al. ) . ; LS
oose ons 10 editerranean Séedro etal trogen is maximum where bacterial growth rate is high. Un-

1999. At the beginning of each simulation, organisms are at o . :
their minimum intracellular content for all elements, Chl:C dﬁr ttc:]el:;kigg?g'gg%&g%g%ﬁg r?;t':hl:)?/cil)(?ar?ét;g;ﬁgotr?
is set to 025gChlmolC ! and DOC compartments are set phytop N

to zero. Each simulation was run for 100 days with a fix ganic N uptgke is.mainly attributable to heterotrophic bacte-
amount of nitrogen and phosphate until a steady state regimga' In the'sw.nulanons where both phytoplankton gnd bacte-
was reached for both elements. fla are P-limited (1(.) nI\_A<TP<1_5 nM), an increase in N up-
take is observed with increasing P availability (F3@) and
an increasing fraction of the uptake is attributable to phyto-
4 Results plankton (from 17 to 25% (data not shown)). For TP values

above 15nM, N uptake rate tends to decrease @&ayand
The best way to interpret the results of our simulations is tothis is mainly due to a decrease of bacterial uptake caused by
consider that the model solves the mass balance equations f@f increasing C-limitation of heterotrophic bacterial growth
given growth conditions. The model gives an estimate of the(Fig. 4b). Concerning P uptake the pattern is slightly differ-
C,N,P fluxes under various growth conditions assuming con£nt. Two maximum uptake rates are found (/ig). The first
stant cell abundances. This is achieved by considering th&ne is found for TP values between 13 and 15nM and is asso-
sum of living and non living N and P, which is denoted TN ciated with the high N uptake rate described above and thus is
and TP, as conservative. By doing so we highlight the potenmainly attributable to heterotrophic bacteria (85% of total P-
tial bottom up effect that N and P could have on the cycling of uptake (data not shown)). The second maximum is observed
carbon in the system. The carbon budget in the model is intinder low N conditions (TN:200 nM) and relatively high P
ferred from the balance between carbon production througt¢onditions (TR-25 nM). Under these conditions, the fraction
primary production, grazing or mortality and carbon respira-0f P uptake attributed to phytoplankton is higher and repre-
tion which depends on the cellular C-content of phytop|ank-sents 20 to 40% of total P uptake. We thus obtained similar P
ton and on the efficiency at which heterotrophic bacteria asuptake rates for two completely different settings where phy-

E = Emax 6(1'5 cos2r t/86400—1) (27)

similate DOC. toplankton could either be P or N limited and heterotrophic
bacteria P or C limited. In Figsd turnover of phosphate,
4.1 Environmental conditions, growth and nutrient which represents the inorganic P concentration divided by
uptake the P uptake rate at steady state, ranges from less than 0.25h

to more than 50 h and seems to increase linearly with inor-
We ran the model for a given range of total nitrogen (TN) ganic phosphate concentrations. In contrast, it is poorly cor-
and total phosphate (TP) values, from 160 to 640nM forrelated to the P uptake rate, despite a slight shift under low N
TN and from 10 to 40nM for TP (Fig3a). The resulting conditions where P uptake rate is maximum. This highlights
TN:TP ratio range from 5 to 60 and represents N-limited the fact that under steady state conditions, turnover time of
as well as P-limited environments (Fida and4b). Within phosphate is much more sensitive to a change in nutrient con-
the range of TN and TP used in this study, inorganic nu-centrations than to a change in uptake rate. Finally, The un-
trient concentrations obtained at steady state range from @oupling of N and P uptake in the model is highlighted by
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Fig. 4. Phytoplankton and bacterial growth rates per day as a function of total nitrogen (TN) and total phosphate (TP). Background color rep-
resents the element which is most limiting growth. (white color represents P-limitation, light grey, N-limitation and dark grey C-limitation).

TN (nM)

TN (nM)

600
550
500
450
400
350
300
250
200

10

15 20 25
TP (nM)

TN (nM)

TN (nM)

600

500

400

300

200

10 15 20 25 30 35 40

600
550
500
450
400
350
300
250
200

10 15 20 25 30 35 40
TP (nM)

Fig. 5. Inorganic N(a) and P(b) uptake rate (nmof1d—1), (c) N to P ratio of nutrient uptake ar{d) inorganic phosphate turnover time
(h) as a function of TN and TP.
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Fig. 6. Gross primary production (GPP), Net primary production (NPP), Chlorophyll concentration and photosynthetic extracellular released
(PER) as a function of TN and TP.

the wide range of N:P ratio associated with a given P up-the carbon fixed during gross primary production is exuded
take rate (Figbc). Globally, the N:P ratio for nutrient uptake as DOC (Fig.6d) and fuelled the BCD (FigZa) or accumu-
predicted by the model ranges from 6 to 24 and generallylate as DOC (Fig8). In our model, phytoplankton exudation

increases with increasing TN:TP ratio (F& and Fig5c). range from 21 to 72% of GPP and it increases with increas-

ing oligotrophy. The balance between GPP, exudation and

4.2 Carbon Budget: Primary Production vs. Bacterial respiration of storage compounds results in a net primary
Production production rate ranging from 0.015 to 0.12 umot&d—1

(Fig. 6b). Net primary production in the model is equiva-
From the producers end (i.e. phytoplankton), gross primarylent to the specific growth raté () of phytoplankton mul-
production range from 0.3 to 0.9 pmofid—1 (Fig. 6a). The tiply by its carbon biomass. Thus increase in NPP is either
highest rate for GPP is found for low TP values (where the result of an increasing specific growth rate or of an in-
phytoplankton growth is P-limited) and TN values above creasing carbon intracellular content both of which tend to
250 nM. This increase in GPP with decreasing P availabil-behave in opposite way. For example, under nutrient lim-
ity is counter-intuitive and is mainly the results of the higher ited environment growth is limited by nutrients and growth
chlorophyll content found in this type of simulation (F&g). rate decreases but, at the same time, carbon accumulates in
In fact, when growth is P-limited and when inorganic N is the cell increasing the carbon biomass of the phytoplank-
abundant, nitrogen cell content of phytoplankton increasegon compartment. Thus similar net primary production rate
until it reachesD®. Since maximum chlorophyll contentis could be found for different specific growth rate assuming
scaled to the N content of the cell, Chlorophyll concentrationthat they are associated with different carbon intracellular
is maximum and so is GPP. However due to the P-limitationcontent. From the consumers end (e.g. bacteria), the bac-
of phytoplankton growth under low P environment, most of terial carbon demand (BCD) represent the total amount of
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Fig. 7. Bacterial carbon demand (BCD), bacterial growth efficiency (BGE), Bacterial respiration rate (BR) and Bacterial production (BP) as
a function of TN and TP.

DOC taken up by heterotrophic bacteria prior to respiration
and ranges from 0.13 to 0.67 umolld—1 (Fig. 7a). The
amount of carbon respired integrates respiration of stored
compounds as well as respiration due to change in DOC
quality (Fig. 7c) and range from 0.1 to 0.55 pmofd—1.
The bacterial growth efficiency (BGE ggigp) ranges be-
tween 0 and 41% (Figrb). BGE decreases with increas-
ing oligotrophy and this is the result of an increase of bac-
terial respiration which is more important than the increase
_ in bacterial production. For example, over the same range
200 of TP values from 16 to 12nM and for similar TN values
(480 nM), BP increase from 0.16 umofid—1 (TP = 16 nM)
10 20 30 40 to 0.24 pumolt1d=1 (TP = 12nM) \ivhile bacterial rfspilra-
TP (nM) tion increases from 0.24 umdﬂ'd— to 0.42pmolt+d-

over the same range. Thus while BP increased by 50%, BR
increases by 75% resulting in a overall decrease in BGE of
about 10%. Under even lower TP concentrations, BP start to
decrease while BR continue to increase resulting in an even
lower BGE. However, BGE is only sensitive to nutrient limi-
tation and seems more correlated to nutrient availability than
to carbon availability. If we consider bacterial production

600
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400

TN (nM)

300

Fig. 8. Dissolved organic carbon concentrations in uM after 100
days of simulation as a function of TN and TP.
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(BP) which was assumed to be the growth rate of the organably close to our model values for phosphate (Rlg.and
isms multiply by its carbon content, values range betweertd). Since the Mediterranean Sea is assume to be P-limited,
0.05 to 0.25 umott! d=1 (Fig. 7). The overall results of the few study have focus on the dynamic of the non-limiting el-
balance between carbon production and carbon respiration isments such as inorganic nitrogen. In contrast to inorganic
the possible accumulation of DOC in the model. For mostphosphate concentrations, a substantial amount of inorganic
of our simulations, DOC does not accumulate and displaysitrogen can remain at the surface, especially in the eastern
values close to zero which is consistent with the idea of bal-basin Krom et al, 1992. The main consequence is that,
ance carbon budget during the summer period. However inn the surface layer, high N:P ratio could be expected and
the case of low TP values and high TN values, the modelmodel results displaying more than 300 nM of inorganic N
predicts a net production of DOC which results in the accu-with close to zero nM of P may not be unreasonable. In the
mulation 5 pM of DOC within the hundred days of our sim- Gulf of Lions (western basin)Diaz and Raimbaul{2000
ulations. This result is of particular interest and highlight the measured uptake rate (IS[H+ NO3) close to our values,
accumulation of more carbon under high N:P ratio compareranging from 50 to 100 nmotf d—1 at the onset of the strat-
to balance (16:1) or low N:P ratio. To which extent this re- ified period. Looking at our model results for N and P up-
sult is relevant when trying to understand the accumulationtake (Figs.5a and5b), our size assumption combined with
of DOC in the surface layer of the Mediterranean Sea is disthe cellular abundance selected for our simulations seems to
cussed in the next section. give a satisfying first approximation of the expected nutri-

ent fluxes for the western basin at least. Concerning cellular

growth rate, values are in the range of reported values for
5 Discussion osmotrophs in the oceanBifhamel et a].2007). Although

the estimation of osmotrophs growth rate in oceanic envi-
In the surface layer of the ocean, understanding the interronment is still subject to debate, it has been suggested that
action between heterotrophic bacteria and phytoplankton is @hytoplankton growth rate are well below their maximum
complex issue that involves competition in terms of inorganicgrowth rates and that values below 0:5dare consistent
nutrients and commensalism in terms of carbon. While somewith the existing knowledge on the relationship between el-
authors have focused on the competition for inorganic nutri-emental composition and physiological state in phytoplank-
ents Thingstad et a).1997 Thingstad 2009, others have ton (Maranon 2005. Our model seems to concur with such
focused on the balance between primary production and resaypotheses at least for small phytoplankton in oligotrophic
piration (Anderson and Ducklow2001, Anderson and Tur-  environment. In terms of growth limitation, model results
ley, 2003. However, to our knowledge, none have tried to are also quite consistent with what has been reported in the
tackle both issues at the same time using a simple model suditerature based on bioassay experiments. For heterotrophic
as the one describe in this study. Combining a C-based modéjacteria, positive response to P and C enrichments were ob-
with a nutrient based model requires a framework in whichserved YWambeke et a).2002, and for pico-phytoplankton
all three elements can be coupled in a coherent manner. Thenrichment experiments show either P-limitation or NP-co-
use of cellular abundances and variable intracellular elementimitation (Thingstad et a).1998 2005 Tanaka et a).2010).
tal contents combined with a Droop-like approach for growth However in our model, growth limitation by phosphate of
appears as a relatively simple and straightforward descripboth osmotrophic groups is restricted to extremely low con-
tion that allows the coupling of carbon and nutrients in living centrations £0.12 nM) and resulted from the relatively high
population using relatively realistic constraints. At the cell affinity used in the model for bacteria (0.5 1nméh~1) and
level, clear constraints in terms of biomass (using maximumphytoplankton (0.331nmoit h—1) compared to in situ data
and minimum intracellular contents) and in terms of nutrient (0.16 to 0.2 nmott h—1 (Moutin et al, 2002). To reduce
uptake (using size considerations and diffusion limitations)the maximum affinity in our model, one could consider an
are very useful for the calibration of a model. Although this increase of the half saturation constakity(, an increase in
study is not a validation of the model in a strict sense, wethe minimum intracellular P conten®{’, ) or a decrease in
can notice that the overall range of values displayed by thehe maximum uptake ratey"®. Yet, any modification of
model, in term of N and P, are consistent with publishedthese parameters will be constrained by size considerations
data for the Mediterranean Sea. For inorganic phosphatesince increasing P requirement will increase the amount of
due to the quantification limit of commonly used measure-phosphate per unit of cell volume and decreasiitfX, or
ment techniques (50 nM), it is difficult to assess whether orincreasingK x, will imply a smaller size (Eq20) which in
not the concentrations displayed by the model are reasonturn induces an increase in element concentrations per unit
able. Nonetheless, in the literature, inorganic phosphate coref cell volume. For nitrogen, the picture is more compli-
centrations at the surface was suggested to lie somewhergated. Although phytoplankton cells display N-limitation for
between 0.1 and 5nM during summer and the associatethorganic N concentrations below 2nM, in the same envi-
turnover times are of the order of a few houfipgstad  ronment, heterotrophic bacteria are C-limited. This feature is
et al, 1996 Moutin et al, 2002. These findings are reason-
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mainly the result of the strong coupling between nitrogen andwith decreasing nutrient availability and the range between
carbon in phytoplankton cells which restricts the production0.15 and 0.4 is reasonable given the large uncertainties as-
of bioavailable carbon for heterotrophic bacteria under N-sociated with BGE measurements. From a more qualitative
limited conditions. In general, the interaction between bac-point of view, an interesting aspect of the model is its abil-
teria and phytoplankton from a carbon point of view is more ity to reproduce the higher P.E.R. in P-limited system com-
complex than from a nutrient point of view. Quantitatively, pared to N-limited systenQbernosterer and Herndl995.
model results are quite close to published data concernindhis is a significant aspect that is not always taken into ac-
the carbon dynamic in the Mediterranean sea. In the westeount when one wants to explain the particularly high DOC
ern basin, primary production rate range between 0.1 anaoncentration in the surface layer of the Mediterranean Sea.
0.6 umol 1 d~1 (Moutin and Raimbau)2002 Lemee etal.  While some authors have suggested that P-limitation of het-
2002. Directly comparing in situ primary production with erotrophic bacteria could cause and accumulation of DOC
our model results is quite complicated sifé€ based pri-  during summerThingstad et a).1997), other have used re-
mary production is neither a gross production rate nor a nefractorization of DOC to explain the observed accumulation
production rate. In factyloutin et al.(1999 have proposed (Polimene et a).2006 but differences may also arise from

a model and estimated gross primary production to be: the producing endGauwet et al.2009. We propose in
. this model a possible mechanism to explain the high DOC
GPP=1.72 Ay (28) production under high N:P ratio. In our model, chlorophyll

synthesis is not influenced by the P status of the cell but
in contrast it is proportional to the N content of the phyto-
plankton cells. This was motivated by the fact that under N-

proach, our gross primary pr_oduct|on_ in the mode_l is within limited conditions authors have shown a bleaching of phy-
the range of the previously cited studies. Concerning P.E.R. .
toplankton cells as a result of decreasing chlorophyll con-

the V"’."“es displayed by the. model may appear high, ESPGant (Schwarz and Forchhamme&0095. High N:P environ-
cially in extremely low P environment where it can reach up . . L

: ment combined with P-limitation of phytoplankton growth
to 72% of GPP. The modelled values are much higher tharfncrease the uncoupling between GPP and growth and thus
the typical 16 to 30% of PER measured for the Mediterranean Piing 9

Increase P.E.R. This implies a complex system where both
Sea Moran etal, 2002 Lopez-Sandoval etal010. Onthe . source of bioavailable carbon (P.E.R. and mortality) display

other hand, in a control mesocosm environment using Adrl—opposite trends. If we consider phytoplankton, when growth

atic sea water-ajon et al (1999 reported values for P.E.R. is severely limited by the availability of phosphate and when

; o A .
as high as 80%. Thus it is difficult to assess to which extentN is abundant, DOC production through exudation is maxi-
our values of PER are unreasonable. In order to reduce the

fraction of GPP exuded as P.E.R, the quota function (). mum and repres_ents almost all the carbon available for het-
. ) eotrophic bacteria. When N and P are abundant DOC pro-
could be modify to:

duction through mortality increases with increasing growth

where A}, is the daily primary production (24 h dawn-to-
dawn) rate measured with tHéC method. With this ap-

0y M _0x ., rate but on the other hand, photosynthetic extracellular re-
fe= (W) (29) lease decreases rapidly. It implies that heterotrophic bacteria
X X may benefit from slow growing nutrient limited phytoplank-
Using n values lower than 1 in Eq20) would tend to de-  ton with high exudation rates, especially if we consider them
crease exudation rate when carbon content appro@ﬁ?& more competitive for nutrients and if we assume P.E.R to be
but this in turn would decrease DOC availability for het- a reliable source of DOC for heterotrophic bacteria. Another
erotrophic bacteria and may narrow the range of nutrientconsequence is the more direct coupling between primary
concentrations for which bacteria are nutrient limited. For production and bacterial production under P-limited condi-
this reason, and to avoid a loss of clarity in the model re-tions, a feature that has been shown experimentally when
sults due to the more complex form of the quota function,comparing the eastern and the western bakiml¢y et al,
we did not include such description in the current model.2000.
Concerning the BP and BGE in the model, values are also Although model results could be improved especially con-
quite close to expected values for the Mediterranean Sea. loerning carbon dynamics, overall results are quite consistent
the western basin, bacterial production range from 0.05 towith our current knowledge of the carbon cycle in the sur-
0.2 umol -1 d=1 (Wambeke et a]2002 Lemee et a].2002). face layer of the Mediterranean sea. In addition, our study
Although BP measurements using the assimilation of radio-of a steady state system gives us clear indication on the pro-
labeled amino acids should be considered carefully whercess that are responsible for the observed DOC accumula-
compared to model results, it seems that the model is relation in the surface layer of the Mediterranean Sea. First,
tively close to experimental values. In a reviedel Gior-  based on the low values of DOC concentrations at steady
gio and Cole(1998 estimated BGE to vary between less state, our model suggest that DOC accumulation is proba-
than 0.05 to as high as 0.6, with a systematic decrease withly not a continuous process and that during the stratified
increasing oligotrophy. BGE in the model does decreaseperiod, it is more likely that the system is balanced or net
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heterotrophic. However, the DOC accumulation observedé Conclusion

under extremely low P concentrations suggest that the com-

bination of high PER and P-limited growth may explain the In our study, we focused on the surface layer of the Mediter-
high DOC concentration observed at the surface layer of théanean Sea. In summer, this system is characterized by low
Mediterranean Sea during summer. High PER could ariséutrient concentrations, relatively stable populations of phy-
due to the unusual N:P ratio found in the Mediterranean Seatoplankton and heterotrophic bacteria and high DOC con-
The fact that DOC concentration at surface of the ocean incentrations. The interactions between phytoplankton and
creases between the Atlantic ocean and the western Mediteheterotrophic bacteria are characterized by strong competi-
ranean basinAminot and Kerouel2004 and between the tion for nutrients and commensalism for carbon. To bet-
western and the eastern Mediterranean basin; and the fatér understand the balance between growth and carbon pro-
that along the same transect, the N:P ratio increases frorfluction/consumption, we implemented in Eco3M a multi-
16:1 for the Atlantic ocean to more than 28:1 for the east-€lement, mechanistic model with cell abundances as an ex-
ern Mediterranean basirp(ljo_Pay et aJZOlQ' may sug- p|IC|t variable. With this model, we Compared different
gest that the role of the N:P ratio on DOC accumulation inSteady state regimes obtained under various amount of in-
the model is somehow representative of what is occurring orPrganic nitrogen and phosphate. We verified that the magni-
seasonal time scales (eventhough our model intend to reprdtide of the different stocks and fluxes displayed by the model
sent mechanisms occurring on shorter time scales). In factvere in agreement with the in-situ data found in the litera-
one should keep in mind that the trend we have describedure for the Mediterranean Sea. This approach allows us to
here would be even more pronounced if one takes into acdetermine the conditions for which osmotrophs may be nutri-
count the uncoupling of bacterial and phytoplankton biomassent limited rather than energy (carbon) limited. In addition,
during the spring bloom, due to stronger grazing pressure ofhe model gave us insight on the primary production rate,
heterotrophic bacteria. In other word, DOC accumulation inDOC exudation and bacterial growth efficiency expected un-
our simulations would be much greater if bacterial cell num-der steady state regimes. Last but not least, the model dis-
ber is kept constant while phytoplankton cell number goesPlayed significant differences between N and P limited sys-
up. tems and we used these results to explain how DOC accu-

This control of osmotrophs population by predation is usu-mulation in the surface layer of the ocean may be a char-
a||y refered as the top down control. As we have stated earaCteriStiC of P-limited systems and how the balance between
lier, our study focused on the bottom up control of organismschlorophyll production and growth could explain the high ex-
growth and its potential effect on DOC accumulation and thisudation rate observed under low P and high N environment.
was acheived by assuming constant cell populations. In our o o )
model, top down effect on DOC accumulation was Consid_AcknowledgementsThls is a contribution of the BOUM (Bio-
ered ir,nplicitly for carbon by re-routing 50% of the carbon geochemistry from the Oligotrophic to the Ultraoligotrophic

o Mediterranean) experimenttfp://www.com.univ-mrs.fr/BOUM
lost through mortality into the DOC pool. Our steady state of the french national LEFE-CYBER program, the european IP

assumptions allow us to disregard predator biomass. HOWsgsaME and the international IMBER project. The BOUM ex-
ever, in a dynamical model, it is imperative to consider ex- periment was coordinated by the Institut des Sciences de I'Univers
plicit population of predators as part of the N and P would be(INSU) and managed by the Centre National de la Recherche
channelled into predator biomass and would remain unavailScientifique (CNRS).

able to osmotrophsThingstad and Rassoulzadegd899.

However, considering zooplankton explicitly also required Edited by: C. Jeanthon

detailed knowledge on their growth rate and stoichiometry.
Although we did find an exhaustive literature on the C, N
and P content of osmotrophs, very few data are available fo
higher trophic level such as heterotrophic nano-flagellate
(Menden-Deuer and Lessard000. This knowledge of
predator stoichiomerty is a key issue that has been discusse
before §anni and Layne1997. For example in the case
where N:P in phytoplankton is higher than the N:P ratio in
their predators, this would result in preferential N remineral- The publication of this article is financed by CNRS-INSU.
ization leading to P-limitation whereas a lower N:P ratio in

predator biomass would result in preferential P remineraliza-

tion leading to a N-limited system. With this in mind, fur-

ther work on predators stoichiometry appear as a key aspect

that would help understand the potential effect of predator

biomasses and stoichiometry on the overall C,N,P coupling

observed in the surface waters of the Mediterranean Sea.

INSU

Institut national des sciences de I'Univers
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