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Oxygen minimum zones (OMZs) are often characterized by nitrogen-to-phosphorus (N:P)
ratios far lower than the canonical Red�eld ratio. Whereas, the importance of variable
stoichiometry in phytoplankton has long been recognized, variations in zooplankton
stoichiometry have received much less attention. Here we combine observations from
two shipboard mesocosm nutrient enrichment experiments with an optimality-based
plankton ecosystem model, designed to elucidate the roles of different trophic levels
and elemental stoichiometry. Pre-calibrated microzooplankton parameter sets represent
foraging strategies of dino�agellates and ciliates in our model. Our results suggest
that remineralization is largely driven by omnivorous ciliates and dino�agellates, and
highlight the importance of intraguild predation. We hypothesize that microzooplankton
respond to changes in food quality in terms of nitrogen-to-carbon (N:C) ratios, rather than
nitrogen-to-phosphorus (N:P) ratios, by allowing variations in their phosphorus-to-carbon
(P:C) ratio. Our results point toward an important biogeochemical role of �exible
microzooplankton stoichiometry.

Keywords: microzooplankton stoichiometric plasticity, opt imality-based plankton ecosystem model, trait-based
modeling, intraguild predation, trophic structure, Peruvi an Upwelling

INTRODUCTION

Cell quotas (N:C and P:C ratios) in phytoplankton are �exible and vary in response to the
availability and stoichiometry of ambient inorganic nutrients (Quigg et al., 2003; Klausmeier
et al., 2008; Finkel et al., 2010). Variable phytoplankton elemental composition is often presumed
to propagate across trophic levels in the food chain (Mitra and Flynn, 2007; Malzahn et al.,
2010; Iwabuchi and Urabe, 2012b; Meunier et al., 2012a). Stoichiometric plasticity in (meso-)
zooplankton seems to be both narrower and more complex than in phytoplankton (Sterner and
Elser, 2002; Urabe et al., 2002a,b; Iwabuchi and Urabe, 2012a,b; Suzuki-Ohno et al., 2012; Hessen
et al., 2013). However, most evidence is from marine zooplankton laboratory cultures and �eld
data on stoichiometric variations in freshwater zooplankton, e.g.,Daphniaphosphorus content
and its variation in response to resource phosphorus-to-carbon (P:C) ratios (DeMott and Pape,
2005). Contrary to an earlier study byAndersen and Hessen (1991), DeMott and Pape (2005)
show substantial declines in zooplankton P-content when feeding on low P:C resources. Very
little is known about the stoichiometric plasticity of marine microzooplankton, butMeunier et al.
(2012a)reported variable stoichiometry in a marine dino�agellate when feeding on algal cultures
of di�erent concentration and elemental composition.
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Physical and biogeochemical processes shape the environment
of marine ecosystems. In particular, ambient inorganic nutrient
stoichiometry can vary substantially. In the vicinity of upwelling
regions oxygen can become exhausted as a result of poorly
ventilated intermediate-depth waters, elevated primary
production due to nutrient-rich upwelled coastal waters,
and subsequent remineralization of the sinking organic matter.
These areas are known as oxygen minimum zones (OMZs),
de�ned by oxygen concentrations less than 20mmol L� 1 at
depths between� 100 and 900 m (Stramma et al., 2008). OMZs
strongly in�uence the marine biogeochemical cycles of carbon
(C), nitrogen (N), and phosphorus (P) and therefore primary
production (Deutsch et al., 2007; Landol� et al., 2013). OMZs
are sites of denitri�cation and anaerobic ammonium oxidation
(anammox), the major �xed-nitrogen-loss processes in the global
ocean (Helly and Levin, 2004; Galán et al., 2009). Under anoxic
conditions, phosphate can disassociate from iron hydroxides
at the sea�oor (Ingall and Jahnke, 1994) and P released from
microorganisms in the sediment and overlying water may cause
elevated P levels in the water column (Goldhammer et al., 2010;
Brock and Schulz-Vogt, 2011; No�ke et al., 2012).

All of these physical and biological processes shift the
dissolved inorganic N:P ratio below the canonical Red�eld ratio
of 16 (Red�eld, 1934). In the coastal upwelling region o� Peru,
nutrient-rich water masses with N:P ratios much lower than
16 are upwelled to the surface, which may a�ect plankton
community composition (Herrera and Escribano, 2006). Franz
et al. (2012b)observed a shift in phytoplankton communities o�
the Peruvian coast from large diatoms in upwelled waters with
N:P ratios much lower than 16, to small picoplankton groups
further o�shore where dissolved inorganic N:P ratios are close
to 16.

It is di�cult, if not impossible, to follow simultaneously the
development of natural plankton communities and associated
biogeochemical processes in the �eld. A means to overcome this
problem is the use of mesocosms to observe natural plankton
communities under de�ned conditions in enclosed or semi-
enclosed environments (Riebesell et al., 2008; Wohlers et al.,
2009). The ability to control conditions and obtain observations
with a high temporal resolution makes mesocosm experiments
an attractive tool for monitoring plankton community structure
over time and for developing and testing plankton ecosystem
models (Vallino, 2000; Schartau et al., 2007; Lewandowska and
Sommer, 2010).

We develop an optimality-based nutrient-phytoplankton-
zooplankton (NPZ) ecosystem model and analyse time-series
observations of two shipboard mesocosm experiments in the
Peruvian Upwelling (PU) region (PU1 and PU2;Franz et al.,
2012b, 2013a,b; Hauss et al., 2012). Franz et al. (2012a)suggested
that nitrogen supply is primarily driving the production and
accumulation of organic matter in the Peruvian upwelling region,
with no clear relation to the ambient N:P ratio. Moreover,Hauss
et al. (2012)found that PU1 and PU2 were characterized by
di�erent microzooplankton communities: PU1 was dominated
by dino�agellates and PU2 by ciliates. However, the mesocosm
data alone cannot explain the e�ects of di�erent inorganic
N:P supply ratios on the composition of and processes in the

plankton ecosystem. Thus, we set out to analyse the mesocosm
observations with our optimality-based NPZ model in order to
elucidate the response of di�erent ecosystem components to the
stoichiometry of the inorganic nutrient supply.

We simulate physiological processes, e.g., nutrient uptake
and remineralization, in marine plankton by combining
the optimality-based chain model (OCM) for phytoplankton
(Pahlow et al., 2013) with the optimal current feeding
model (OCF) for zooplankton (Pahlow and Prowe, 2010).
These optimality-based physiological regulatory models describe
nutrient, phytoplankton, and zooplankton community dynamics
in terms of generic trade-o�s. The trade-o�s among resource
acquisition (nutrient uptake, CO2 �xation, or ingestion),
excretion and respiration are derived from the condition that
each resource unit (nutrient or energy) can be used only
for one task at any given point in time. This constrains the
maximum achievable rates of resource acquisition and growth
of the organisms. Thus, the model describes physiological
regulation at the whole-organism level (Smith et al., 2011),
rather than the underlying biochemistry. The additional
constraints obtained from the generic trade-o�s reduce the
number of parameters to be determined for model calibration
(Pahlow et al., 2013). These approaches, together with the
use of pre-calibrated parameter sets for the OCF, allow us
to keep the number of tuning-parameters low (Anderson,
2005).

Our initial hypothesis was that the di�erent nutrient
enrichments of the mesocosms might have caused changes
in the food quality in terms of elemental composition of
phytoplankton. These variations in elemental composition could
have been passed on directly to higher trophic levels of the
food web, potentially a�ecting both zooplankton growth and
stoichiometry. In our model, the OCM simulates dynamic
phytoplankton stoichiometry and the OCF represents di�erent
feeding strategies in higher trophic levels (zooplankton). We
thus address this hypothesis with our model, in an attempt to
capture the di�erences in elemental composition and community
structure of the food web in both (PU1 and PU2) mesocosm
experiments.

Phytoplankton and microzooplankton compartments in
our model can each be seen as a guild (Root, 1967). Our
microzooplankton guild mainly consists of two taxonomic
groups, dino�agellates and ciliates. Both groups can potentially
utilize the same food resources, including members of theirown
group. Polis et al. (1989)introduced this concept as intraguild
predation (Polis and Holt, 1992; Pitchford, 1998; Mitra, 2009).
We investigate the role of trophic complexity by using model
con�gurations with either one generic microzooplankton
compartment, representing the whole microzooplankton
community, or two compartments representing ciliates and
dino�agellates separately. We consider microzooplankton as
either specialists (strict herbivores/carnivores) or omnivores,
with or without intraguild predation, in order to elucidate e�ects
of di�erent foraging strategies and food preferences.

Our model analysis addresses the following questions
arising from the mesocosm studies ofFranz et al. (2012b)
and Hauss et al. (2012): (1) How were the di�erent nutrient
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treatments associated with bottom-up and top-down processes
among the mesocosm treatments? (2) Could patterns of
food preferences or foraging strategies explain the observed
di�erences in the two mesocosm experiments between
and within the mesocosm treatments? (3) How many
trophic levels does the model require to match observed
patterns in the mesocosms? (4) How important was food
quality for microzooplankton? (5) Were the e�ects of
nutrient stoichiometry related to the observed ecological
vicariance (niche substitution) of microzooplankton in
the two mesocosm experiments in the Peruvian Upwelling
region?

OBSERVATIONS AND MODEL

Mesocosm Experiments
Two short-term mesocosm experiments (PU1 and PU2,
Figure 1) with in situ plankton communities from the Peruvian
coastal upwelling region were monitored in 12 shipboard
mesocosms during the M77/3 cruise o� Peru (Franz et al.,
2012b, 2013a,b; Hauss et al., 2012). The objectives of the PU1
and PU2 mesocosm studies were to identify the in�uence of
inorganic nutrient concentrations and ratios on the development
of plankton biomass and community composition across
trophic levels in the Peruvian Upwelling region (Franz et al.,
2012a,b, 2013a,b; Hauss et al., 2012). PU1 consisted of three
nutrient treatments: An unenriched control with ambient
nutrient concentrations (N:PD 3.4), an enrichment with
high (N:P D 20) and an enrichment with low (N:PD 2.8)
dissolved inorganic N:P ratios (Figure 1). PU2 had four nutrient
treatments: Two high-N:P treatments (N:PD 16 and 8) and two
low-N:P treatments (N:PD 5 in the unamended control and
2.5) (Figure 1). All mesocosms were covered with a shading net
to achieve� 30% of the ambient light intensity (Figure 1). The
initial water samples obtained from Niskin bottles mounted on
a CTD were �ltered (pre-screened) through a 200mm mesh
to remove mesozooplankton from all mesocosms of PU2 and
from two mesocosms per treatment of PU1. As inHauss et al.
(2012), we do not distinguish between mesocosms with and
without mesozooplankton. However, the microzooplankton
community was dominated by dino�agellates in PU1 and by
ciliates in PU2. All mesocosms were restocked with 5mm-�ltered
ambient surface seawater on days 3 and 5 of the experiments,
due to the large amounts of water required for sampling
(Figure 1; Franz et al., 2012a,b, 2013a,b). Trace metal and
silicate compounds were added to avoid trace metal and silicate
limitation at the start of each experiment, and also on day 5 in
PU2 only.

Model Setup
Our optimality-based food-chain model de�nes up to three
trophic levels, representing dissolved inorganic nutrients
(NN), phytoplankton (P), and one or two zooplankton
compartments (Z) (Figure 2andFigure S1). The phytoplankton
compartment is represented by 4 state variables allowing
for dynamic C:N:P:Chlorophyll (Chl) ratios (see Appendix
in Supplementary Material, Equations 3–10), whereas the

zooplankton compartments have constant C:N:P ratios (see
Appendix in Supplementary Material, Equations 11–13, and
Table 1).

For the phytoplankton compartment, we employ the OCM
(Pahlow et al., 2008, 2013; Pahlow and Oschlies, 2013). In the
OCM, the phytoplankton phosphorus quota (QP

P, de�ned as the
P:C ratio) is limiting nitrogen assimilation and the nitrogen
quota (QN

P , the N:C ratio) controls nutrient uptake and carbon-
�xation. Thus, both N and P always colimit growth in the OCM.
The OCM explicitly represents light and dark respiration by
light-dependent and light-independent respiration terms. For
simplicity, we do not simulate a diurnal light cycle, but multiply
daytime photosynthesis and light-dependent (but not dark)
respiration with the day-length (0.5).

The OCM is coupled to the optimal current-feeding
model for zooplankton (OCF,Pahlow and Prowe, 2010).
The OCF is built on trade-o�s among foraging activity,
assimilation e�ciency and respiration. We employ unaltered
pre-calibrated parameter sets byPahlow and Prowe (2010)to
represent ciliate and dino�agellate behavior. The only exception
is the prey capture coe�cient (� ), which is reduced for
non-preferred prey in order to mimic preferential feeding
(see below). We assume temporally constant (homeostatic)
microzooplankton elemental stoichiometry. Thus, the excess C,
N, or P, which cannot be assimilated, is excreted in dissolved
form (Kiørboe et al., 1996). To reduce model complexity
we do not di�erentiate between excretion and egestion of
particulate matter. The excretion terms for C, N, and P are
given by the di�erence between ingestion and assimilation,
corresponding to the di�erence between the variable elemental
C:N:P ratio of the prey and the prede�ned constant elemental
C:N:P ratio of the microzooplankton compartments (see
Appendix in Supplementary Material, Equations 11–13, and
Table 1).

We use observations from the PU1 and PU2 shipboard
mesocosm experiments of the M77/3 cruise (Franz et al., 2012b,
2013a,b; Hauss et al., 2012) to determine the initial conditions
for the model-setup and to assess model performance for
the duration of the experiments. Dissolved inorganic nitrogen
and phosphorus (DIN and DIP, respectively) represent all
dissolved nitrogen and phosphorus compounds available to
phytoplankton. For simplicity we do not address the dissolved
organic matter (DOM) pool, since there are no clear trends in
DOM concentrations throughout the experiments (Franz et al.,
2012b, 2013b). Initial phytoplankton C, N, P are calculated
from (averaged) observed POC, PON, POP concentrations
(Franz et al., 2012b, 2013a,b; Hauss et al., 2012), from which
we subtract the (averaged) observed dino�agellate, ciliate,
and bacterial biomasses multiplied with assumed zooplankton
and bacterial N:C and P:C ratios, QN

Z , QN
B , QP

Z, and QP
B,

respectively. Assumed QNZ and QP
Z are given inTable 1. We

apply the same N:C and P:C ratios to bacteria (Chrzanowski
and Grover, 2008; Pahlow et al., 2008; Zimmerman et al.,
2014), which are only used for the calculation of the initial
phytoplankton C, N, P in this study. Thus, our initial
phytoplankton PON and POP concentrations vary slightly
between the di�erent simulations of the same mesocosms,
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FIGURE 1 | Experimental set-up of the PU1 and PU2 experiments du ring the M77/3 cruise. The PU1 mesocosms were pooled into 3 treatments with 4
replicates each since only insigni�cant differences in nutrient drawdown were observed between mesocosms with and without mesozooplankton (Franz et al., 2012b,
2013a,b; Hauss et al., 2012). HIGH represents treatments with DIN:DIP ratios above 6, while LOW represents treatments with DIN:DIP ratios below 6.

depending on the assumed zooplankton and bacterial N:C and
P:C ratios.

We initialize our model with observations for the �rst day (day
0) for PU1 and data for the second day (day 1) for PU2, due to
the lack of initial POC, PON, and POP measurements for PU2.
We account for initial (day 1) di�erences between individual
mesocosms within each treatment of PU2 (Hauss et al., 2012)
with three ensemble simulations for each treatment. Our PU1
and PU2 model simulations are all run for 7 days.

We simulate the restocking of the mesocosms of both
experiments by adding DIN and DIP, according to the
concentrations and mixing ratios of the restocking medium
indicated inFigure 1on days 3 and 5 of both experiments (Franz
et al., 2012b, 2013a,b; Hauss et al., 2012). All remaining model
compartments are multiplied with dilution factors, i.e., theratio
of the actual mesocosm water volume before restocking over the
total (restocked) mesocosm water volume (fdil D AV:IV).
We assume that the restocking medium (5mm-�ltered
ambient surface seawater) contained only water and inorganic
nutrients, since no zooplankton or phytoplankton counts were
performed.

Model Con�gurations and Calibration
Di�erent assumptions represented by the model structure about
the trophic interactions and stoichiometry might result in
di�erent interpretations of the observations of both mesocosm
experiments. To test our assumptions we therefore set up
several model con�gurations (Figure 2) to simulate conceptually
possible food web interactions in the two mesocosm experiments.
The di�erent model con�gurations di�er in model complexity
in terms of the number of trophic levels resolved and/or the
trophic strategies of the microzooplankton community, as well
as zooplankton stoichiometry.

At �rst we apply the (OCM) for phytoplankton (Pahlow
et al., 2013) and two nutrients (NN), DIN and DIP. This model
con�guration with only one trophic level helps us to �nd out
whether bottom-up control alone could explain the development
of nutrients and phytoplankton.

We investigate the e�ects of top-down control with the
(OCF) for zooplankton (Pahlow and Prowe, 2010) where
we progressively increase the number of trophic levels by
representing nutrients, (NN), phytoplankton (P) and up to
two microzooplankton types, Z1 and Z2 (Figure 2, Figure S1).
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FIGURE 2 | Model con�gurations with prey capture coef�cient s and showing the main compartments NN D Nutrients, P D Phytoplankton and
Z D Zooplankton; the suf�xes “-s” and “-o” indicate specialist s (herbivores) and omnivores, respectively; numbers are prey capture coef�cients in
m3mmolC � 1; dashed arrows represent the uptake of inorganic nutrients by the phytoplankton compartment; solid arrows represent pre y capture
coef�cients of ciliates for phytoplankton—set to 100%, eith er representing the preferential food source or food of equal qu ality for the predator;
dotted arrows represent intraguild prey capture coef�cien ts - set to 50% assuming that the microzooplankton community is sp lit into 50% intraguild
prey and 50% intraguild predators; names enclosed in dotted b races [dissolved inorganic nitrogen (DIN), dissolved inorg anic phosphorus (DIP),
particulate organic carbon (POC), nitrogen (PON) and phosp horus (POP), and chlorophyll (Chl)] represent the state var iables of the corresponding
compartment; solid arrows indicate the preferred food-source o f Z.

Since the microzooplankton community in the mesocosms
was identi�ed as comprising ciliate and dino�agellate species
(Hauss et al., 2012), the foraging strategies in our model are
de�ned by the dino�agellate and ciliate parameter sets (Pahlow
and Prowe, 2010; Table 1 and Table S1). In all simulations of
each of the di�erent model con�gurations we use the same
pre-calibrated parameter set for all treatments and vary only
the initial conditions of our state variables (see Appendix
in Supplementary Material, Equations 1–7), according to the
corresponding mesocosm observations as described above. In
this study we analyse both specialist (strictly herbivorousor
carnivorous) and omnivorous feeding of microzooplankton
(Figure 2 and Figure S2), to �nd out whether patterns of food
preferences or foraging strategies could explain the observed
di�erences in the two mesocosm experiments between and
within the mesocosm treatments.

Furthermore, we consider stoichiometric plasticity of the
microzooplankton community as a possible physiological
response to changes in food quality. Therefore, we imitate the N

and P requirements of higher trophic levels by applying a wide
range of elemental microzooplankton N and P quotas (N:C and
P:C ratios, respectively). The su�x “-zooQP” in the con�guration
name indicates that we applied a higher microzooplankton P
quota.

These di�erent model con�gurations are designed (1) to
determine the minimum trophic levels of the model structure
required to match observed patterns in the mesocosms, and (2)
to investigate the e�ects of nutrient stoichiometry, related to the
observed niche substitution of microzooplankton between PU1
and PU2.

Model Complexity
The simplest (NNP) con�guration contains only the nutrient
(NN) and phytoplankton (P) compartments and has 6
state variables (see Appendix in Supplementary Material,
Equations 1–6 andFigure 2). The intermediate (NNPZ)
con�guration contains a second trophic level (one additional
state variable), the zooplankton guild (Equation 7 andFigure 2).
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TABLE 1 | Symbol de�nitions, units, and parameter estimates of t he
optimality-based chain model (OCM) for phytoplankton and the o ptimal
current feeding model (OCF) for (micro)zooplankton.

Symbol Units Estimates De�nition

PHYTOPLANKTON PARAMETERS

A0 m3 mmol� 1 d� 1 0.15 Nutrient af�nity

a mol m2 E� 1 (g Chl)� 1 0.9 Light absorption coef�cient

QN
0 molN molC� 1 0.07 N subsistence quota

QP
0 molP molC� 1 0.0019 P subsistence quota

� Chl molC (g Chl)� 1 0.5 Cost of photosynthesis

� N molN molC� 1 0.6 Cost of DIN uptake

V0 mol molC� 1 5 Maximum rate parameter

MICROZOOPLANKTON PARAMETERS

Ca – 0.3 Cost of assimilation
coef�cient

Cf – 0.3 Cost of foraging coef�cient

Imax d� 1 5 Max. speci�c ingestion rate

� m3 mmolC� 1 0.24 Prey capture coef�cient

QN
Z molN molC� 1 0.2 N:C ratio (N quota)

QP
Z molP molC� 1 0.013a, 0.0195b Low and high P:C ratio (P

quota)

RM d� 1 0.15 Speci�c maintenance
respiration

Microzooplankton parameter estimates are for ciliates (Strobilidium spiralis) according to
Pahlow and Prowe (2010).
aconstant microzooplankton low P:C ratio for the omnivore NNPZ-o con�guration (QP

Z D
0.013 molP molC� 1; Figure 2 ).
bconstant microzooplankton high P:C ratio for the omnivore NNPZ-o-zooQP con�guration
(QP

Z D 0.0195 molP molC� 1).

Additional information on the sensitivity con�gurations with
dino�agellates, specialists and omnivores, and the three trophic
level con�gurations can be found in the electronic supplement
(e.g., Figure S1).

PROCESS REPRESENTATIONS

Bottom-Up Control
In the NNP con�guration, primary production of the
phytoplankton compartment is the only process responsible
for “bottom up” control. The NNP con�guration lacks
phytoplankton mortality, because we do not employ a
zooplankton grazing function representing top-down control.
We modify the phytoplankton parameters within the ranges
given by Pahlow et al. (2013)and include dynamic photo-
acclimation to match the onset of the phytoplankton bloom in
the mesocosms during the �rst 3 days. We employ faster Chl
dynamics (see Appendix in Supplementary Material, Equations
8–10) than inPahlow (2005), which compares better with the
observed initial time-course of Chl and the Chl:C ratio in the
mesocosms.

Top-Down Control: Specialists (Strict
Herbivores or Carnivores) vs. Omnivores
We simulate top-down control in the specialist, strictly
herbivorous, NNPZ-s con�guration by microzooplankton

grazing only on phytoplankton. In the omnivore NNPZ-o
con�gurations we also allow top-down control, hereafter
called intraguild predation, within the microzooplankton
compartment (Figure 2). Intraguild predation is seen in our
model as controphic species predation rather than cannibalism,
since we assume that each microzooplankton compartment
represents many species encompassing a range of sizes (Stav
et al., 2005). We di�erentiate between the NNPZ-s (specialist)
and NNPZ-o (omnivore) con�gurations by means of di�erent
microzooplankton feeding behavior represented by di�erent
prey capture coe�cients (� ) to simulate variations in food
preferences. The preferred food source is associated with
the highest � , i.e., the � according to Pahlow and Prowe
(2010)(Figure 2). We apply lower prey capture coe�cients for
predation within the microzooplankton guild. Owing to a lack
of observations, we pragmatically set� for intraguild predation
to one-half of the� for the next lower trophic level. In this way,
we implicitly split each zooplankton compartment into equal
contributions of intraguild predators and prey.

We focus here on three con�gurations, the NNP and the
two omnivore NNPZ-o with a low P quota and NNPZ-o-
zooQP with a higher P quota (see below). Please consult
the electronic supplement for the description and set-up
of the specialist (herbivore) NNPZ-s and NNPZ-s-zooQP
con�gurations (Figures S2, S3).

MODEL RESULTS

Separation of Bottom-Up and Top-Down
Processes
Bottom-up processes appear to have dominated ecosystem
dynamics during the �rst 3 days of the mesocosm experiments,
providing constraints for our phytoplankton parameters. For the
NNP con�guration, it proved impossible to match the �rst 3 days
of the mesocosm behavior without dramatically overestimating
phytoplankton biomass toward the end of PU1 and PU2, when
the model mesocosms entered the stationary phase (Figures 3, 4,
respectively). Most likely this results from the lack of top-down
control (grazing mortality) of phytoplankton. Thus, predation
losses and nutrient remineralization had a signi�cant impact
on the development of the mesocosm ecosystems. Surprisingly,
phytoplankton N:P nevertheless matches the observations quite
well. Moreover, observed phytoplankton N:P variations of both
PU experiments between treatments are rather minor compared
to variations within treatments (Figures 3C, 4C).

The specialist (herbivore) model con�guration (NNPZ-s)
represents the simplest food-web structure to include top-down
control (Figure 2). In the NNPZ-s con�guration, phytoplankton
declines too rapidly and nutrients rise too high toward the
end of the experiments in all PU1 (Figures S2A1–A3,B1–B3)
and the low-N:P (DIN:DIP< 6) treatments of PU2 (Figures
S3A3,A4,B3,B4). Phytoplankton declines to su�ciently low
concentrations to cause food limitation in the microzooplankton
compartment and microzooplankton biomass is overestimated
toward the end of the low-N:P treatments of PU2 (Figures
S2B2,B3). Microzooplankton is not food limited in the other
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FIGURE 3 | PU1 experiment and NNP model con�guration (Figure 2) : Left y-axes: (A) DIN, (B) phytoplankton POC, and(C) phytoplankton PON:POP ratio;
right y-axes:(A) DIP and(C) phytoplankton Chl:C ratio; units of DIN, DIP, phytoplankton POC are mmol m� 3; phytoplankton PON:POP ratio is given in mol mol� 1,
Chl:C ratio in g mol� 1 and time in days (d); model discontinuities are due to dilutions; observations (marks) are daily averages, where vertical bars indicate the range
between the lowest and the highest measurement of all mesocosms within one treatment.

simulations (ingestion saturation� 1) (Figures S2B3,B4).
Although the microzooplankton biomass in the PU1 experiment
was dominated by dino�agellates, ciliate parameters according
to Pahlow and Prowe (2010)give the best �t of the model
to the data in both experiments (Table 1, Figures 5, 6 and
Figures S2, S3).

The omnivore (NNPZ-o) con�guration yields a fair
reproduction of the phytoplankton biomass (Figures 5B1,
6B) and also matches microzooplankton biomass in all
PU1 simulations (Figure 5B) and in those for the high-N:P
(DIN:DIP > 6) treatments of PU2 (Figures 6B1,B2). Compared
with the NNPZ-s con�guration (Figures S2, S3), model
phytoplankton represents the observations better for the high-
N:P treatments of PU1 (Figure 5B1), while it agrees better for the
low-N:P treatments for PU2 (Figures 6B3,B4). Remineralization
and microzooplankton biomass are overestimated in the low-
N:P treatments of PU2 (Figures 6A3,A4,B3,B4). The NNPZ-o

simulation largely reproduces the observations for inorganic
nutrients, and phytoplankton and zooplankton biomass in the
high-N:P treatments in both experiments (Figures 5A1–B1,
6A1,A2,B1,B2). The model overestimates the Chl:C ratios
for PU1 but those for PU2 appear to be captured quite well
(Figures 5C, 6C). In summary, the NNPZ-o con�guration
appears capable of reproducing the high-N:P but not the
low-N:P treatments of both experiments (Figure 7).

We analyse the sensitivity of our simulations with respect
to variations in the parameters describing N and P subsistence
quotas for phytoplankton and zooplankton N:C and P:C ratios
in an attempt to unravel the causes of the poor �t of the NNPZ-o
simulations to the low N:P treatments. These parameters
determine the stoichiometry of our plankton compartments.
No signi�cant improvement in model performance is achieved
by varying the phytoplankton subsistence quotas or the
microzooplankton N:C ratio. However, when we apply a
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FIGURE 4 | Same as Figure 3, but showing data and ensemble model si mulations for PU2 for the NNP con�guration (Figure 2).

higher microzooplankton P:C ratio (QP
Z set to 0.0195 molP

molC� 1, Table 1) in the NNPZ-o-zooQP con�guration, which
is otherwise the same as the NNPZ-o con�guration, we obtain
the best results for the low-N:P treatments for both PU1
and PU2. Nevertheless, the NNPZ-o-zooQP con�guration
fails to reproduce the high-N:P treatments (Figures 5–7).
Thus, a high QP

Z works for low-N:P but not high-N:P
treatments. We also conduct simulations with more complex
model con�gurations, where we employ two zooplankton
compartments to simulate the ciliate and dino�agellate
communities separately (NNPZZ con�guration, Figure S1).
However, these do not perform better than the NNPZ-o and
NNPZ-o-zooQP con�gurations.

Considering all observations, model con�gurations, and
processes together, the NNPZ-o con�guration with the low
microzooplankton P:C quota best reproduces the high-N:P
treatments, whereas the NNPZ-o-zooQP best reproduces the
low-N:P treatments in both experiments (Figure 7).

DISCUSSION

The shipboard mesocosm experiments analyzed here comprise
twelve mesocosms with three and four treatment levels in
PU1 and PU2, respectively, of which two were initialized with
ambient dissolved inorganic nutrient concentrations (Hauss
et al., 2012). To all other treatments, nitrogen and phosphorus
compounds were added to simulate higher or lower than
ambient DIN:DIP ratios. The microzooplankton community was
dominated by dino�agellates in PU1 and by ciliates in PU2.
While the PU2 mesocosms were “mesozooplankton-free,” two
mesocosms per treatment in PU1 were not (Hauss et al., 2012;
Figure 1). We use several con�gurations of an optimality-based
food-chain model to analyse the in�uence of the functional
composition of the plankton communities in the mesocosms
of both PU experiments (Hauss et al., 2012). The use of
pre-calibrated parameters representing the phytoplankton and
microzooplankton communities allows us to keep the number of
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FIGURE 5 | Effect of different microzooplankton elemental phosp horus quotas. (A–C) Omnivore PU1-NNPZ-o con�guration with lower microzooplankton P:C
quota (QP

Z D 0.013 molP molC� 1); (D–E) omnivore NNPZ—o–zooQP con�guration with higher microzooplankton P:C quota (QP
Z D 0.0195 molP molC� 1) (Table 1

and Figure 2 ); Microzooplankton biomass was initialized with the totalinitial microzooplankton biomass (BMtot) of ciliates and dino�agellates (Figure 2 ). The
microzooplankton compartment is parameterized as ciliates (Strobilidium spiralis). Left y-axes:(A,D) DIN, (B,E) phytoplankton POC and(C,F) phytoplankton
PON:POP ratio; right y-axes:(A,D) DIP, (B,E) (micro)zooplankton POC and(C,F) phytoplankton Chl:C ratio; units as inFigure 3 ; model discontinuities are due to
dilutions; observations (marks) are daily averages, wherevertical bars indicate the range between the lowest and the highest measurement of all mesocosms within
one treatment.
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FIGURE 6 | Same as Figure 5, but showing data and ensemble model si mulations for PU2 for the omnivore NNPZ o and NNPZ-o-zooQP con�gu rations.
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FIGURE 7 | Coef�cient of variation of the root mean square erro r
[CV(RMSE); see Appendix in Supplementary Material, Equation s 14, 15]
of the PU1 and PU2 model simulations, showing the high and low
DIN:DIP treatments for the omnivore NNPZ-o con�guration with l ower
P:C quota (Table 1) and omnivore NNPZ-o-zooQP con�guration w ith
higher microzooplankton P:C quota (Table 1); the CV(RMSE) is
calculated for DIN, DIP, phytoplankton POC (phyto POC), zoop lankton
POC (zoo POC), as well as for the mean of the calculated CV(RMSE) ,
respectively; the high DIN:DIP treatments are better reprod uced by the
omnivore NNPZ-o con�guration (solid ellipse), whereas the l ow
DIN:DIP treatments agree best with the omnivore NNPZ-o-zooQP
con�guration (dashed ellipse); high DIN:DIP represent tre atments with
DIN:DIP ratios above 6, while low DIN:DIP represents treatme nts with
DIN:DIP ratios below 6.

tuning parameters low and facilitates the comparison of di�erent
model con�gurations (Hood et al., 2006).

In the pre-calibrated parameter-sets ofPahlow and Prowe
(2010), the prey capture coe�cients (� ) di�er strongly between
ciliates and dino�agellates (Table 1and Table S1). However, this
di�erence has little e�ect in our simulations as ingestion is always
saturated, except when phytoplankton is greatly underestimated
toward the end of the simulations. Thus, it turns out that,
among the zooplankton parameters, our model is most sensitive
to the maximum ingestion rate (Imax). Hence the main reason
for the better performance of the ciliate parameter sets for the
simulation of the dino�agellate-dominated PU1 experiments is
owing to its higherImax. A range of di�erent Imax was found
for di�erent ciliate species byPahlow and Prowe (2010), but
for parameter calibration the data for only one dino�agellate
species were available toPahlow and Prowe (2010). Taking the
range inImax for ciliate species as an indication for the variability
of this parameter between species within microzooplankton
groups, it would not appear unrealistic to apply the same
Imax for dino�agellates as for ciliates. Consequently, the high

food concentrations in these mesocosm experiments might have
obscured di�erences in foraging strategies between ciliates (low
� ) and dino�agellates (high� ) and therefore allowed both groups
to strive similarly. This could point toward ecological vicariance,
where similar ecological niches can be occupied by di�erent
species at di�erent locations.

Minimum Requirements to Model the PU1
and PU2 Experiments
The NNP con�guration does not describe phytoplankton
mortality. Addition of the microzooplankton compartment
in NNPZ-s and NNPZ-o introduces top-down control and
thus balances phytoplankton growth (bottom-up control).
The suppression of phytoplankton and overestimation of
remineralization in the specialist (NNPZ-s) simulations of the
low-N:P (DIN:DIP < 6) treatments prompted us to investigate
further possible top-down controls within the microzooplankton
community. Intraguild predation in the omnivore (NNPZ-o)
con�guration does indeed control microzooplankton growth.
We conclude that at least two trophic levels and omnivory are
needed in our model to reproduce the observed behavior of the
mesocosm plankton communities.

Question 1: Does Phytoplankton Food Quality Shape
the Microzooplankton Community Structure?
We expected initially that the variable phytoplankton
stoichiometry would generate variations in food quality in
terms of phytoplankton N:P ratio which could explain the
di�erences of e.g., nutrient drawdown, remineralization, and
microzooplankton growth between the high- and low-N:P
treatments in the PU1 and PU2 experiments. This expectation
was founded on the assumption that di�erences between
phytoplankton and zooplankton C:N:P stoichiometry a�ect
the assimilation e�ciency, and hence growth, of the grazers
(Kiørboe, 1989). The model achieves a relatively good agreement
between simulated and observed N:P ratios of phytoplankton in
all con�gurations. Thus, optimal acclimation might at least partly
explain the phytoplankton N:P variations in both experiments
(Figures 3–6). However, di�erences in phytoplankton N:P ratios
between treatments are smaller than variations within treatments
and too weak to explain the di�erential development of the
di�erent treatments. The observed phytoplankton N:P also
does not simply follow the initial ambient DIN:DIP of the PU1
and PU2 experiments. Next, we consider the hypothesis that
phytoplankton stoichiometry varied also due to the presence
of di�erent phytoplankton species (with di�erent N and P
subsistence quotas,QN

0 and QP
0, respectively) in the di�erent

treatments, because, in addition to physiological acclimation,
phytoplankton N:P also depends onQN

0 and QP
0. IncreasingQN

0
does reduce the overestimation of �nal phytoplankton biomass
but at the expense of slowing down initial phytoplankton growth
(not shown).

Apparently, variations in phytoplankton elemental
stoichiometry are insu�cient to explain the di�erential
behavior of the high- and low-N:P treatments. We thus examine
the hypothesis that zooplankton stoichiometry could have
varied between treatments and might have had major e�ects on
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community composition, as well as nutrient remineralization,
which lead us to the question:

Question 2: How Plastic is Zooplankton Elemental
Stoichiometry?
Variations C:N:P stoichiometry have been reported for
microzooplankton (e.g.,Meunier et al., 2012a; Grover and
Chrzanowski, 2006) and for mesozooplankton (Urabe et al.,
2002b; DeMott and Pape, 2005; Ferrao et al., 2007; Iwabuchi
and Urabe, 2012b). Di�erences in elemental stoichiometry
within or between the di�erent trophic levels might help
elucidate ecological interactions during food-web successions
(Plath and Boersma, 2001; Sterner and Elser, 2002; Grover
and Chrzanowski, 2006; Sterner et al., 2008; Meunier et al.,
2012a,b; Litchman et al., 2013). We therefore examine our
second hypothesis by varying the microzooplankton N:C
and P:C ratios (QN

Z and QP
Z), representing the nitrogen and

phosphorus requirements of the higher trophic levels (Table 1).
The P:C ratios applied in these simulations are higher than those
observed byMeunier et al. (2012a), but within the range reported
by Grover and Chrzanowski (2006). In these experiments, we
keep the microzooplankton C:N:P ratios temporally constant
over the whole time course of the experiments. While variations
in microzooplankton N:C lead to no improvement in model
performance, raising their P:C ratio succeeds in reducing the
discrepancies between model and observations in the low-N:P
treatments for both PU1 and PU2. One explanation might be that
P was always abundant in the low-N:P mesocosm treatments,
contrary to N, yet the model tends to underestimate the decline
in DIP in the low-N:P treatments. A higher phytoplankton P:C
via a higherQP

0 cannot resolve this problem, as it also intensi�es P
regeneration via P excretion from the zooplankton. A higherQP

0
also reduces phytoplankton N:P, contrary to the observationsin
the low-N:P treatments. Thus, a higherQP

Z essentially increases
the amount of P stored in the zooplankton compartment
and thus helps explain the DIP decline in the low-N:P
treatments.

Variable Nutrient Stoichiometry and Its
Effects on Microzooplankton
For both PU1 and PU2 it proves impossible to reproduce
with just one microzooplankton P:C ratio (QP

Z) the high- and
low-N:P treatments at the same time (Figure 7 and Appendix
in Supplementary Material, Equations 14, 15). The high-
N:P treatments agree better with a lower microzooplankton
QP

Z (NNPZ-o con�guration), whereas the low-N:P treatments
agree better with a higher microzooplanktonQP

Z (NNPZ-o-
zooQP con�guration) (Figure 7). Thus, we hypothesize a �exible
elemental composition of the microzooplankton.

Flexible microzooplankton stoichiometry might compensate
partly for low food quality in terms of C:N:P composition
of the prey. At �rst sight, our results seem to indicate
a relationship between external nutrient stoichiometry and
microzooplankton internal elemental composition. If the initial
inorganic DIN:DIP ratio is high, microzooplankton with a
lower P:C ratio likely grow better, although phytoplankton

N:P and P:C do not di�er strongly (Figure 8). In all (NNPZ-
o and NNPZ-o-zooQP) simulations for both PU1 and PU2,
phytoplankton N:C showed a much clearer relation than N:P
or P:C to the low- and high-N:P treatments (Figure 8): In
the �rst 2 days of our model simulations, phytoplankton N:C
ratios develop in groups according to the initial DIN:DIP
ratio (Figure 8), implying a distinction in phytoplankton food
quality in terms of N:C, rather than N:P, between the high-
and low-N:P treatments. While the observed phytoplankton N:C
ratios shown inFigure 8 do not reveal such a clear separation
according to the initial DIN:DIP ratio, they mostly agree with
our model simulations, except during the second half of the
PU2 experiments (Figure 8). Neglecting detritus, which was not
quanti�ed in the original mesocosm experiments, might have
caused some of this discrepancy. Part of this discrepancy might
also be due to the fact that in our model the microzooplankton
C:N:P stoichiometry was temporally constant, and thus cannot

FIGURE 8 | Food quality in terms of N:P, P:C, or N:C ratios for the PU1
(A1–C1) and PU2 (A2–C2) omnivore NNPZ-o and NNPZ-o-zooQP model
con�gurations: (A) phytoplankton PON:POP ratio,(B) phytoplankton
POP:POC ratio and(C) phytoplankton PON:POC ratio; solid and dashed lines
represent model results, circles are observations; units are mol mol� 1 for N:P,
P:C and N:C ratios; high represent treatments with DIN:DIP ratios above 6,
while low represents treatments with N:P ratios below 6;(A1–A2): horizontal
dashed-dotted lines show zooplankton N:P� 16, whereas horizontal dotted
lines show zooplankton N:P� 10; observations (marks) are daily averages,
where vertical dashed and solid bars indicate the range between the lowest
and the highest measurement of all mesocosms within one treatment.
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adjust in response to changes in phytoplankton food quality
during the model simulations.

In Meunier et al. (2012b)selection experiments, the
microzooplankton P:C ratio was also higher when the
phytoplankton N:C ratio was lower and vice versa (their
Table 4). We thus hypothesize that microzooplankton adjust
their internal P:C ratio in response to food quality in terms of
prey N:C ratio. Thus, di�erences in phytoplankton N:C ratios
during the �rst days of the experiments could have served as
the signal to which the microzooplankton P:C ratio responded
(Figure 8C).

Question 3: Variable Microzooplankton Community
Composition or Physiological Plasticity?
Our hypothesized variability of the microzooplankton P:C
ratio may have been caused by either (a) di�erent dominant
species in the (multi-species) microzooplankton compartment or
(b) physiological acclimation and regulation within individual
microzooplankton species.

Within each of PU1 and PU2, all mesocosms were initialized
identically, except that mesozooplankton was not removed
from half of the PU1 mesocosms. Hence we expected similar
initial nutrient conditions and plankton assemblages in all
mesocosms prior to the nutrient enrichments.Hauss et al.
(2012)did not distinguish between mesocosms with and without
mesozooplankton in PU1, because they observed no signi�cant
di�erences in the nutrient drawdown. However, the individual
plankton taxa in PU1 were a�ected by the di�erent nutrient
treatments and the presence or absence of mesozooplankton
(Hauss et al., 2012). Dino�agellate biomass dominated the
microzooplankton community in PU1 and was approximately 10
fold higher than in PU2. In PU2, ciliate biomass was dominant
and approximately �ve times higher than in PU1. Diatom
biomass in PU2 exceeded that in PU1 approximately �ve fold
as well (Hauss et al., 2012). In the high-N:P treatment of PU1,
only two of the diatom species responded positively to P addition,
whereas no signi�cant shift in community composition between
individual mesocosms was found in PU2 (Hauss et al., 2012).
Hence, it appears unlikely, albeit not impossible, that di�erent
microzooplankton communities developed in the di�erent
treatments. Although changes in the PU2 microzooplankton

community composition cannot be ruled out, the most likely
explanation thus appears to be a physiological regulation of
the P:C ratio within individuals. Our study thus emphasizes
the importance of microzooplankton stoichiometric plasticity in
response to changes in elemental composition of food. In other
words, “If you live in a nutrient-rich environment and feed on
high quality food (P-enriched), you can set your general living
standard (here P-quota) to a higher level.”
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