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Abstract

Elsewhere in this volume, observations of the natural microbial food web in the Cyprus Gyre, eastern Mediterranean,

and its transient responses both to phosphate additions in situ and to phosphate and ammonium additions when enclosed

in microcosm bottles, are reported. We here explore an idealized four-population model of the microbial part of the food

web, containing features suggested in these reports to be essential for the observed responses. Such features include a

steady state with P-limited growth heterotrophic bacteria and P-limited or N/P co-limited growth of phytoplankton a

mechanism for luxury consumption and nutrient storage in the osmotrophs (phytoplankton and bacteria), a supply of

labile organic carbon substrates in excess of bacterial carbon demand, a relatively small excess of bio-available nitrogen,

and an assumption that heterotrophic bacteria are superior to phytoplankton in competing for dissolved organic nitrogen.

From a P-limited steady-state dominated by heterotrophic organisms, the model responds to the in situ phosphate addition

of the Lagrangian experiment with a decrease in chlorophyll, an increase in bacterial production and in bacterial biomass,

and a decrease in uptake potential for phosphate. These modeled responses at the osmotroph level are qualitatively and

quantitatively comparable to those observed, while detailed comparison of model and observations at the predator level

appears more difficult. The model is also able to explain main traits of the dynamic patterns observed in microcosm

experiments, both when different concentrations of phosphate were added to previously unperturbed water, and when

water collected inside the patch of the Lagrangian experiment was enclosed and supplied with ammonia. We conclude that

the idealized model contains sufficient elements to capture a useful first-order approximation to a presumably quite

complex microbial food web. In this model, predator growth responds not only to food quantity, but also to food quality

(stoichiometry). From steady states where also zooplankton are P-limited, the model thus has a potential for much more

rapid zooplankton response to a phosphate-pulse than possible in models with fixed organism stoichiometry. The potential

of transmitting a signal to the copepod level via food composition, rather than only via food abundance, is discussed.

Implicit in both model and observations is a requirement of a large, unmeasured, production of degradable organic

substrates for bacterial growth.
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Fig. 1. Idealized food web used for analysis of steady state

P-flow. Equations in Box 1. Labile dissolved organic carbon

(L-DOC) is assumed to be in excess of bacterial carbon demand

(BCD) and does therefore not enter the equations.
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1. Introduction

The mixed surface layer of the Cyprus Gyre in the
eastern Mediterranean is a typical low-nutrient-low-
chlorophyll (LNLC) area with chlorophyll levels
o20 mgm�3 and free mineral forms of both
phosphorous and nitrogen at very low concentra-
tions in the stable summer situation (Krom et al.,
1993). High nitrate:phosphate-ratios (Krom et al.,
1991) and bioassay experiments for phytoplankton
(Bonin et al., 1989) and heterotrophic bacteria
(Zohary and Robarts, 1998) have suggested growth
of these osmotrophs to be P-limited.

In a situation with one limiting mineral nutrient
and all other potentially limiting nutrients in large
excess, the conceptual model one would use to
predict the system’s response to an addition of the
limiting nutrient would seem relatively straight-
forward. For example, prediction of a large
phytoplankton bloom in response to iron addition
to a high-nutrient-low-chlorophyll (HNLC) area
(Coale et al., 1996) is consistent with the idea of
iron-limitation. In the typical LNLC situation,
however, neither the magnitude of the excess
reservoirs of other non-limiting nutrients, nor the
relative abilities of the different functional groups of
micro-organisms to utilize these reservoirs are
known. From present knowledge of such systems,
it is thus far from easy to predict whether the
response to an addition of the limiting nutrient will
be substantial growth, will be restricted to a change
in the physiological status of the organisms as the
type of limitation suddenly is changed, or will cause
a rebalance between organisms in the pelagic food
web due to a sudden change in the requirement for
competition abilities.

The response of a LNLC system to a Lagrangian
nutrient perturbation is likely to be a relatively
complex function of properties at scales ranging
from the cell physiology of uptake, incorporation
and storage of limiting and near-limiting nutrients,
via trophic interactions such as predator responses
to food quantity and quality, to the physical mixing
with out-of-patch water, forcing a drift back
towards the pre-perturbation state of the system.
Although elements of such a response can be
discussed in isolation, it rapidly becomes difficult
to envisage how the different mechanisms work in
concert.

As a tool to explore these relationships, and to
confirm consistency between mechanisms proposed
and responses observed, we here explore an
idealized four-population mathematical model of
the microbial food web and compare it to observa-
tions reported elsewhere in this volume. The model
is closely related to models previously used to
analyze system responses in mesocosm experiments
(Thingstad et al., 1999a, b), but includes the use of
Droop formulations for heterotrophic bacteria and
phytoplankton, shown in experimental laboratory
systems to be required when details of shifts
between situations with different limiting factors
are studied (Thingstad and Pengerud, 1985; Penger-
ud et al., 1987; Thingstad, 1987). Combining
potential N and P limitation with Droop formula-
tions, the model has several traits resembling the
more elaborate ERSEM model (Baretta-Bekker
et al., 1997).

2. Models

In this oligotrophic system with a considerable
fraction of phytoplankton biomass in small cyano-
bacteria (Psarra et al., 2005), we suspect hetero-
trophic flagellates to feed, not only on
heterotrophic, but also on the autotrophic bacteria
(Dolan, 1999; Christaki et al., 2001; Guillou et al.,
2001; Christaki et al., 2002). The simple models used
for more eutrophic environments assuming one
predator with strict selectivity for each functional
group of osmotrophs (Thingstad et al., 1999a, b) has
therefore here been modified with the assumption
that heterotrophic flagellates feed, with different
selectivity, on both phytoplankton and bacteria.
The resulting idealized food web structure with
bacteria, phytoplankton, heterotrophic flagellates
and ciliates is shown in Fig. 1. Assuming both
phytoplankton and heterotrophic bacteria to be
P-limited; food uptake to be proportional to food
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concentration; prey concentrations to be so low that
predation on each type of prey is independent; a
fixed loss rate for ciliates; and that all P released is
Box 1
Simplified model (Fig. 1) used to calculate an anal
more complex simulation model of Fig. 2. Supers
for the simplified model in Fig. 1.

Assuming the system to be in steady state, the
for phytoplankton
for heterotrophic bacteria
for heterotrophic flagellates
and for ciliates
Mass balance gives:
Solving this set for the five state variables P, B

P n ¼ ðPT � ðð1� bHÞ=
1þ ð1� ð1=bCÞð1� bHðð1� ð1=Y HÞÞ þ ða0H=a0C

Hn

P ¼
a0B
a0H

P n; Cn

P ¼
a0A � bHa

0
B

bCa0C
P n;

An

P ¼
1

rC

dC

Y Ca0C
� a0B
a0H
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� �
; Bn
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a0C

Y Ha0H
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Fig. 2. Structure of simulation model used for comparison with obser

mixing with non-perturbed water masses.
instantaneously remineralized to phosphate, the
steady state distribution of P in the food web can
be calculated (Box 1, Fig. 2).
ytical approximation to the steady state of the
cript * denotes analytical steady-state values

condition that growth ¼ loss gives:
a0AP PAP ¼ bHa

0
HAPHP þ bCa

0
CAPCP,

a0BP PBP ¼ a0HBPHP,
Y Ha0HðBP þ bHAPÞHP ¼ a0CHPCP,
Y Ca0CðHP þ bCAPÞCP ¼ dCCP.
PT ¼ P þ BP þ AP þ HP þ CP

P, AP, and HP in terms of total-P PT gives:
Y CbCa

0
CÞdCÞ

ÞÞÞða0B=a0HÞ þ ðð1=Y HbCÞ þ ða0H=a0CÞÞa0A=a0H
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vations. Grey arrows marked D denote physical dilution due to



ARTICLE IN PRESS
T.F. Thingstad / Deep-Sea Research II 52 (2005) 3074–3089 3077
As can be seen from the analytical solutions in
Box 1, the steady-state values P*, Bn

P, A�P,H
�
P, and

C�P (see Table 1 for symbols) depend not only on the
parameters characterizing the organisms (affinity
constants and clearance rates (a-parameters), yields
(Y-parameters) and predation selectivities (b-para-
meters)), but also on PT and dC representing total
amount of bio-available phosphorous (sum of all
compartments), and ciliate loss rate, respectively. dC
is thus the parameterization of all predation
pressure from higher predators.

Discussion of the properties of the steady state
solution in Box 1 is not a central issue of this article,
but it is worth noticing that it contains some
counter-intuitive aspects. One is that steady-state
phytoplankton biomass AP may appear to decrease,
and finally become 0, as nutrient content PT

increases. This partly reflects the lack of other
functional groups, such as e.g. diatoms avoiding
ciliate predation in this model. It also reflects the
lack of higher predators, the inclusion of which
would imply that ciliate loss rate dC no longer could
be considered a constant, independent of PT. For a
step-up perturbation in PT, the model in Fig. 1 can
thus only aspire to reflect the behavior within the
time-span before there is an appreciable numerical
response in either higher predators such as cope-
pods, or in the tiny diatom seed population present
in this oligotrophic environment. The model would
thus also not be expected to be able to catch the
behavior of more eutrophic systems where a
diatom-copepod link needs to be added to the food
web to get the dynamics of the phytoplankton
response to nutrient additions correct. With no
explicit formulations of a C-budget, bacteria
assumed always to have an excess of C-substrates,
the model obviously does not aspire to reflect
situations where bacterial growth becomes
C-limited.

Although the working hypothesis here is that the
simple P-flow model in Fig. 1 is a useful first-order
approximation to the steady state in the system
under investigation, it is clearly insufficient for an
analysis of experiments where phytoplankton and/
or heterotrophic bacteria are driven into situations
with growth limiting nutrients other than phos-
phate. Extending the model to include potential
N-limitation could be done relatively simply by
assuming fixed N:P-stoichiometry in all organisms.
The only extra state variables required would then
be those representing nonbiological forms of N such
as ammonia and dissolved organic-N (DON). Such
a straight-forward extension seems, however, un-
able to explain some of the data we wanted the
model to be able to simulate. A fixed-stoichiometry
model would not be able to predict an increase in
(living) particulate-P without a parallel increase in
cell abundance; neither would it be able to predict a
decrease in maximum potential for phosphate
uptake without a parallel decrease in abundance
of phosphate consuming organisms. The model
chosen (Box 2, adapted from Thingstad, 1987) is
therefore cell-based with variable cell quotas of N
and P in heterotrophic bacteria and in phytoplank-
ton. Cell-specific uptake (u) is assumed to follow a
Michaelis–Menten relationship with external con-
centration, but the maximum uptake rate (n) is
made a linear function of the internal cell quota of
the limiting element (Box 3), reducing the uptake
potential of the cell when the internal storage
capacity for the given element is filled.

DON production is assumed to be a fixed fraction
fDON of the N released by heterotrophic flagellates
and ciliates. The model also assumes that only
heterotrophic bacteria can consume DON. While
this may seem in accordance with what is usually
believed for e.g. the uptake at low concentrations of
amino-acids, this may be a simplification in the
present case where the small prokaryotic members
of the phytoplankton community may seem to have
the potential to consume DON (Zubkov et al.,
2003). Direct conversion of ammonia to DON as
observed in e.g. Synechococcus (Bronk, 1999) is a
process not included in this model.

Predation at low prey densities is weighted with
selectivity parameters for phytoplankton (bH, bC)
allowing different clearance rates for the types of
prey available to each of the two groups of
predators. At high prey densities predation is
weighted with the carbon content of prey cells
relative to that of the predator, assuming this to
represent the handling time required for each type
of prey. Cell quotas of carbon are assumed fixed in
the protozoa, while fixed C:N-ratios are assumed
for bacteria and phytoplankton. Ingestion is in-
dependent of prey stoichiometry in this model. The
resulting growth of the predator, however, is
calculated as the minimum of ingested phosphate,
nitrogen, or carbon corrected for predator respira-
tion, relative to predator cell quotas of the
respective element. Predator growth rates can thus
be C, N or P limited.

The diffusive mixing process of the Lagrangian
experiment is represented here by a simple first
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Table 1

List of symbols

Symbol Meaning Initial value/parameter value Unit

State variables

B Bacterial abundance 8.15� 107 cells l�1

A Phytoplankton abundance 2.39� 105 cells l�1

H Heterotrophic flagellates H0
PQ�1HP

cells l�1

C Ciliate abundance C0
PQ�1CP

cells l�1

BP P in biomass of heterotrophic bacteria 1.15 nM-P

AP P in biomass of phytoplankton 0.04 nM-P

(HP) P in biomass of heterotrophic flagellates 2.69 nM-P

(CP) P in biomass of ciliates 3.95 nM-P

P Free orthophosphate 0.18 nM-P

BN N in biomass of heterotrophic bacteria 45.89 nM-N

AN N in biomass of phytoplankton 1.04 nM-N

(HN) N in biomass of heterotrophic flagellates HQHN nM-N

(CN) N in biomass of ciliates CQCN nM-N

Ni Ammonia-N 5.30 nM-N

No DON-N 41.11 nM-N

Cell quotas and yields

QBP Bacterial cell quota of P QBP ¼ BP=B Function nmol-P cell�1

Qmin
BP

Minimum bacterial cell quota of P 1.11� 10�8 nmol-P cell�1

Qmax
BP Maximum bacterial cell quota of P 5Qmin

BP
nmol-P cell�1

QBN Bacterial cell quota of N QBN ¼ BN=B Function nmol-N cell�1

Qmin
BN

Minimum bacterial cell quota of N 25Qmin
BP

nmol-N cell�1

Qmax
BN Maximum bacterial cell quota of N 2.5Qmin

BN
nmol-N cell�1

QBC Bacterial cell quota of C 5QBN nmol-C cell�1

QAP Phytoplankton cell quota of P QAP ¼ AP=A Function nmol-P cell�1

Qmin
AP

Minimum phytoplankton cell quota of P 10Qmin
BP

nmol-P cell�1

Qmax
AP Maximum phytoplankton cell quota of P 5Qmin

AP
nmol-P cell�1

QAN Phytoplankton cell quota of N QAN ¼ AN=A Function nmol-N cell�1

Qmin
AN

Minimum phytoplankton cell quota of N 25Qmin
AP

nmol-N cell�1

Qmax
AN Maximum phytoplankton cell quota of N 2.5Qmin

AN
nmol-N cell�1

QAC Phytoplankton cell quota of C (106/16).8QAN nmol-C cell�1

QHP Het. flag. cell quota of P 27Qmin
AP

nmol-P cell�1

QHN Het. flag. cell quota of N 16 QHP nmol-N cell�1

QHC Het. flag. cell quota of C 106 QHP nmol-C cell�1

QCP Ciliate cell quota of P 1000 QHP nmol-P cell�1

QCN Ciliate cell quota of N 16 QCP nmol-N cell�1

QCC Ciliate cell quota of C 106 QCP nmol-C cell�1

rH Fraction of prey C respired by heterotrophic

flagellates

0.5 —

rC Fraction of prey C respired by ciliates 0.5 —

YH Fraction of prey-P incorporated by

heterotrophic flagellates

Not used in simulation model —

YC Fraction of prey-P incorporated by ciliates Not used in simulation model —

Rates

dC Specific loss rate of ciliates 0.1/24 h�1

D Dilution rate of patch 0.62/24 h�1

vXY Specific uptake rate of substrate Y by

population X

Functions nM-Ycell�1 h�1

OXY Predation rate by predator X on prey Y Functions prey cells l�1 h�1

Imax
H Maximum ingestion rate of H 5/24 Predator cell equivalents l�1 h�1

Imax
C Maximum ingestion rate of C 5/24 Predator cell equivalents l�1 h�1

Cell-specific affinity constants, clearance rates and selectivity constants

Primed affinity constants represent biomass-P-specific constants so that a0XY ¼ aXY=QXY

aBP Bacterial cell-specific affinity for phosphate* 0.16Qmin
BP

l cell�1 h�1
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Table 1 (continued )

Symbol Meaning Initial value/parameter value Unit

aBNi Bacterial cell-specific affinity for ammonia aBP l cell�1 h�1

aBNo Bacterial cell-specific affinity for DON 0:1 aBNi l cell�1 h�1

aAP Phytoplankton cell-specific affinity for

phosphate
0.18Qmin

AP
l cell�1 h�1

aANi Phytoplankton cell-specific affinity for

ammonia

aAP l cell�1 h�1

aHB Heterotrophic flagellate cell-specific clearance

rate for heterotrophic bacteria

0.009QHP l cell�1 h�1

aCH Ciliate clearance rate for heterotrophic

flagellates

0.0025QCP l cell�1 h�1

bH Heterotrophic flagellate selectivity of A relative

to B

0.3 —

bC Ciliate selectivity of A relative to H 1.5 —

uXY Cell-specific uptake rate of substrate Y (P, Ni

or No) by population X (A or B)

Function nmol-Y cell�1 h�1

vXY Maximum cell specific uptake rate by

population X at high external concentration of

substrate Y for a given cell quota of Y

Functions nmol-Y cell�1 h�1

vmax
BP Maximum obtainable cell-specific uptake rate

for P by B
ðQmax

BP �Qmin
BP Þ=2:5 nmol-P cell�1 h�1

vmax
BN i Maximum specific uptake rate for ammonia by

B
ðQmax

BN �Qmin
BN Þ=4 nmol-N cell�1 h�1

vmax
BNo Maximum specific uptake rate for DON by B 0.5vmax

BNi nmol-N cell�1 h�1

vmax
AP Maximum. specific uptake rate for phosphate

by A
ðQmax

AP �Qmin
AP Þ=2:5 nmol-P cell�1 h�1

vmax
AN Maximum. specific uptake rate for ammonia by

A
ðQmax

AN �Qmin
AN Þ=4 nmol-P cell�1 h�1

Miscellaneous

fDON Fraction of N released from biota as DON 0.4 —

Chlorophyll per phytoplankton cell* QAC A� 12
35

ng Chla cell�1

Symbols in parentheses are not independent state variables but follow from the assumption of fixed per cell contents.
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order ‘‘chemostat type’’ dilution where the commu-
nity in the dilution water is the steady-state
community. This steady-state community was ob-
tained in a two-step process by initiating a simula-
tion run of the dynamic model with the analytically
solved steady state for the simplified model (Box 1),
running the dynamic model to its steady state, and
then setting the initial values equal to values in the
dilution water equal to the steady state obtained by
letting the model run to steady state.

The simulations were performed on a Win-
dowsTM-based PC using the Berkeley MadonnaTM

software with its auto step-size routine for solving
the differential equations.

3. Comments to parameter values listed in Table 1

The minimum cell quota of P in bacteria Qmin
BP ¼

1:11� 10�8 nmol� P cell�1 would, with a standard
50:1 molar C:P-ratio in bacterial biomass (Fager-
bakke et al., 1996) correspond to ca 7 fg-C cell�1 i.e.
a cell slightly less than half the C-biomass of a
‘‘standard’’ 20 fg-C cell�1 bacterium (Lee and Fuhr-
man, 1987). Phytoplankton cells have a minimum
cell quota of P Qmin

AP ¼ 10Qmin
BP , corresponding to an

assumption of the linear dimension of phytoplank-
ton be about 3 times larger than for heterotrophic
bacteria, i.e. corresponding to small pico-planktonic
forms of phytoplankton.

The phytoplankton and bacteria cell-specific
affinity constants aAP ¼ 0:18Qmin

AP and aBP ¼

0:16Qmin
BP l cell�1 h�1 are consistent with the biomass-

P specific value a0AP ¼ 0:16� 0:20 l nmol-P�1 h�1;
determined experimentally in the eastern Mediter-
ranean by Moutin et al. (2002).

Both groups of osmotrophs are assumed to have
a maximum cell quota of P five times the minimum
quota, i.e. enough for 42 cell doublings. The
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Box 2
Differential equations of the simulation model.

Bacterial cell abundance: dB
dt ¼ mBB � OHB þ DðB0 � BÞ

Phytoplankton abundance: dA
dt ¼ mAA� OHA � SCA þ DðA0 � AÞ

Heterotrophic flagellate abundance: dH
dt ¼ GH � OCH þ DðH0 � HÞ

Ciliate abundance: dC
dt ¼ GC � dCC þ DðC0 � CÞ

Bacterial-P: dBP

dt ¼ vBP B �QBPOHB þ DðB0
P � BPÞ

Bacterial-N: dBN

dt ¼ ðvBNi þ vBNoÞB �QBNOHB þ DðB0
N � BNÞ

Phytoplankton-P: dAP

dt ¼ vAP A�QAP ðOHA þ OCAÞ þ DðA0
P � APÞ

Phytoplankton-N: dAN

dt ¼ vANA�QANðOHA þ OCAÞ þ DðA0
N � ANÞ

Phosphate:
dP

dt
¼ ðOHAQAP þ OHBQBP �GHQHP Þ þ ðOCAQAP þ OCHQHP �GCQCP Þ

þdCQCP C � uBP B � uAP Aþ DðP0 � PÞ

Ammonia:
dNi

dt
¼ ð1� f DONÞððOHAQAN þ OHBQBN �GHQHNÞ þ ðOCAQAN þ OCHQHN �GCQCNÞ þ dCCQCNÞ

� uANiA� uBNiB þ DðNi0 �NiÞ

DON:
dNo

dt
¼ f DONððOHAQAN þ OHBQBN �GHQHNÞ

þ ðOCAQAN þ OCHQHN �GCQCNÞ þ dCCQCNÞ
� uBNoB þ DðNo0 �NoÞ
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maximum cell specific uptake rates (nmax) are given
values which, if uptake was kept running constant
at this rate, could fill the cells from minimum to
maximum cell quota in 2.5 h. Heterotrophic flagel-
late cells are assumed to have a cell quota of P
QHP ¼ 27Qmin

AP , i.e. corresponding to a factor 3 in
linear size between the heterotrophic flagellates and
the phytoplankton (assumed to be dominantly
autotrophic picoplankton). Ciliates are assumed 10
times larger in linear size than heterotrophic
flagellates. Both heterotrophic flagellates and cili-
ates are assumed to be able, at infinite food
concentrations, to ingest five times their own cell
quota of carbon per day.

Cell-specific affinity constants for ammonium are
set equal to the corresponding values for phosphate
ai

XN ¼ aXP; X ¼ A or B, assuming the main
determinant for these to be the diffusion rate of
small molecules in seawater. Bacterial cell-specific
affinity for DON is set to half that of ammonia
aBNo ¼ 0:1aBN i , assuming the diffusion of these
larger molecules to be considerably slower than
that of small molecules. This also includes an
implicit parameterization of the hydrolysis step
from proteins to amino-acids. Also the maximum
uptake rate for DON is set to half that for ammonia
vmax

BNo ¼ 0:5vmax
BN i . The fraction fDON of N-release from

the biota that is in the form of DON is set to 0.4, the
rest (1-fDON) is released as ammonia. An important
consequence of these choices is a distribution of
dissolved N in the P-limited steady state with most
of the excess-N in the DON-pool, and thus a larger
pool of N available to heterotrophic bacteria than
to phytoplankton when the system is perturbed with
addition of phosphate. Interestingly, a more ex-
treme choices of these parameters can give a steady



ARTICLE IN PRESS

Box 3
Representation of biological rates in the simulation model.

Cell-quota dependent maximum cell specific uptake rate of phosphate, ammonia and DON:
Bacteria:

vBP ¼ vmax
BP

Qmax
BP �QBP

Qmax
BP �Qmin

BP

; vBNi ¼ vmax
BNi

Qmax
BN �QBN

Qmax
BN �Qmin

BN

; vBNo ¼ vmax
BNo

Qmax
BN �QBN

Qmax
BN �Qmin

BN

Phytoplankton:

vAP ¼ vmax
AP

Qmax
AP �QAP

Qmax
AP �Qmin

AP

;

vBNi ¼ vmax
BNi

Qmax
AN �QAN

Qmax
AN �Qmin

AN

; ðno phytoplankton uptake of DONÞ

Per cell specific rate of phosphate, ammonia, and DON uptake:
Bacteria:

uBP ¼
aBP P

1þ ðaBP=vBP ÞP
; uBNi ¼

aBNiN
i

1þ ðaBNi=vBNiÞNi
; uBNi ¼ aBNoNo

1þ ðaBNo=vBNoÞNo

Phytoplankton:

uAP ¼
aAP P

1þ ðaAP=vAP ÞP
; uBNi ¼

aANiNi

1þ ðaANiNi=vANÞ

Specific growth rates:
Bacteria:

mB ¼ mmax
B 1�max

Qmin
BP

QBP
;

Qmin
BN

QBN

� �� �
;

phytoplankton : mA ¼ mmax
A ð1�max

Qmin
AP

QAP
;

Qmin
AN

QAN

� �� �

Predation rates (prey cells consumed l�1 h�1):

H on B : OHB ¼
aHBB

1þ ðaHBðBðQBC=QHC Þ þ bHAAðQAC=QHC ÞÞ
�

Imax
H ðQBC=QHC ÞÞ

;

H on A : OHA ¼
aHBbHAA

1þ aHBðBðQBC=QHC Þ þ bHAAðQAC=QHC ÞÞ
�

Imax
H ðQAC=QHC Þ

C on H : OCH ¼
aCHH

1þ aCHðHðQHC=QCC Þ þ bCAAðQAC=QCC ÞÞ
�

Imax
C ðQHC=QCC Þ

;

C on A : OCA ¼
aCHbCAA

1þ aCHðHðQHC=QCC Þ þ bCAAðQAC=QCC ÞÞ
�

Imax
C ðQAC=QCC Þ

Growth of heterotrophic flagellates:

GH ¼min
OHBQBP þ OHAQAP

QHP
;
OHBQBN þ OHAQAN

QHN
;

OHBQBC þ OHAQAC

QHC

� �
ð1� rHÞ

� �

Growth of ciliates:

GC ¼min
OCAQAP þ OCHQHP

QCP
;
OCAQAN þ OCHQHN

QCN
;

OCAQAC þ OCHQHC

QCC

� �
ð1� rCÞ

� �
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state (not shown) with P-limited heterotrophic
bacteria and excess-N stored mainly in the
DON-pool, but with N-limited phytoplankton unable
to access the N stored in the DON pool. The system
was started in a steady state with 8.0 nM total-P and
200nM total-N, corresponding to a total N:P ratio of
25 and an excess-N of 72nM-N relative to a system
balanced at the Redfield ratio of 16.

Chlorophyll is converted from phytoplankton
biomass-C with a fixed carbon:chlorophyll-ratio
(w:w) of 35.

4. Simulation results

4.1. Microcosm experiments

We have challenged the model with two micro-
cosm experiments, one is the 2001 experiment where
surface water was incubated on-deck in 8 l contain-
ers with a range of different orthophosphate
concentrations added (Flaten et al., 2005). The other
is the 2002 experiment where surface water was
collected inside and outside the patch 3 days after
the in situ addition, and then incubated with and
without the addition of ammonium (Zohary et al.,
2005). A sensitive indicator of the system’s response
dynamics to phosphate addition is the turnover-
time Tt for orthophosphate. Adding phosphate to a
Experiment
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Fig. 3. Microcosm experiment 2001. Observed (left) and simulated (

concentrations of orthophosphate added at time zero. Observations fro
P-limited system with all other nutrients in excess of
the added dose, one would expect an oscillatory
pattern for Tt: from low values in the initial P-
limited state to high values immediately afterwards
when phosphate concentration is high. Then a
decrease to low values as the added P is transformed
to a high biomass of phytoplankton and/or hetero-
trophic bacteria competing for a now depleted
orthophosphate reservoir, then a return to longer
turnover-times as the P moves up the food chain to
predators, producing a system with fewer phosphate
competitors and more remineralization. If other
limiting nutrients prevent consumption of the added
phosphate, turnover-times will remain high.

The model is able to reproduce the pattern found
experimentally in the 2001 microcosm experiment
with an oscillating pattern for the 10 nM phosphate
addition, but stable and high turnover-times when
25 nM or more was added (Fig. 3). The reasonable
agreement between the period of the oscillation
simulated and observed for the 10 nM addition
suggest that the dynamics of phosphorous transfer
through the model food chain occurs on realistic
time scales.

For the experiment with addition of ammonia to
water collected in- and out-side the experimental
patch, the challenge to the model is more severe.
Here the model is required to (1) calculate a steady
Model

 in microcosms (days)
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right) response in orthophosphate turnover-time Tt to different

m Flaten et al. (2005).
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state that fits the results observed in water collected
outside the patch, (2) calculate the state inside the
patch after 3 days, and (3) calculate the response
when such water is enclosed with and without
addition of ammonia. The model (Fig. 4) was able
to correctly predict the turnover-time in the collected
water, and ammonia to induce a bloom leading to a
rapid reduction in orthophosphate turnover-time.
The modeled dynamics of the bloom appears to be
slightly too fast and a rapid succession of predators to
the ammonia-induced bloom led to a modeled
increase in turnover-time, not observed within the 4
day duration of the microcosm experiment (Fig. 4).
The model response to the particular situation with
both ammonia and phosphate added could be slowed
down by decreasing the maximum specific growth
rates mmax

A and mmax
B (not shown). The microcosm

experiment was performed with water pre-filtered
on a 200mm mesh (Zohary et al., 2005) removing
large zooplankton. We have not attempted to include
this part of the manipulations in the simulations.

4.2. Lagrangian experiment

With the parameters used, the initial state had
P-limited phytoplankton, heterotrophic bacteria,
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and heterotrophic flagellates, while ciliates were
C-limited (Fig. 5). The 110 nM phosphate addition
shifted the modeled phytoplankton and bacteria to
N-limitation, while the heterotrophic flagellates
were shifted to C-limitation (Fig. 5). Heterotrophic
bacteria, with their access to DON, returned to
P-limitation 7.7 days after perturbation. With the
conditions used, phytoplankton, with their access
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only to the ammonia pool, returned to P-limitation
after 10.9 days (i.e. after the end of the observa-
tional period, not shown in Fig. 5).

The initial increase and subsequent decay back
to background level observed for orthophosphate
turnover-time was reasonably well reproduced
by the model (Fig. 6A). A similar pattern
was simulated for orthophosphate concentration
(Fig. 6B), well in agreement with estimates of bio-
available orthophosphate obtained by isotope dilu-
tion bioassays (Flaten et al., 2005).

Due to saturation of the internal storage capacity
for phosphorous in N-limited phytoplankton and
bacteria, the model’s maximum uptake potential for
phosphate (nAP+nBP) dropped rapidly after the
addition and remained low until the transition
period back towards P-limitation, well in agreement
with observations (Fig. 6C). Interestingly, the
modeled peak in maximum uptake potential during
the transition period between two limitations may
seem to be reflected in the observations.

The model responded to phosphate addition with
a slight decrease in primary production, a response
not distinguishable from the observed (Fig. 7). For
the decrease in chlorophyll there was also a
good agreement between observations and model
(Fig. 8A). Several aspects of the model seem to
contribute to this somewhat counter-intuitive re-
sponse in a P-limited system. This includes a higher
maximum growth rate in heterotrophic bacteria
than in phytoplankton ðmmax

B 4mmax
A Þ, a greater

access to N for heterotrophic bacteria than for
phytoplankton (only bacteria have access to DON),
and the assumption of an excess of labile DOC
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available to the bacteria. The succession from
growing heterotrophic bacteria to heterotrophic
flagellates and ciliates, both assumed to prey on
the phytoplankton thus induces a negative phyto-
plankton response in the model.

The modeled increase in bacterial production
(Fig. 7B), and to some extent the increase in
abundance (Fig. 8B), reflects the observations.

Particulate phosphorous was calculated for the
model as the sum of cell abundances multiplied by
their cell quotas. The initial model response in
particulate-P is thus dominated by the change in
bacterial and phytoplankton cell quotas as they shift
to N-limitation. The model reasonably well repro-
duces the observed changes in particulate-P (Fig. 9).

The modelled biomass level for heterotrophic
flagellates is in reasonable agreement with observa-
tions (Fig. 10), while the ciliate level is high with a
factor of ca. 5. Interestingly, the size-spectra
measured for particulate-P (Flaten et al., 2005)
suggested greater biomass in the 410 mm fraction
than could be calculated from the microscopic
observations. The model predicts little microzoo-
plankton responses to the phosphate addition. With
a different initial state characterized by clear
P-limitation of both heterotrophic flagellates and
ciliates, a larger microzooplankton response would
have been expected with this model.

5. Discussion

Much more interesting than how much biological
detail can be incorporated into a mathematical
model, is how much detail can be removed without
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removing the essential explanatory power of the
model. From this perspective, the proposed model
with its 11 state variables and 435 parameters may
appear uncomfortably complex. This complexity as
measured in variables and parameters is the
inevitable consequence of going from fixed stoichio-
metry to a Droop-type formulation of nutrient-
limited microbial growth. Without some kind of
formulation with a feed-back from cell-quota to
uptake potential, it is, however, difficult to see how
responses such as e.g. the decrease in uptake
potential (Fig. 6C) when limiting nutrient is added,
could be simulated. For simulations of the system
not requiring descriptions of shifts between P- and
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N-limitation, simpler versions more similar to the
version described in Fig. 1 and Box 1 would be
preferable.

Seen from a biologist’s point of view on the other
hand, the model is not complex. Luxury consump-
tion and flexible stoichiometry are well-described
phenomena in both phytoplankton (e.g. Cochlan
and Harrison, 1991; Jansson, 1993) and hetero-
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trophic bacteria (Martinussen and Thingstad, 1987;
Vadstein et al., 1988; Vadstein and Olsen, 1989;
Vadstein, 1997), and the attempt here to reduce
microbial diversity to four functional groups may
appear extreme.

There are indeed interesting aspects of the system
that would require further complexity if included in
the model description. Studying the size-spectrum of
phosphate uptake, the observed response in the
Lagrangian experiment was a shift towards larger
size-classes (Flaten et al., 2005). The model used
here has a positive response for heterotrophic
bacteria, and a negative for phytoplankton, and
would thus presumably shift uptake towards smal-
ler, rather than larger organisms. Additional me-
chanisms leading either to an increase in cell size
during N-limitation, or to shift in phosphate
consumption towards phytoplankton species be-
longing to larger size-classes, would seem required
to simulate this observation.

Fitting the proposed model to a set of data with
much higher bacterial production than particulate
primary production implies that ciliates will get
most of their food via heterotrophic flagellates.
Since both ciliates and heterotrophic flagellates have
a fixed Redfield stoichiometry of their biomass,
there is a strong tendency for a steady state with
Simulated

addition (days)

-2 0 2 4 6 8

Lagrangian experiment. Heterotrophic flagellates in the size class

tes (solid line), observed ciliates (open circles, broken line) and the

5), averaged from 0–16m.
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C-limited ciliates. Fitting the model to a higher
primary production, more of the ciliate food will
consist of P-depleted phytoplankton, and one can
easily obtain steady states with P-limited ciliates
(not shown). Since ciliate growth rate then responds
to the rapid change in prey P-content, rather than to
a change in prey abundance, ciliate response to a
phosphate pulse becomes much faster than from the
steady state used here. In the observations there
were indications of rapid predator response to the
added phosphate, both in ciliates (Psarra et al.,
2005), and in copepod egg production (Pasternak
et al., 2005). We therefore suspect that the C-
limitation at predator level in our simulation may
not be a correct representation of system. The
system also contained a substantial fraction of
mixotrophs (Pitta et al., 2005), blurring the strict
distinction between osmotrophs and phagotrophs
used in the model, thus further complicating a
comparison between our model’s idealized func-
tional groups and observations.

The lack of functional groups of larger-sized
phytoplankton has also prevented us from challen-
ging this model with the microcosm experiment
done in Haifa in year 2000 where there was a large
response in diatoms (Kress et al., 2005). With
diatoms to a large extent escaping the predation
pressure from ciliates, we see no immediate reason
not to expect the proposed model, expanded to
include diatoms, to be able to explain a positive
chlorophyll response in more nutrient-rich waters
containing a significant diatom seed population.
Adding diatoms to the present model would give a
food web structure resembling the one proposed
earlier as a generic framework for the microbial
food web (Thingstad and Rassoulzadegan, 1995).

The model highlights some points that may be
central to understanding how the eastern Mediter-
ranean surface ecosystem functions. One is the
possible ‘‘bypass’’ of added P around the phyto-
plankton community to their predators, thereby
increasing phytoplankton loss rate (Thingstad et al.
2005). In our model, phytoplankton growth is
limited due their inability to access the DON-pool
with a negative change in net growth as the result.
Shifting the model parameters so that the steady
state has more of the excess-N in the DON pool and
less in the ammonium pool, one can actually obtain
a steady state with N-limited phytoplankton (not
shown), despite the presence an excess of N in the
system. Another potentially important aspect for
the fate of nutrient pulses is the potential for
transfer of the P-pulse by a ‘‘trophic tunnelling’’
(Thingstad et al. 2005) where the added phosphate-
P is rapidly taken up by luxury consumption in
P-starved osmotrophs and P-starved predators then
respond rapidly to this change in food quality. The
responses at higher trophic level could with such a
model be much faster than in a traditional fixed-
stoichiometry model. In the eastern Mediterranean
with its pulsed nutrient input from Saharan dust
storms, such mechanisms could shorten the transfer
time of the signal to copepods, and thus to fish
production, considerably. If so, it seems that the
discussion of whether P-limitation may possibly
extend up the food chain to the zooplankton level,
so far primarily an issue in the limnological
literature (e.g. Andersen, 1997) may be of high
relevance to the eastern Mediterranean.

With the assumption of a steady state with
P-limited bacteria, the implicit requirement is that
the system has a production, or an accumulated
reservoir, of labile organic substrates sufficient to
support the bacterial carbon demand. Turley et al.
(2000) estimated a bacterial growth efficiency of
22% for the eastern Mediterranean. With this
value, daily bacterial carbon demand would be
�10 mg-C l�1day�1. Theoretically, one might argue
that excretion of newly photosynthesized organic
material, not measured as 14C on filters, may be
likely to occur under severe P-starvation (e.g.
Dubinsky and Berman-Frank, 2001), but to balance
the C-budget in the present case, such DOC
production would have to exceed the primary
production of particulate-C (�0.35 mg-C l�1day�1)
by more than an order of magnitude. DOC
concentration in the upper layer was ca. 100 mM
(Krom et al., 2005). In principle, a consumption of
not more than ca 1% per day of this pool would
thus be enough to satisfy the bacterial carbon
demand. At the present stage of knowledge of this
system, we do, however, not see it as fruitful to add
explicit mechanisms for production of bacterial C-
substrates to the model.

We have made no attempt to test statistically the
goodness of fit of this 435 parameter simulation
model. This would be difficult, and to some extent
subjective, with a set of data mostly collected during
an open-sea experiment where additional noise
presumably arises from uneven initial spatial
distribution of the added phosphate and different
mixing histories for the different water parcels
sampled. Our claim that the model reproduces both
the magnitude and the pattern if the observations
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thus remains subjective and should obviously not be
taken as in any way proving the ‘‘truth’’ of the
proposed model. The model is probably most useful
if regarded a kind of first order approximation to
the eastern Mediterranean microbial food web,
amenable to experimental challenges different from
those reported here, and thus to future improve-
ment.
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