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Abstract

Results from the DUNE experiments reported in this issue have shown that nutrient
input from dust deposition in large mesocosms deployed in the western Mediterranean
induced a response of the microbial food web, with an increase of primary production
rates (PP), bacterial respiration rates (BR), as well as autotrophic and heterotrophic5

biomasses. Additionally, it was found that nutrient inputs strengthened the net het-
erotrophy of the system, with NPP : BR ratios< 1. In this study we used a simple mi-
crobial food web model, inspired from previous modelling studies, to explore how C,
N and P stoichiometric mismatch between producers and consumers along the food
chain can influence the dynamics and the trophic status of the ecosystem. Attention10

was paid to the mechanisms involved in the balance between net autotrophy vs. net
heterotrophy. Although the model was kept simple, predicted changes in biomass and
PP were qualitatively consistent with observations from DUNE experiments. Addition-
ally, the model shed light on how ecological stoichiometric mismatch between produc-
ers and consumers can control food web dynamics and drive the system toward net15

heterotrophy. In the model, net heterotrophy was notably driven by the parameterisation
of the production and excretion of extra DOC from phytoplankton under nutrient-limited
conditions. This mechanism yielded to high C : P and C : N ratios of the DOM pool,
and subsequent postabsorptive respiration of C by bacteria. The model also predicted
that nutrient inputs from dust strengthened the net heterotrophy of the system; a pat-20

tern also observed during two of the three DUNE experiments (P and Q). However,
the model was not able to account for the low NPP : BR ratios (down to 0.1) recorded
during the DUNE experiments. Possible mechanisms involved in this discrepancy were
discussed.
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1 Introduction

The Mediterranean Sea is a typical oligotrophic sea (Siokou-Frangou et al., 2010),
where the growth rate of autotrophic and heterotrophic osmotrophs is limited by the
availability of macro and/or micronutrients, notably phosphorus (Thingstad et al., 1998,
2005; Pinhassi et al., 2006; Tanaka et al., 2011), and at specific moments, possibly5

iron (Bonnet et al., 2005). In this context, atmospheric deposition of Saharan dust can
be a major source of nutrients to the surface of the Mediterranean Sea in particular
during stratification periods (see for ex. Bergametti et al., 1992; Ternon et al., 2011).
The question of how these dust events influence microbial food webs has been in-
vestigated in recent years using microcosm experiments fertilised with natural or pro-10

cessed aeolian dust (Zohary et al., 2005; Herut et al., 2005). In dust addition exper-
iments, the magnitude of the biological response to dust deposition has been shown
to depend on the degree of oligotrophy where dust deposition occurs (Marañón et al.,
2010). In this issue Guieu et al. (2014a) describe results from a set of large meso-
cosm experiments deployed at an oligotrophic coastal site in the northwestern (NW)15

Mediterranean Sea (DUNE project: “a DUst experiment in a low-Nutrient, low chloro-
phyll Ecosystem”). During these experiments, realistic simulations of dust deposition
were performed in 52 m3 cleaned bags (Guieu et al., 2014a). The waters enclosed
in mesocosms before dust deposition were typically oligotrophic, with low chlorophyll
biomass (50–140 ngL−1; Ridame et al., 2014), low concentration of Dissolved Inor-20

ganic Phosphorus (DIP) (4±1 nM-P, Pulido-Villena et al., 2010, 2013) and Nitrogen
(DIN) (< 30 nM-N; Ridame et al., 2014), and concentrations of iron (Fe) ranging from
2.2 nM-Fe to 4.4 nM-Fe (Wuttig et al., 2013). These Fe concentrations were thought to
be unlimiting for phytoplankton growth, owing to the low Fe half-saturation constants for
growth usually reported in the literature (Price et al., 1994; Timmermans et al., 2004).25

The simulated dust event induced a transient increase in the concentrations of macro
nutrients, which in turn stimulated, to different degrees, microbial activity (Pulido-Villena
et al., 2014; Giovagnetti et al., 2013; Guieu et al., 2014b; Ridame et al., 2013; 2014).
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The mechanisms by which nutrient addition has affected key ecological processes –
such as the balance between net autotrophy and net heterotrophy, remain discussed
(Guieu et al., 2014b). The magnitude of the ecosystem response to nutrient addition
has at least two components: (1) nutrient input from dust directly relieved producers
from chronic substrate limitation; (2) stoichiometric constrains within the food web re-5

sult in differential Consumer-driven Nutrient Recycling (CNR), which in turn feedbacks
on osmotrophic producers (Sterner and Elser, 2002).

Here we present a model focusing on this second mechanism. Ecological stoichiom-
etry provides experimental and theoretical insights on the mechanisms involved in
CNR. The basic principles of this theory suggest that a mismatch between the ele-10

mental composition of producers and consumers, coupled with homeostatic regulation
of the elemental composition in consumers, result in differential assimilation and excre-
tion of chemical elements (Sterner and Elser, 2002). As a consequence, the elemental
stoichiometry of nutrient excretion from consumers (called “resupply ratio”, Sterner,
1990) varies, depending on food elemental composition. In turn variations in nutrient15

resupply ratios can change the balance of the limiting elements in the environment
(Boersma et al., 2008). Until recently this hypothesis considered mainly pairwise inter-
actions between autotrophic organisms and herbivores (Sterner, 1990; Daufresne and
Loreau, 2001), but more recent studies have highlighted the role of bacterial decom-
posers in driving CNR (Danger et al., 2007; Cherif and Loreau, 2008).20

Several reasons suggest that stoichiometric constrains within food web can influence
the response of marine microbial food webs to nutrient addition from dust. First, there
are accumulating evidences that nutrient cycling mediated by consumers could deter-
mine the limiting nutrient for producer growth in the ocean (Le Borgne, 1982; Hjerne
and Hansson, 2002; Steinberg et al., 2008; Pitt et al., 2009; Nugraha et al., 2010). Sec-25

ond, natural mortality rates of small marine prokaryotes and eukaryotes are primarily
driven by either viral lysis or grazing (Calbet, 2001; Landry and Calbet, 2004), which
results in a rapid turnover of chemical elements at the surface of the ocean.
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The model described herein was admittedly kept simple compared to more realistic
stoichiometric models (e.g., Touratier et al., 2001; Anderson et al., 2005). It used a clas-
sic mass balance approach to calculate C, N, and P gross growth efficiency (GGE) for
consumers which feed on different types (in term of quality) of preys. Model simula-
tions were qualitatively compared with existing observations from DUNE experiments,5

but no attempt was made to optimise the model to fit the observations. The aim of this
study was rather to construct a stoichiometric model as supportive material to assess
whether C, N and P stoichiometric mismatch between producers and consumers can
influence the dynamics and the trophic status of a microbial food web. For this purpose
we compared the behaviour of the model, before and after dust seeding, for different10

scenarios which only differ by the strength of the stoichiometric mismatch between
producers and consumers.

2 Model description

2.1 Model framework

The conceptual scheme of the microbial food web model is based on Thingstad15

et al. (2007; Fig. 1). It includes three osmotrophs: heterotrophic bacteria (BP), and
two phytoplankton types, picoautotrophs (AP) and nanoautotrophs (DP). The growth
rate of phytoplankton relies on the availability of dissolved inorganic nitrogen (Ni) and
phosphorus (Pi). Bacterial growth primarily relies on the availability of dissolved organic
matter (DOM), and secondarily on the availability of Ni and Pi, when the N : C or the20

P : C ratio of DOM is low compared to bacterial requirement (Anderson and Williams,
1998). Three predators are included in the model: heterotrophic nanoflagellates (HP),
ciliates (CP) and mesozooplankton (MP). Heterotrophic nanoflagellates feed on bac-
teria and picoautotrophs, ciliates feed on heterotrophic nanoflagellates, and nanoau-
totrophs, and mesozooplankton feed on ciliates and nanoautotrophs. The subscript “P”25

indicates that the main model currency is phosphorus. It is assumed that all organisms
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have a fixed C : N : P elemental composition, so that explicit equations for N and C pools
are not required, excepted for DOM and inorganic nutrient concentrations.

2.2 Model formulation

The system of differential equations describing trophic interactions and the fate of C,
N and P are given in Table 1. Model parameters and their values are listed in Table 2.5

The mathematical formulations of the biological processes were described below.

2.2.1 Phytoplankton growth rates

The growth rates of pico autototrophs (Upico, h−1) and nano autotrophs (Unano, h−1) de-
pended on the external concentration of dissolved inorganic N and dissolved inorganic
P, using a Liebig’s Law formulation:10

Upico = µpico
max min

 Pi

Pi +K Pico
Pi

,
Ni

Ni +K Pico
Ni


and,

Unano = µnano
max min

[
Pi

Pi +K nano
Pi

,
Ni

Ni +K nano
Ni

]

Picoplankton has a higher maximal growth rate and a higher affinity (i.e. lower K pico
Ni

and

K pico
Pi

) compared to nanophytoplankton (Table 2). Light was supposed to be unlimiting15

in the mesocosms.

2.2.2 Loss rates from predation

Grazing rate of consumer “k” feeding on prey “j ”, Ikj (h−1), were parameterised accord-
ing to Gismervik and Andersen (1997). For examples, grazing rates of ciliates (CP) on
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nanoautotrophs (DP) and heterotrophic nanoflagellates (HP) were written:

ICD = gmax
C

(DP/C
C
D)ϕ(

1+
(
DP/C

C
D

)ϕ
+
(
HP/C

C
H

)ϕ) ,

and,

ICH = gmax
C

(HP/C
C
H)ϕ(

1+
(
DP/C

C
D

)ϕ
+
(
HP/C

C
H

)ϕ)
Where gmax

C was the maximal grazing rate (h−1), Cj
i were the incipient limiting prey5

concentrations, and ϕ was the switching shape parameter. Here, ϕ was set to 2.0,
which corresponds to a type 3 functional response (Gismervik and Andersen, 1997).

2.2.3 Gross Growth Efficiency, GGE, and homeostatic regulation of C, N, and P
elemental composition in heterotrophic organisms

Homeostatic regulation of whole body elemental composition in a consumer is main-10

tained by releasing elements which are in excess to requirements, while more efficiently
retaining limiting elements. Thus, when a consumer feeds on preys with variable ele-
mental composition, the gross growth efficiency (GGE) will differ between elements to
maintain homeostasis (Sterner and Elser, 2002). In this study we used a simple mass
balance approach to calculate GGE. In the model, GGE was called ajki (with i =C, N15

or P, for a consumer k feeding on a prey j ). Considering the three elements C, N and
P, homeostatic regulation of the C : P and C : N ratio in a consumer k feeding on a prey
j was verified if:

θCP
j

ajk
C

ajkP
= θCP

k ,
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and,

θCN
j

ajk
C

ajkN
= θCN

k

Where θCP
j , θCP

k , θCN
j and θCN

k were the C : P and C : N ratios of prey j and consumer

k, and ajk
C

, ajkN and ajkP , were the GGE for C, N and P, respectively. This system of two

linear equations has three unknowns (ajk
C

, ajkN and ajkP ), accepting an infinite number5

of possible solutions (Fig. 2). However, in a context where individuals compete for re-
source, natural selection would favour a “strategy” (solution) which maximises GGE for
each element, while at the same time maintaining a fixed elemental in the consumer.
These optimal solutions for ajk

C
, ajkN and ajkP were (Fig. 1):

ajk
C

= min
[
amax
i ,amax

i θCP
k /θCP

j ,amax
i θCN

k /θCN
j

]
10

ajkN = ajk
C
θCN
j

(
θCN
k

)−1

ajkP = ajk
C
θCP
j

(
θCP
k

)−1

For example, for a prey j and a predator k with: θCP
j = 100, θCP

k = 150, θCN
j = 11 and

θCN
k = 6, it can be verified (assuming that amax

i = 0.90):15

ajk
C

= min
[
1,1×150/100,1×6/11

]
= 0.49091,

ajkN = ajk
C
×
(

11× (6)−1
)
= 0.90, and,

ajkP = ajk
C
×
(

100× (150)−1
)
= 0.32727,
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In this case, food would be primarily N-limited, and secondarily C-limited. These so-
lutions also maintain strict homeostasis of C, N and P elemental composition for the
consumer:

θCP
j

ajk
C

ajkP
= θCP

k , i.e.100× 0.49091
0.32727

= 150

5

and,

θCN
j

ajk
C

ajkN
= θCN

k , i.e.11× 0.49091
0.90

= 6

This formulation can be extended to more than three elements. In the model we used
a maximal accumulation efficiency of amax

i = 0.75 (e.g. Sterner, 1990; Straile, 1997).10

Bacteria differ from the other heterotrophic organisms (heterotrophic nanoflagellates,
ciliates and mesozooplankton), because C, N or P imbalance in food compared to re-
quirement can be partly compensated by inorganic nutrient uptake. To account for this
process, parameterisation of bacterial growth, excretion, and respiration follows Ander-
son and Williams (1998) model. This model assumes that dissolved organic matter is15

the primary growth substrates (here LDOC, LDON and LDOP), with dissolved inorganic
nitrogen (Ni) or phosphorus (Pi) supplementing DOM when the C : N and/or the C : P
ratio of DOM is high.
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Uptake rates of LDOC (UDOC
B ), LDON (UDON

B ) and LDOP (UDOP
B ), and the potential up-

take of dissolved inorganic nitrogen (UNi

B ) and phosphorus (UPi

B ) were written:

UDOC
B =

µmax
B LDOC

LDOC +KLDOC
θCP

B BP

UDON
B = UDOC

B

LDON

LDOC

UDOP
B = UDOC

B

LDOP

LDOC
5

UNi

B =
µmax

B Ni

Ni +KNi

θNP
B BP

UPi

B =
µmax

B Pi

Pi +KPi

BP

The potential bacterial excretion of inorganic N (EN
B ) or inorganic P (EN

B ) were written:

EN
B = UDON

B −ωBU
DOC
B θNC

B10

and

EP
B = UDOP

B −ωBU
DOC
B θPC

B ,

In these equations, ωB represented the maximal GGE. If EN
B > 0 and/or EP

B > 0, N
and/or P were in excess to requirement in DOM. In this case, there was no need for
extra N or P uptake from the dissolved inorganic pool (i.e. UNi

B = 0, or UPi

B = 0), and15

bacterial excretion of N or P were equal to EN
B or EP

B .

Conversely, if EN
B < 0 and/or EP

B < 0, N and/or P were in deficit to requirement in
DOM. Then bacterial N or P requirement will be fulfilled by inorganic N or P uptake. In
this case, there were two possibilities:
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1. When potential inorganic N or P uptake is insufficient to meet demand (EN
B <

0, and −EN
B > UNi

B , or EP
B < 0, and −EP

B > UPi

B ), total N (or P) uptake was equal

to UDON
B +UNi

B (or UDOP
B +UPi

B for P), and the excess of carbon found in DOM was

respired (EB
C ), that is: EB

C = UDOC
B −θCN

B

(
UDON

B +UNi

B

)
.

2. When potential inorganic N or P uptake was sufficient to meet demand (EN
B <5

0, and −EN
B < UNi

B , or EP
B < 0, and −EP

B < UPi

B ), then UNi

B = −EN
B (or UPi

B = −EP
B for

P), and respiration, EB
C = (1−ωB)UDOC

B .

2.2.4 Other processes

Production from LDOC from phytoplankton exudation, EP, was directly proportional (pa-
rameter δP) to primary production (Anderson and Pondaven, 2003):10

EP = δP

(
UA APθ

CP
A +UDDPθ

CP
D

)
Finally, EPi

and ENi
represented the external source of dissolved inorganic nutrients

(here from experimental dust deposition). EPi
and ENi

were set to 0 in the control sim-
ulation. In this case, the model solution reached a stable steady state (see model re-
sults).15

In the model, mesozooplankton represented the highest trophic level, and the model
used a linear mortality term for this variable (δMMp, Table 1) to account for both preda-
tion and mortality due to aging.

Non-assimilated products and detritus coming from mesozooplankton mortality re-
turned to the dissolved inorganic or organic nutrient pools. The parameter λe (dimen-20

sionless) represented the proportion of these waste products and detritus that went to
the dissolved inorganic pool, or respired CO2; (1− λe) going to the dissolved organic
pool.
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The steady state solutions from the control simulation were then used as starting
conditions for the simulation with nutrient addition from dust. In the model, the dust was
added to the mesocosms at start (t0) with one single spike. The transient behaviour of
the model was studied after dust seeding for each case. The inorganic nutrient input at
time t0 corresponded to the average nutrient input during DUNE experiments (Ridame5

et al., 2014), i.e. 4.3 nmol-P L−1 and 498 nmol-N L−1; assuming that only 35 % of total
P dissolved (Pulido-Villena et al., 2010), and considering, as a first approximation, an
homogeneous dilution of the particules releasing the nutrient.

2.2.5 Evaluating the influence of stoichiometric mismatch on food-web dynam-
ics10

The influence of stoichiometric mismatch on food web dynamics was explored by com-
paring model results from 1000 simulations in which the carbon, nitrogen and phos-
phorus elemental stoichiometry of each organism was chosen randomly in a range of
±50 % around the Redfield ratio (C : N : P = 106 : 16 : 1; the other parameters were set
to their default values given in Table 2). These 1000 simulations accounted for different15

cases, i.e. from a “weak stoichiometric mismatch” (all resources and their consumers
had similar C : N : P elemental compositions), to a “strong stoichiometric mismatch” (re-
sources and consumers had distinct C : N : P elemental compositions). Then, for each
simulation, we defined an index of C : P and C : N stoichiometric mismatch, IC:P and
IC:N, respectively:20

IC:P =
i=n∑
i=1

(θCP
j −θCP

k

) F i
jk

F i
T


and

IC:N =
i=n∑
i=1

(θCN
j −θCN

k

) F i
jk

F i
T
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where “i ” represented a particular resource-consumer interaction. In the model,
seven distinct resource-consumer interactions were considered: DOM→Bp, Bp→Hp,
Ap→Hp, Dp→Cp, Dp→Mp, Hp→Cp, and Cp→Mp (Fig. 1). θCP

j i , θCP
ki , θCN

j i , θCN
ki were

the C : P or C : N ratios of the resource or prey “j ” and the consumer “k”. Finally the ra-
tio F i

jk/F
i

T represented the contribution of the consumption of resource or prey “j ” by5

consumer “k” (nM-P d−1) to the total daily ration of consumer “k” (all resources or preys
combined). The F i

jk/F
i

T ratio was equal to 1 if the consumer was a specialist feeding
on a single resource or prey.

When IC:P or IC:N < 0, this characterised the first type of mismatch with an excess
of phosphorus or nitrogen – and a deficit of carbon – in the resources compared to10

consumer’s requirements. Conversely, when IC:P or IC:N > 0, this characterised the
second type of mismatch with a deficit of phosphorus or nitrogen – and an excess of
carbon – in the resources compared to consumer’s requirements. When IC:P → 0 and
IC:N → 0, resources and consumers had similar C : N : P elemental compositions (no
mismatch).15

3 Results

3.1 Intrinsic ecosystem dynamics

The intrinsic ecosystem dynamics was studied before performing the analysis of how
stoichiometric mismatch influence the food web dynamics and the ecosystem response
to nutrient addition. The objective was to characterise the sensitivity of the modelled20

system to variations of the total amount of nutrients available at time t = 0 (N0 for
nitrogen and P0 for phosphorus). Sensitivity to model parameters was also studied.
Model sensitivity was evaluated, numerically, by looking at the asymptotic behaviour of
the system as t→∞, using a range of possible values for N0, P0, and the other model
parameters.25
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For this sensitivity analysis, variations of N0 and P0 and variations of the other model
parameters were treated separately: (a) in a first part, the intrinsic ecosystem dynam-
ics was explored in the N0-P0 parameter space (with the other model parameters set
to their default values, Table 2). (b) In a second part, N0 and P0 were set to their val-
ues observed in the control experiment during the DUNE experiments (Ridame et al.,5

2014), and a series of 1000 different model simulations were performed, where all
the other model parameters were chosen randomly in a range of ±50 % around their
default values listed in Table 2.

The main conclusions from this sensitivity analysis are summarised below:

(a) Whatever the values for N0 (in the range 1–10 000 nM-N) or P0 (in the range10

1–1000 nM-P), model solutions converged on fixed points as t→∞ for all state
variables (Supplement S1). Also, the ecosystem structure was not affected by
changes of both N0 and P0: all organisms coexisted in the N0-P0 parameter space;
only the relative dominances were modified. These results were mainly driven by:

(a1) The conceptual scheme of the food web model which, with three predator15

populations (heterotrophic nanoflagellates, ciliates and mesozooplankton),
resulted in selective predation which allowed to maintain coexistence be-
tween three groups of osmotroph competitors (bacteria, autotrophic pico- and
nanoplankton) (Thingstad et al., 2007).

(a2) Model parameterisation of predator-prey interactions (Type III functional re-20

sponse) which tends to stabilise the system (see paragraph (b) below).

(b) The simulations where the model parameters were chosen randomly (in a range
of ±50 % around their default values) – while N0 and P0 were fixed – showed
that the asymptotic model solutions as t →∞ changed from fixed points to limit
cycles (not shown). However, it was observed that limit cycles emerged when25

the switching shape parameter for the functional response ϕ→ 1 (type II func-
tional response). Conversely, limit cycles disappeared when ϕ→ 2, (i.e. the de-
fault value defining a type III functional response).
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In summary, the food web model described here was relatively robust to perturbations.
It should be noted that model simulations presented hereafter were performed using
ϕ = 2, and the parameters listed in Table 2.

3.2 Influence of stoichiometric mismatch on food-web dynamics

The influence of stoichiometric mismatch on the ecosystem dynamics was explored5

as detailed in the method section (Sect. 2.2.5). Thus, Figs. 2–5 described model re-
sults from 1000 simulations where the carbon, nitrogen and phosphorus elemental
stoichiometry of each organism was chosen randomly in a range of ±50 % around
the Redfield ratio, which represented a range of values which can be recorded in the
ocean.10

3.2.1 Food-web dynamics

Variations of the C : N : P elemental composition of each organism induced changes in
the relative dominance of predators and osmotrophs. These changes were driven by
a classical trophic cascade mechanism (Fig. 2). Predators exerted a negative feedback
on their preys (Fig. 2a, b, and d), with one exception: mesozooplankton and nanophy-15

toplankton (Fig. 2d). However, this exception was also explained by a trophic cas-
cade mechanism: mesozooplankton fed on ciliates which were the main consumers of
nanophytoplankton in the model. As a consequence, when mesozooplankton biomass
increased, nanophytoplankton was relieved from ciliates grazing pressure. For the
same reason, the increase in mesozooplankton biomass had a positive feedback on20

HNF (Fig. 2e). Similarly, ciliates had a positive feedback on picophytoplankton and
bacteria (Fig. 2e) by relieving these organisms from HNF grazing pressure (Fig. 2a).
Finally mesozooplankton had a negative feedback on HNF preys (bacteria and pico-
phytoplankton, Fig. 2f) by relieving HNF from ciliates predation.
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3.2.2 Influences of stoichiometric mismatch on primary production and respi-
ration

All other things being equal, changes in the C : N : P elemental composition of organ-
isms induced variations of primary production (PP which did not take into accounted
the production and release of dissolved organic carbon; parameter δP, Table 2) and5

community respiration (CR) by a factor of 2.6 nM-P d−1 and 3.6 µgCL−1 d−1, respec-
tively. Thus, PP increased (Fig. 3a), while CR decreased (Fig. 3b), when the index of
C : P stoichiometric mismatch, IC:P, decreased. Conversely, only CR, and not PP, was
significantly correlated to the index of C : N stoichiometric mismatch, IC:N, (r2 = 0.41,
p < 0.01; not shown).10

As mentioned previously, lower IC:P or IC:N characterised an excess of phospho-
rus or nitrogen in food compared to consumer’s requirement, yielding to postabsorp-
tive excretion of DIP and DIN from consumers. Figure 4a shows that PP was signifi-
cantly correlated to DIP excretion, while it was not correlated to DIN excretion (Fig. 4b),
demonstrating that PP was P-limited in the model.15

Combining the 1000 simulations, the predicted average PP was 3.32±
0.77 µgCL−1 d−1 (± one Standard Deviation, SD) and CR was 3.55±0.95 µg CL−1 d−1.
For PP, the model was consistent with observations from the control bags when con-
sidering all the DUNE experiments (PP= 4.6± 1.1 µgCL−1 d−1; Guieu et al., 2014b).
For BR however, the model underestimated the observed respiration rates, with bacte-20

rial respiration (BR) largely exceeding PP (BR= 19.3±13.0 µgCL−1 d−1 in the control
mesocosms when considering all the DUNE experiments; Guieu et al., 2014b). For
comparison, the model predicted an average BR of 1.64±0.38 µgCL−1 d−1. Possible
reasons for this discrepancy are commented in the discussion.

The model also predicted a shift from net autotrophy to net heterotrophy along the25

gradient of C : P and C : N stoichiometric mismatch (Fig. 5); net autotrophy vs. net het-
erotrophy was calculated from the ratio between gross PP (GPP) and CR. This shift
was consistent with the fact that higher IC:P and IC:N characterised a carbon excess in
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food compared to consumer’s requirement, which resulted in higher carbon dissipation
from consumers (through respiration). As mentioned above, the model was however
not able to predict the low Net PP : BR ratios recorded during the DUNE experiments
(Guieu et al., 2014b).

3.2.3 Influences of stoichiometric mismatch on the ecosystem response to nu-5

trient input from dust

To evaluate the influence of stoichiometric mismatch on the ecosystem response to N
and P inputs from dust, three contrasting scenarios for the C : N : P elemental compo-
sition of organisms were selected from the 1000 simulations described in the previ-
ous section: i.e. the scenarios with C : N : P ratios which yielded to (1) the lowest IC:P10

(P excess in food), (2) IC:P ∼ 0 (no mismatch), and (3) the highest IC:P (C excess in
food). Two additional cases were treated: (4) C : N : P elemental compositions following
Redfield (1963) for all organisms, and (5) C : N : P elemental compositions recorded in
a pristine lagoon on the west coast of central Norway (Vadstein et al., 2012; i.e. a study
in which the elemental stoichiometry of all trophic groups was studied simultaneously).15

Table 3 listed the C : N : P elemental compositions used for each scenario. For each sce-
nario, initial conditions (before nutrient addition from dust) were the asymptotic model
solutions at time t = 4×104 h (Fig. 2).

One single nutrient dust deposition was simulated, by adding +4.30 nM-P and
+498 nM-N at time t = 0 (i.e. the mean from DUNE experiments, Ridame et al., 2014).20

Following simulated N and P nutrient input, DIP and DIN concentrations rapidly de-
creased (Fig. 6a and b), while primary production and respiration increased (Fig. 7a
and b). The DIN : DIP ratios slightly increased for all scenarios, excepted for the sce-
nario in which IC:P ∼ 0 (Fig. 6c). The model also predicted that N and P nutrient ad-
dition induced a transient shift from net autotrophy (GPP : CR> 1) to net heterotrophy25

(GPP : CR< 1) (Fig. 7c). In the model, shift toward net heterotrophy after dust seeding
was partly attributed to the increase of the DOC : DOP ratio (Fig. 8f). The increase of
the DOC : DOP ratio strengthened the C : P stoichiometric mismatch between DOM and

2950

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/2933/2014/bgd-11-2933-2014-print.pdf
http://www.biogeosciences-discuss.net/11/2933/2014/bgd-11-2933-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
11, 2933–2971, 2014

C, N and P
stoichiometric

mismatch

P. Pondaven et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

bacteria, and enhanced postabsorptive, stoichiometrically regulated, respiration. All bi-
ological compartments also responded positively to nutrient addition; with an increase
of the biomass from a minimum of +14 % for bacteria (for the scenario with IC:P < 0,
Fig. 8b), to a maximum of +70 % for chlorophyll a, ciliates and mesozooplankton (for
the scenario with IC:P ∼ 0; Fig. 8a, c and e).5

Predicted changes in chlorophyll biomass and PP were qualitatively consistent with
observations from DUNE experiment. Observed chlorophyll a biomass increased from
111±30 ng chl aL−1 to 220±40 ng chl aL−1 (± SD) after nutrient addition, i.e. a relative
change of +98 % (+50 % in the model, Fig. 8a). Measured PP increased from 4.57±
0.60 µgCL−1 d−1 to a maximum of 10.33 µgCl−1 d−1 (Guieu et al., 2014b; Ridame et al.,10

2014); in the model PP increased from 3.31±0.77 µgCL−1 d−1 (Fig. 4) to a maximum
of 10.88 µgCL−1 d−1 (Fig. 7). The increase in the DIN : DIP ratio after nutrient addition
(Fig. 5c) was also consistent, though less pronounced, with the observed increase of
the DIN : DIP ratio during DUNE experiments (Ridame et al., 2014). Predicted respira-
tion rates after nutrient addition were however significantly lower (Fig. 7b) than those15

measured by Guieu et al. (2014b). In turn, the predicted net heterotrophy of the sys-
tem after nutrient addition (Fig. 7c) was also lower than that observed during DUNE
experiments.

4 Discussion

The question of how nutrient input from dust events influence microbial food web dy-20

namics and carbon fluxes in the Mediterranean Sea was investigated during the DUNE
experiments (Guieu et al., 2014a). In all experiments, the water masses enclosed in
mesocosms were typically oligotrophic. The simulated dust depositions induced a tran-
sient increase of DIP and DIN concentrations, which, in turn, stimulated a response of
the microbial food web to various degrees (Giovagnetti et al., 2013; Pulido-Vilena et al.,25

2010, 2014; Ridame et al., 2014; Guieu et al., 2014b). Measurements of Net Primary
Production (NPP) and Bacterial Respiration (BR) from in vitro incubations revealed that
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the NPP : BR ratios were usually< 1.0, in both control and dust experiments, “indicating
that the total carbon processed by bacteria exceeds by far the carbon fixed by phyto-
plankton” (Guieu et al., 2014b). As noted by Guieu et al. (2014b), these results were in
agreement with the hypothesis that respiration can exceed planktonic photosynthesis
in nutrient-depleted oligotrophic areas (Del Giorgio et al., 1997). However a contro-5

versy still exists on the real trophic status of the open ocean (i.e. net autotrophy vs. net
heterotrophy), and questions remain about the mechanisms necessary to sustain high
bacterial respiration rates in the ocean (Williams, 1998; Williams et al., 2013; Duarte
et al., 2013).

The food web model described herein shed light on how ecological stoichiometry10

principles can influence the response of the microbial food web to dust deposition and
the resulting trophic status of the ecosystem. Defining an index of C : P and C : N sto-
ichiometric mismatch, the model suggested that C : N : P imbalance in food compare
with consumer’s requirement contributed to drive the balance between net autotrophy
and net heterotrophy. Additionally, simulated nutrient input from dust can induce a tran-15

sient shift from net autotrophy to net heterotrophy in five distinct scenarios which only
differed by the strength of the stoichimetric mismatch between producers and con-
sumers.

In the model, net heterotrophy was predicted when GPP was compared with total
community respiration (CR), but not when GPP was compared with BR only (in this20

case, the predicted GPP : BR ratios were always> 1, not shown). Net heterotrophy
(GPP : CR < 1) was predicted when food presented an excess of carbon compared to
consumer requirements (IC:P and IC:N > 0), leading to postabsorptive, stoichiometri-
cally regulated, release of carbon (respired as CO2 or excreted as LDOC) in order to
maintain consumer homeostasis. In the model, the parameterisation of postabsorptive25

release of C, N and P was inspired from previous studies addressing the fate of excess
nutrient in consumers in pairwise predator–prey interactions (e.g. Sterner and Elser,
2002; Anderson et al., 2005). Several works have emphasized the role of bacterial de-
composers in driving nutrient recycling (Anderson and Williams, 1998; Daufresne and
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Loreau, 2001; Cherif and Loreau, 2008). The model presented herein also extended
ecological stoichiometry principles to a system comprising seven different resource-
consumer interactions, including bacteria (Fig. 1). Model results also highlighted the
role of bacteria on postabsorptive release of C, N and P in microbial food webs. First,
primary production was strongly correlated to DIP excretion; with up to 34 % of P ex-5

cretion being accounted for by the release of DIP from bacteria. Second, the predicted
net heterotrophy (GPP : CR ratio< 1) was significantly correlated to C : N : P imbalance
in dissolved organic matter (DOM) compared to bacterial requirement; with bacteria
contributing to 41–54 % of the total postabsorptive respiration of the community.

In the model, regulation of postabsorptive bacterial respiration was entirely driven10

by carbon excess in DOM compared to bacterial requirement. The production of DOM
with high C : P and C : N ratios was notably due to the production and released of LDOC
from phytoplankton under nutrient-limited conditions (parameter δp, Table 2). Produc-
tion and excretion of DOC by phytoplankton under nutrient-limited conditions is one of
the mechanisms that has been putted forward to explain the persistence of a significant15

drawdown of Dissolved Inorganic Carbon (DIC) concentrations in oligotrophic surface
waters, despite severe nutrient-depletion (Sambrotto et al., 1993; Bates et al., 1996;
Anderson and Pondaven, 2003).

However, although the model accounted for a parameterisation of DOC release from
phytoplankton, this was not sufficient to drive the system to a state where NPP : BR ra-20

tios< 1; as observed during the DUNE experiments. Several reasons may explain this
discrepancy.

First, model parameterisations of respiration and excretion rates were admittedly
simple. Respiration rates were controlled by two parameters: (1) a maximal GGE
(ωB = 0.30, and amax

i = 0.75, Table 2), which accounted for various processes relat-25

ing to maintenance, and (2) a mass balance approach maintaining homeostasis of
the elemental composition in consumers. In reality, heterotrophic respiration includes
– in addition to stoichiometrically regulated C release – various processes such as
osmoregulation, biomass turnover, costs of somatic growth and reproduction, swim-
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ming, etc. Environmental constrains, food quantity or food quality can regulate the rel-
ative contribution of these processes to the total respiration for an organism (Anderson
et al., 2005). A set of model frameworks which can scope with these various mecha-
nisms exist, yielding to more realistic predictions of respiration rates over a wide range
of environmental conditions (Anderson et al., 2005). However, we hypothesised that5

a more realistic parameterisation of respiration processes would not drive the system
toward NPP : BR ratios<< 1; notably because, in the model described herein, these
processes are implicitly accounted for using the maximal GGE. For bacteria for exam-
ple, the maximum GGE of ωB = 0.30 implied that 70 % of carbon intake is eventually
respired.10

Another reason for this discrepancy between the predicted and the observed net
heterotrophy of the system could be a pool of preformed semi-labile DOC available
in the mesocosms during the DUNE experiments; pool which would have sustained
high BR. The model described here did not consider a semi-labile pool of DOC. To
obtain such NPP : BR ratios< 1, this would require to increase the concentration of15

bioavailable DOC in the model by a factor of ∼ 10 (i.e. a concentration of LDOC =∼ 10–
20 µM). Such values are consistent with observed concentrations of (labile + semi-
labile) DOC in the western Mediterranean Sea (23.3±2.7 µM; Aminot and Kerhouel,
2004).

The discrepancy between observation and model could also be attributed to an over-20

estimation of BR due to methodological artefacts as it was highlighted in several recent
papers (see for ex. Aranguren-Gassis et al., 2012). Guieu et al. (2014b), also argued
that BR during DUNE-P could have been overestimated as BR values for the whole
mesocosm was extrapolated from the rate measured at the depth of 5 m, meaning
that BR was not homogeneous over the depth of the mesocosm contrary to what they25

hypothesized.
In conclusion, the simple food web model described herein has shed light on how

ecological stoichiometric mismatch coupled with homeostatic regulation of C : N : P ele-
mental composition in heterotrophic consumers can result in differential postabsorptive
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respiration and excretion of C, N, and P. All other things being equals, this mecha-
nism can drive the system to net heterotrophy. In the model, net heterotrophy was
notably driven by the production and excretion of extra DOC from phytoplankton under
nutrient-limited conditions, which leaded to high C : P and C : N ratios of the DOM pool,
and postabsorptive respiration of C by bacteria. The model also predicted that nutri-5

ent inputs from dust can result in a transient shift of the system from net autotrophy
to net heterotrophy. However, the model was not able to account for the low NPP : BR
ratios recorded during the DUNE experiments. A more realistic parameterisation of
respiration rates in both autotrophic (e.g. Pahlow et al., 2013) and heterotrophic organ-
isms (e.g. Anderson et al., 2005) could contribute to improve prediction of consistent10

NPP : BR ratios. May be more importantly, a better parameterisation of the sources
and sinks of DOC at the surface of the ocean are needed (e.g. Anderson and Williams,
1999) such as the viral lysis, a process that can fuel back important amount of DOC in
oligotrophic systems (Agusti and Duarte, 2013).

Supplementary material related to this article is available online at15

http://www.biogeosciences-discuss.net/11/2933/2014/
bgd-11-2933-2014-supplement.pdf.
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Table 1. Model equations.
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Table 2. Ecosystem model parameters.

Symbol Parameter Unit Value

Bacteria
µB

max Maximum growth rates for bacteria hr-1 0.25
K B

Pi
,K B

Ni
,K B

LDOC Bacteria half-saturation constants for growth on DIP, DIN and LDOC nM-P, nM-N, nM-C 50, 500, 20 000

θNP
B ,θCP

B N : P and C : P ratios for bacteria molmol−1 see text
ωB Maximum carbon GGE for bacteria dimensionless 0.30
Phytoplankton
µpico

max,µnano
max Maximum growth rates for autotrophic pico- and nanoplankton h−1 0.08, 0.10

K Pico
Pi

,K nano
Pi

Autotrophic pico- and nanoplankton half-saturation constants for
growth on DIP

nM-P 100, 200

K Pico
Ni

,K nano
Ni

Autotrophic pico- and nanoplankton half-saturation constants for
growth on DIN

nM-N 1000, 1800

θNP
A ,θCP

A N : P and C : P ratios for autotrophic picoplankton molmol−1 see text
θNP

D ,θCP
D N : P and C : P ratios for autotrophic nanoplankton molmol−1 see text

δP Production of extra carbon from nutrient-lmited primary production dimensionless 0.26
HNF, ciliates and mesozooplankton
gmax
h ,gmax

C ,gmax
M Maximum growth rates for HNF, ciliates and mesozooplankton h−1 0.07, 0.05, 0.02

CH
B , CH

A Incipient limitation bacteria and picophytoplankton conc. for HNF nM-P 30, 30
CC

D, CC
H Incipient limitation nanophytoplankton and HNF conc. for ciliates nM-P 40, 40

CM
D , CM

C Incipient limitation nanophytoplankton and ciliates conc. for meso-
zooplankton

nM-P 40, 16

ϕ Switching shape parameter dimensionless 2.0
θNP

H ,θCP
H N : P and C : P ratios for HNF molmol−1 See text

θNP
C ,θCP

C N : P and C : P ratios for ciliates molmol−1 See text
θNP

M ,θCP
M N : P and C : P ratios for mesozooplankton molmol−1 See text

amax
i Maximum GGE for HNF, ciliates and mesozooplankton dimensionless 0.75

aBH
P ,aBH

N ,aAH
P ,aAH

N P and N GGE for HNF (H) feeding on bacteria (B) or autotrophic
picoplankton (A)

dimensionless calculated

aDC
P ,aDC

N ,aHC
P ,aHC

N P and N GGE for ciliates (C) feeding on autotrophic nanoplankton
(D) and HNF (H)

dimensionless calculated

aDM
P ,aDM

N ,aCM
P ,aCM

N P and N GGE for mesozooplankton (M) feeding on autotrophic
nanoplankton (D) and ciliates (C)

dimensionless calculated

δM Mortality rate for mesozooplankton h−1 0.003
Other processes
λe Fraction of postabsorptive excretion released as dissolved inorganic

nutrients or CO2

dimensionless 0.60
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Table 3. N : P and C : P elemental ratios of bacteria (Bp) picophytoplankton (Ap), nanophyto-
planktyon (Dp), heterotrophic nanoflagellates (Hp), Ciliates (Cp) and mesozooplankton (Mp) for
the five scenarios used to evaluate the influence of N and P inputs on food web dynamics. IC:P:
index of C : P stoichiometric mismatch (see text).

N : P ratio (mol mol−1) C : P ratio (mol mol−1)
I∗C:P Bp Ap Dp Hp Cp Mp Bp Ap Dp Hp Cp Mp

IC : P < 0 −161.04 12.60 15.94 15.67 8.98 12.20 10.98 150.21 66.07 54.43 92.19 127.06 147.27
IC : P ∼ 0 −0.03 22.92 19.67 21.05 15.60 9.66 10.94 100.87 68.34 139.21 131.72 88.09 156.61
IC : P > 0 263.17 21.19 8.27 12.20 13.00 21.29 17.46 144.81 142.33 156.09 60.81 82.55 60.45
Redfield (1963) 62.00 16.00 16.00 16.00 16.00 16.00 16.00 106.00 106.00 106.00 106.00 106.00 106.00
Vadstein et al. (2012) 115.15 7.5 25.00 28.00 19.00 20.00 24.00 34.4 129.2 172.2 123.00 83.00 76.00

∗ molCmol−1 P
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Figure 1 : Conceptual scheme of the food web model (adapted from Thingstad et al., 2007) 

showing state variables (white and grey boxes) and fluxes (arrows). The model included three 

osmotrophs, i.e. heterotrophic bacteria (BP), and two phytoplankton types, autotrophic 

picoplankton (AP) and nanoplankton (DP). The growth rate of phytoplankton relied on the 

availability of dissolved inorganic nitrogen (Ni) and phosphorus (Pi). Bacterial growth primarily 

relied on the availability of dissolved organic matter (LDOM), and secondarily on the availability 

of Ni and Pi. Three predators were included in the model: heterotrophic nanoflagellates (HP), 

ciliates (CP) and mesozooplankton (MP). The subscript “P” indicates that the main model 

currency was phosphorus. It was assumed that all organisms had a fixed C:N:P elemental 

composition, so that explicit equations for N and C pools stored in organisms were not 

required (with the exception of the DOM pool). 

Pi
Ni

LDOC
LDON
LDOP

BP AP

HP
CP MP

DP

Fig. 1. Conceptual scheme of the food web model (adapted from Thingstad et al., 2007) show-
ing state variables (white and grey boxes) and fluxes (arrows). The model included three os-
motrophs, i.e. heterotrophic bacteria (BP), and two phytoplankton types, autotrophic picoplank-
ton (AP) and nanoplankton (DP). The growth rate of phytoplankton relied on the availability of
dissolved inorganic nitrogen (Ni) and phosphorus (Pi). Bacterial growth primarily relied on the
availability of dissolved organic matter (LDOM), and secondarily on the availability of Ni and Pi.
Three predators were included in the model: heterotrophic nanoflagellates (HP), ciliates (CP)
and mesozooplankton (MP). The subscript “P” indicates that the main model currency was
phosphorus. It was assumed that all organisms had a fixed C : N : P elemental composition,
so that explicit equations for N and C pools stored in organisms were not required (with the
exception of the DOM pool).
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Figure 2: Asymptotic model solutions (each point represented the steady state solution 

obtained at time t = 4×10
4
 hours) from 1000 simulations wherein which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1; Redfield et al., 1963); the other model parameters were set to their 

default values given in Table 2. Results from linear regression are indicated (all p-values were < 

0.01). On the y-axis: B (black dots), W (white dots) and G (grey dots). 
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Fig. 2. Asymptotic model solutions (each point represented the steady state solution obtained at
time t = 4×104 h) from 1000 simulations wherein which the C : N : P elemental stoichiometry of
each organism was chosen randomly in a range of ± 50 % around the Redfield ratio (C : N : P=
106 : 16 : 1; Redfield et al., 1963); the other model parameters were set to their default values
given in Table 2. Results from linear regression are indicated (all p values were< 0.01). On the
y-axis: B (black dots), W (white dots) and G (grey dots).
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Figure 3 Asymptotic model solutions (each point is the steady state solution obtained at time t 

= 4×10
4
 hours) from 1000 simulations, in which the C:N:P elemental stoichiometry of each 

organism was chosen randomly in a range of ±50% around the Redfield ratio (C:N:P = 

106:16:1); the other model parameters were set to their default values given in Table 2.; (a) 

primary production (nM-P d-1) and (b) community respiration (µg C l
-1

 d
-1

) plotted against the 

Index of C:P stoichiometric mismatch, IC:P  (see text for details on the calculation of  IC:P). 
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Fig. 3. Asymptotic model solutions (each point is the steady state solution obtained at time t =
4×104 h) from 1000 simulations, in which the C : N : P elemental stoichiometry of each organism
was chosen randomly in a range of ± 50 % around the Redfield ratio (C : N : P = 106 : 16 :
1); the other model parameters were set to their default values given in Table 2; (a) primary
production (nM-P d−1) and (b) community respiration (µgCL−1 d−1) plotted against the Index of
C : P stoichiometric mismatch, IC:P (see text for details on the calculation of IC:P).
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Figure 4 Asymptotic model solutions (at t = 4×10
4
 hours) from 1000 simulations in which the 

carbon, nitrogen and phosphorus elemental stoichiometry of each organism was chosen 

randomly in a range of ±50% around the Redfield ratio; the other parameters were set to their 

default values given in Table 2); (a) Total DIP and (b) total DIN regeneration from bacteria, HNF, 

ciliates and mesozooplankton. 
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Fig. 4. Asymptotic model solutions (at t = 4×104 h) from 1000 simulations in which the carbon,
nitrogen and phosphorus elemental stoichiometry of each organism was chosen randomly in
a range of ±50 % around the Redfield ratio; the other parameters were set to their default values
given in Table 2; (a) Total DIP and (b) total DIN regeneration from bacteria, HNF, ciliates and
mesozooplankton.
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 

R
2

= 0.25
p<0.01

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

-250 -200 -150 -100 -50 0 50 100 150 200 250 300 350

Index of C:P stoichiometric mismatch

G
P

P
:C

R
 r

at
io

a

R2 = 0.30
p<0.01

0.80

0.85

0.90

0.95

1.00

1.05

1,10

1.15

1.20

1.25

-30 -20 -10 0 10 20 30 40

Index of C:N stoichiometric mismatch

G
P

P
:C

R
 r

at
io

b

R
2

= 0.25
p<0.01

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

-250 -200 -150 -100 -50 0 50 100 150 200 250 300 350

Index of C:P stoichiometric mismatch

G
P

P
:C

R
 r

at
io

a

R2 = 0.30
p<0.01

0.80

0.85

0.90

0.95

1.00

1.05

1,10

1.15

1.20

1.25

-30 -20 -10 0 10 20 30 40

Index of C:N stoichiometric mismatch

G
P

P
:C

R
 r

at
io

b

Fig. 5. Asymptotic model solutions from 1000 simulations (open circles; each point is the steady
state solution obtained at time t = 4×104 h), in which the C : N : P elemental stoichiometry of
each organism was chosen randomly in a range of ± 50 % around the Redfield ratio (C : N : P
= 106 : 16 : 1); the other model parameters were set to their default values given in Table 2; (a)
GPP : CR ratio plotted against the Index of C : P stoichiometric mismatch, IC:P, and (b) GPP : CR
ratio plotted against the IC:N (see text for details on the calculation of IC:P and IC:N). The asymp-
totic model solutions from 3 cases were subsequently used as initial conditions to evaluate the
influence of nutrient input from dust (DUNE experiment) on food web dynamics (see text):

IC:P � 0 (
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 
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), IC:P ∼ 0 (
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 
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Figure 6 Predicted (a) dissolved inorganic phosphorus (DIP), (b) dissolved inorganic nitrogen 

(DIN) and (c) DIP:DIN ratio over a period of 15 days after a nutrient input from dust at t=0 

(+4.30 nM-P and +498 nM-N; DUNE experiment, Ridame et al., this issue). IC:P<< 0 (◊), IC:P~ 0 

( ), and IC:P>> 0 (▲). Two additional cases were also treated: a simulation with C:N:P ratios 

following Redfield for all organisms (●), or with  C:N:P ratios from Vadstein et al. (2012) (■). 

For each case, the initial conditions at t=0 were steady the state solutions obtained after a 

simulation of 40000 hours, prior to nutrient addition. 
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Fig. 6. Predicted (a) dissolved inorganic phosphorus (DIP), (b) dissolved inorganic nitrogen
(DIN) and (c) DIP : DIN ratio over a period of 15 days after a nutrient input from dust at t = 0

(+4.30 nM-P and +498 nM-N; DUNE experiment, Ridame et al., 2014). IC:P � 0 (
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 

R
2

= 0.25
p<0.01

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

-250 -200 -150 -100 -50 0 50 100 150 200 250 300 350

Index of C:P stoichiometric mismatch

G
P

P
:C

R
 r

at
io

a

R2 = 0.30
p<0.01

0.80

0.85

0.90

0.95

1.00

1.05

1,10

1.15

1.20

1.25

-30 -20 -10 0 10 20 30 40

Index of C:N stoichiometric mismatch

G
P

P
:C

R
 r

at
io

b

R
2

= 0.25
p<0.01

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

-250 -200 -150 -100 -50 0 50 100 150 200 250 300 350

Index of C:P stoichiometric mismatch

G
P

P
:C

R
 r

at
io

a

R2 = 0.30
p<0.01

0.80

0.85

0.90

0.95

1.00

1.05

1,10

1.15

1.20

1.25

-30 -20 -10 0 10 20 30 40

Index of C:N stoichiometric mismatch

G
P

P
:C

R
 r

at
io

b

). Two additional cases were also treated: a simulation with C : N : P ratios
following Redfield for all organisms (
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 
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For each case, the initial conditions at t = 0 were steady the state solutions obtained after
a simulation of 40 000 h, prior to nutrient addition.
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Figure 7 Predicted (a) gross primary production (GPP), excluding production of dissolved organic 

carbon, (b) respiration of the whole community (CR) and (c) GPP:CR ratio over a period of 15 days after 

a nutrient addition at t=0 (+4.30 nM-P and +498 nM-N; DUNE experiment “P”, Guieu et al., this issue). 

IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a simulation with C:N:P 

ratios following Redfield for all organisms (●), or with  C:N:P ratios from Vadstein et al. (2012) (■). For 

each case, the initial conditions at t=0 were steady the state solutions obtained after a simulation of 

40000 hours, prior to nutrient addition. 
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Fig. 7. Predicted (a) gross primary production (GPP), excluding production of dissolved organic
carbon, (b) respiration of the whole community (CR) and (c) GPP : CR ratio over a period of
15 days after a nutrient addition at t = 0 (+4.30 nM-P and +498 nM-N; DUNE experiment “P”,
Guieu et al., 2014b). IC:P � 0 (♦), IC:P ∼ 0 (
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 
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). Two additional cases were
also treated: a simulation with C : N : P ratios following Redfield for all organisms (
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 
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C : N : P ratios from Vadstein et al. (2012) (
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 
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). For each case, the initial conditions at t = 0 were
steady the state solutions obtained after a simulation of 40 000 h, prior to nutrient addition.
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Figure 8 Relative change after nutrient addition at t=0 (+12.90 nM-P and +571.4 nM-N, DUNE 

experiment “P”, Guieu et al., this issue). (a) chlorophyll a, (b) Bacteria, (c) Ciliates, (d) HNF, (e) 

Mesozooplankton, and (f) DOC:DOP ratio; IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 ▲). Two additional 

cases were also treated: a simulation with C:N:P ratios following Redfield for all organisms (●), or with  

C:N:P ratios from Vadstein et al. (2012) (■). For each case, the initial conditions at t=0 were steady 

the state solutions obtained after a simulation of 40000 hours, prior to nutrient addition. 
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Fig. 8. Relative change after nutrient addition at t = 0 (+12.90 nM-P and +571.4 nM-N, DUNE
experiment “P”, Guieu et al., 2014b). (a) chlorophyll a, (b) Bacteria, (c) Ciliates, (d) HNF, (e)

Mesozooplankton, and (f) DOC : DOP ratio; IC:P � 0 (
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 
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ditional cases were also treated: a simulation with C : N : P ratios following Redfield for all or-
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 

R
2

= 0.25
p<0.01

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

-250 -200 -150 -100 -50 0 50 100 150 200 250 300 350

Index of C:P stoichiometric mismatch

G
P

P
:C

R
 r

at
io

a

R2 = 0.30
p<0.01

0.80

0.85

0.90

0.95

1.00

1.05

1,10

1.15

1.20

1.25

-30 -20 -10 0 10 20 30 40

Index of C:N stoichiometric mismatch

G
P

P
:C

R
 r

at
io

b

R
2

= 0.25
p<0.01

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

-250 -200 -150 -100 -50 0 50 100 150 200 250 300 350

Index of C:P stoichiometric mismatch

G
P

P
:C

R
 r

at
io

a

R2 = 0.30
p<0.01

0.80

0.85

0.90

0.95

1.00

1.05

1,10

1.15

1.20

1.25

-30 -20 -10 0 10 20 30 40

Index of C:N stoichiometric mismatch

G
P

P
:C

R
 r

at
io

b

), or with C : N : P ratios from Vadstein et al. (2012) (
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Figure 5 Asymptotic model solutions from 1000 simulations (open circles; each point is the 

steady state solution obtained at time t = 4×10
4
 hours), in which the C:N:P elemental 

stoichiometry of each organism was chosen randomly in a range of ±50% around the Redfield 

ratio (C:N:P = 106:16:1); the other model parameters were set to their default values given in 

Table 2.; (a) GPP:CR ratio plotted against the Index of C:P stoichiometric mismatch, IC:P, and (b) 

GPP:CR ratio plotted against the IC:N (see text for details on the calculation of  IC:P and IC:N). The 

asymptotic model solutions from 3 cases were subsequently used as initial conditions to 

evaluate the influence of nutrient input from dust (DUNE experiment) on food web dynamics 

(see text): IC:P<< 0 (◊), IC:P~ 0 ( ), and IC:P>> 0 (▲). Two additional cases were also treated: a 

simulation in which C:N:P ratios were from Redfield for all organisms (●), or with  C:N:P ratios 

from Vadstein et al. (2012) (■). 
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). For each case, the initial
conditions at t = 0 were steady the state solutions obtained after a simulation of 40 000 h, prior
to nutrient addition.
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