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

Keywords: microzooplankton stoichiometric plasticity, opt
modeling, intraguild predation, trophic structure, Peruvi

imality-based plankton ecosystem model, trait-based
an Upwelling

INTRODUCTION

Cell quotas (N:C and P:C ratios) in phytoplankton are exibladavary in response to the
availability and stoichiometry of ambient inorganic nunts Quigg et al., 2003; Klausmeier
et al., 2008; Finkel et al., 2Q1¥ariable phytoplankton elemental composition is often presd
to propagate across trophic levels in the food chdifit(a and Flynn, 2007; Malzahn et al.,
2010; Iwabuchi and Urabe, 2012b; Meunier et al., 2D18wichiometric plasticity in (meso-)
zooplankton seems to be both narrower and more complex than irtggiginkton (Sterner and
Elser, 2002; Urabe et al., 2002a,b; lwabuchi and Urabe, B0B&uki-Ohno et al., 2012; Hessen
et al., 2018 However, most evidence is from marine zooplankton labamatcultures and eld
data on stoichiometric variations in freshwater zooplankte.g.,Daphniaphosphorus content
and its variation in response to resource phosphorus-to-carffC) ratios DeMott and Pape,
2005. Contrary to an earlier study byndersen and Hessen (199DeMott and Pape (2005)
show substantial declines in zooplankton P-content wherlifege on low P:C resources. Very
little is known about the stoichiometric plasticity of magmicrozooplankton, bul/ieunier et al.
(2012a)reported variable stoichiometry in a marine dino agellate evhfeeding on algal cultures
of di erent concentration and elemental composition.
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Physical and biogeochemical processes shape the environmeidnkton ecosystem. Thus, we set out to analyse the mesocosm
of marine ecosystems. In particular, ambient inorganic farit  observations with our optimality-based NPZ model in order to
stoichiometry can vary substantially. In the vicinity of upling  elucidate the response of di erent ecosystem components to the
regions oxygen can become exhausted as a result of poosdfoichiometry of the inorganic nutrient supply.
ventilated intermediate-depth waters, elevated primary We simulate physiological processes, e.g., nutrient uptake
production due to nutrient-rich upwelled coastal waters,and remineralization, in marine plankton by combining
and subsequent remineralization of the sinking organicterat the optimality-based chain model (OCM) for phytoplankton
These areas are known as oxygen minimum zones (OMZs{Pahlow et al., 20)3 with the optimal current feeding
de ned by oxygen concentrations less thanr@@ol L 1 at model (OCF) for zooplankton Hahlow and Prowe, 20).0
depths between 100 and 900 m%tramma et al., 20080MZs  These optimality-based physiological regulatory models d@sscr
strongly in uence the marine biogeochemical cycles of carb nutrient, phytoplankton, and zooplankton community dynamics
(C), nitrogen (N), and phosphorus (P) and therefore primaryin terms of generic trade-o s. The trade-o0 s among resource
production (Deutsch et al., 2007; Landol et al., 201®MZs acquisition (nutrient uptake, C® xation, or ingestion),
are sites of denitri cation and anaerobic ammonium oxidati excretion and respiration are derived from the condition tha
(anammox), the major xed-nitrogen-loss processesintlabgl each resource unit (nutrient or energy) can be used only
ocean Helly and Levin, 2004; Galan et al., 2D09nder anoxic for one task at any given point in time. This constrains the
conditions, phosphate can disassociate from iron hydroxidesiaximum achievable rates of resource acquisition and drowt
at the sea oor (ngall and Jahnke, 1994nd P released from of the organisms. Thus, the model describes physiological
microorganisms in the sediment and overlying water may causeegulation at the whole-organism levebrqith et al., 2001
elevated P levels in the water columBgldhammer et al., 2010; rather than the underlying biochemistry. The additional
Brock and Schulz-Vogt, 2011; No ke et al., 2012 constraints obtained from the generic trade-os reduce the

All of these physical and biological processes shift theaumber of parameters to be determined for model calibration
dissolved inorganic N:P ratio below the canonical Red eldaat (Pahlow et al., 20)3 These approaches, together with the
of 16 (Red eld, 193%. In the coastal upwelling region o Peru, use of pre-calibrated parameter sets for the OCF, allow us
nutrient-rich water masses with N:P ratios much lower thanto keep the number of tuning-parameters lowAr({derson,

16 are upwelled to the surface, which may aect plankton2009.

community composition {errera and Escribano, 2006-ranz Our initial hypothesis was that the dierent nutrient

et al. (2012bpbserved a shift in phytoplankton communities o enrichments of the mesocosms might have caused changes
the Peruvian coast from large diatoms in upwelled waters witlin the food quality in terms of elemental composition of
N:P ratios much lower than 16, to small picoplankton groupsphytoplankton. These variations in elemental compositionldou
further o shore where dissolved inorganic N:P ratios aresed have been passed on directly to higher trophic levels of the
to 16. food web, potentially a ecting both zooplankton growth and

It is di cult, if not impossible, to follow simultaneously ta  stoichiometry. In our model, the OCM simulates dynamic
development of natural plankton communities and associateghytoplankton stoichiometry and the OCF represents di erent
biogeochemical processes in the eld. A means to overconge thfeeding strategies in higher trophic levels (zooplankton)e W
problem is the use of mesocosms to observe natural planktaius address this hypothesis with our model, in an attempt to
communities under de ned conditions in enclosed or semi-capture the di erences in elemental composition and community
enclosed environmentsR(ebesell et al., 2008; Wohlers et al.structure of the food web in both (PU1 and PU2) mesocosm
2009. The ability to control conditions and obtain observat®n experiments.
with a high temporal resolution makes mesocosm experiments Phytoplankton and microzooplankton compartments in
an attractive tool for monitoring plankton community struste  our model can each be seen as a guikbdt, 196). Our
over time and for developing and testing plankton ecosystermicrozooplankton guild mainly consists of two taxonomic
models {/allino, 2000; Schartau et al., 2007; Lewandowska argtoups, dino agellates and ciliates. Both groups can potéptia
Sommer, 2010 utilize the same food resources, including members of thein

We develop an optimality-based nutrient-phytoplankton- group. Polis et al. (1989introduced this concept as intraguild
zooplankton (NPZ) ecosystem model and analyse time-serigsedation Polis and Holt, 1992; Pitchford, 1998; Mitra, 2009
observations of two shipboard mesocosm experiments in th&/e investigate the role of trophic complexity by using model
Peruvian Upwelling (PU) region (PU1 and PURranz et al., con gurations with either one generic microzooplankton
2012b, 2013a,b; Hauss et al., 20ERanz et al. (2012&uggested compartment, representing the whole microzooplankton
that nitrogen supply is primarily driving the production and community, or two compartments representing ciliates and
accumulation of organic matter in the Peruvian upwellingiceg ~ dino agellates separately. We consider microzooplankton as
with no clear relation to the ambient N:P ratio. Moreovelauss  either specialists (strict herbivores/carnivores) or ovames,
et al. (2012)found that PU1 and PU2 were characterized bywith or without intraguild predation, in order to elucidate eats
di erent microzooplankton communities: PU1 was dominated of di erent foraging strategies and food preferences.
by dino agellates and PU2 by ciliates. However, the mesocosm Our model analysis addresses the following questions
data alone cannot explain the e ects of dierent inorganic arising from the mesocosm studies éfanz et al. (2012b)
N:P supply ratios on the composition of and processes in thand Hauss et al. (2012)1) How were the di erent nutrient
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treatments associated with bottom-up and top-down processemoplankton compartments have constant C:N:P ratios (see
among the mesocosm treatments? (2) Could patterns okppendix in Supplementary Material, Equations 11-13, and
food preferences or foraging strategies explain the observ&able 1).

dierences in the two mesocosm experiments between For the phytoplankton compartment, we employ the OCM
and within the mesocosm treatments? (3) How many(Pahlow et al., 2008, 2013; Pahlow and Oschlies,)20i3he
trophic levels does the model require to match observe®CM, the phytoplankton phosphorus quota EQde ned as the
patterns in the mesocosms? (4) How important was foodP:C ratio) is limiting nitrogen assimilation and the nitreg
quality for microzooplankton? (5) Were the eects of quota (q;‘,the N:C ratio) controls nutrient uptake and carbon-
nutrient stoichiometry related to the observed ecologicalxation. Thus, both N and P always colimit growth in the OCM.
vicariance (niche substitution) of microzooplankton in The OCM explicitly represents light and dark respiration by
the two mesocosm experiments in the Peruvian Upwellindight-dependent and light-independent respiration terms.r Fo

region? simplicity, we do not simulate a diurnal light cycle, but miply
daytime photosynthesis and light-dependent (but not dark)
OBSERVATIONS AND MODEL respiration with the day-length (0.5).
The OCM is coupled to the optimal current-feeding
Mesocosm Experiments model for zooplankton (OCF,Pahlow and Prowe, 20).0

Two short-term mesocosm experiments (PUl and PU2The OCF is built on trade-os among foraging activity,
Figure 1) with in situ plankton communities from the Peruvian assimilation e ciency and respiration. We employ unaltered
coastal upwelling region were monitored in 12 shipboardpre-calibrated parameter sets Bahlow and Prowe (201Gp
mesocosms during the M77/3 cruise o Perlrrénz et al., represent ciliate and dino agellate behavior. The only exaepti
2012b, 2013a,b; Hauss et al., 20The objectives of the PU1 is the prey capture coe cient (), which is reduced for
and PU2 mesocosm studies were to identify the in uence ofion-preferred prey in order to mimic preferential feeding
inorganic nutrient concentrations and ratios on the deymteent  (see below). We assume temporally constant (homeostatic)
of plankton biomass and community composition acrossmicrozooplankton elemental stoichiometry. Thus, the exdeés
trophic levels in the Peruvian Upwelling regiofrr@nz et al., N, or P, which cannot be assimilated, is excreted in dissblve
2012a,b, 2013a,b; Hauss et al., 20P¥1 consisted of three form (Kigrboe et al., 1996 To reduce model complexity
nutrient treatments: An unenriched control with ambient we do not dierentiate between excretion and egestion of
nutrient concentrations (N:PD 3.4), an enrichment with particulate matter. The excretion terms for C, N, and P are
high (N:P D 20) and an enrichment with low (N:@D 2.8) given by the dierence between ingestion and assimilation,
dissolved inorganic N:P ratiofigure 1). PU2 had four nutrient  corresponding to the di erence between the variable elementa
treatments: Two high-N:P treatments (NBP16 and 8) and two C:N:P ratio of the prey and the prede ned constant elemental
low-N:P treatments (N:FD 5 in the unamended control and C:N:P ratio of the microzooplankton compartments (see
2.5) Figure 1). All mesocosms were covered with a shading nefppendix in Supplementary Material, Equations 11-13, and
to achieve 30% of the ambient light intensity=(gure 1). The  Table 1).

initial water samples obtained from Niskin bottles mounted o We use observations from the PU1 and PU2 shipboard
a CTD were ltered (pre-screened) through a 28 mesh mesocosm experiments of the M77/3 cruiSeanz et al., 2012b,
to remove mesozooplankton from all mesocosms of PU2 an@d013a,b; Hauss et al., 2)1@ determine the initial conditions
from two mesocosms per treatment of PUl. AsHiauss et al. for the model-setup and to assess model performance for
(2012) we do not distinguish between mesocosms with andhe duration of the experiments. Dissolved inorganic nitag
without mesozooplankton. However, the microzooplanktonand phosphorus (DIN and DIP, respectively) represent all
community was dominated by dino agellates in PU1 and bydissolved nitrogen and phosphorus compounds available to
ciliates in PU2. All mesocosms were restocked withn® Itered ~ phytoplankton. For simplicity we do not address the dissolved
ambient surface seawater on days 3 and 5 of the experimentgganic matter (DOM) pool, since there are no clear trends in
due to the large amounts of water required for samplingDOM concentrations throughout the experimentsranz et al.,
(Figure 1, Franz et al., 2012a,b, 2013a,@race metal and 2012b, 2013p Initial phytoplankton C, N, P are calculated
silicate compounds were added to avoid trace metal and t@licafrom (averaged) observed POC, PON, POP concentrations
limitation at the start of each experiment, and also on day 5 iFranz et al., 2012b, 2013a,b; Hauss et al.,)2@icm which

PU2 only. we subtract the (averaged) observed dino agellate, cjliate
and bacterial biomasses multiplied with assumed zooplankton
Model Setup and bacterial N:C and P:C ratios,}Q QF, Q7, and G,

Our optimality-based food-chain model de nes up to threerespectively. Assumedgband QE are given inTable 1 We
trophic levels, representing dissolved inorganic nutrientapply the same N:C and P:C ratios to bacterizhizanowski
(NN), phytoplankton (P), and one or two zooplankton and Grover, 2008; Pahlow et al., 2008; Zimmerman et al.,
compartments (Z) Figure 2andFigure SJ. The phytoplankton 20149, which are only used for the calculation of the initial
compartment is represented by 4 state variables allowinghytoplankton C, N, P in this study. Thus, our initial
for dynamic C:N:P:Chlorophyll (Chl) ratios (see Appendix phytoplankton PON and POP concentrations vary slightly
in Supplementary Material, Equations 3-10), whereas thbetween the dierent simulations of the same mesocosms,
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X Mesocosm failed early in the experiments

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 nuignt drawdown were observed between mesocosms with and witbut mesozooplankton Eranz et al., 2012b,
2013a,b; Hauss et al., 2012. HIGH represents treatments with DIN:DIP ratios above 6, whiLOW represents treatments with DIN:DIP ratios below 6.

depending on the assumed zooplankton and bacterial N:C anWlodel Con gurations and Calibration
P:C ratios. Di erent assumptions represented by the model structure about
We initialize our model with observations for the rstdaydy  the trophic interactions and stoichiometry might result in
0) for PU1 and data for the second day (day 1) for PU2, due tdli erent interpretations of the observations of both mesocosm
the lack of initial POC, PON, and POP measurements for PU2experiments. To test our assumptions we therefore set up
We account for initial (day 1) di erences between individual several model con gurationdgure 2) to simulate conceptually
mesocosms within each treatment of PU2a(iss et al., 20)2 possible food web interactions in the two mesocosm experiments.
with three ensemble simulations for each treatment. Our PUThe di erent model con gurations di er in model complexity
and PU2 model simulations are all run for 7 days. in terms of the number of trophic levels resolved and/or the
We simulate the restocking of the mesocosms of bothrophic strategies of the microzooplankton community, as well
experiments by adding DIN and DIP, according to theas zooplankton stoichiometry.
concentrations and mixing ratios of the restocking medium At rst we apply the (OCM) for phytoplankton Pahlow
indicated inFigure 1on days 3 and 5 of both experimentsrénz et al., 201Band two nutrients (NN), DIN and DIP. This model
et al., 2012b, 2013a,b; Hauss et al., 0AR remaining model con guration with only one trophic level helps us to nd out
compartments are multiplied with dilution factors, i.e., tretgio  whether bottom-up control alone could explain the development
of the actual mesocosm water volume before restocking dneer t of nutrients and phytoplankton.
total (restocked) mesocosm water volumg; (f D Av:ly). We investigate the e ects of top-down control with the
We assume that the restocking medium nf@- Itered (OCF) for zooplankton Pahlow and Prowe, 20)0where
ambient surface seawater) contained only water and indoganwe progressively increase the number of trophic levels by
nutrients, since no zooplankton or phytoplankton counts wererepresenting nutrients, (NN), phytoplankton (P) and up to
performed. two microzooplankton types, Z1 and ZFigure 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 “-0” 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 fZ.

Since the microzooplankton community in the mesocosmsand P requirements of higher trophic levels by applying a wide

was identi ed as comprising ciliate and dino agellate spscie range of elemental microzooplankton N and P quotas (N:C and

(Hauss et al., 20)2the foraging strategies in our model are P:C ratios, respectively). The su x “-zooQP” in the con gufah

de ned by the dino agellate and ciliate parameter sefslilow name indicates that we applied a higher microzooplankton P

and Prowe, 2010Table 1 and Table S1). In all simulations of quota.

each of the dierent model con gurations we use the same These dierent model con gurations are designed (1) to

pre-calibrated parameter set for all treatments and vary onlgetermine the minimum trophic levels of the model structure

the initial conditions of our state variables (see Appendixequired to match observed patterns in the mesocosms, and (2)

in Supplementary Material, Equations 1-7), according to theo investigate the e ects of nutrient stoichiometry, reldt® the

corresponding mesocosm observations as described above.dbserved niche substitution of microzooplankton between PU1

this study we analyse both specialist (strictly herbivorous and PU2.

carnivorous) and omnivorous feeding of microzooplankton

(Figure 2 and Figure S2), to nd out whether patterns of food Model Complexity

preferences or foraging strategies could explain the obderv&he simplest (NNP) con guration contains only the nutrient

dierences in the two mesocosm experiments between an@NN) and phytoplankton (P) compartments and has 6

within the mesocosm treatments. state variables (see Appendix in Supplementary Material,
Furthermore, we consider stoichiometric plasticity of theEquations 1-6 andFigure 2. The intermediate (NNPZ)

microzooplankton community as a possible physiologicaton guration contains a second trophic level (one additibna

response to changes in food quality. Therefore, we imitateNh  state variable), the zooplankton guild (Equation 7 digure 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

Ao m3 mmol 1d 1

a molm2 E 1 (gchl)
QY molN molC 1

Qf molP molC 1

chl molC (g Chl) 1

N molIN molC 1

0.15
0.9
0.07
0.0019
0.5
0.6
5

0.3

0.3
5
0.24
0.2
0.0132, 0.0195P

Vo mol molC 1
MICROZOOPLANKTON PARAMETERS
Ca -
Ct -
Imax d?
m3 mmolC 1
ol molN molC 1
o molP molC 1
Ru d 1!

0.15

Nutrient af nity

Light absorption coef cient
N subsistence quota

P subsistence quota

Cost of photosynthesis
Cost of DIN uptake
Maximum rate parameter

Cost of assimilation
coef cient

Cost of foraging coef cient
Max. speci ¢ ingestion rate
Prey capture coef cient
N:C ratio (N quota)

Low and high P:C ratio (P
quota)

Speci ¢ maintenance
respiration

Microzooplankton parameter estimates are for ciliates (Strobilidiunpsalis) according to

Pahlow and Prowe (2010)

aconstant microzooplankton low P:C ratio for the omnivore NNPZ-o corguration (QZ D

0.013 molP molC 1; Figure 2).

bconstant microzooplankton high P:C ratio for the omnivore NNPZ-0-zooPcon guration

(Q; D 0.0195 molP molC 1).

Additional information on the sensitivity con gurations ith
dino agellates, specialists and omnivores, and the threphic

grazing only on phytoplankton. In the omnivore NNPZ-o0
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 §izes (
et al., 200p We di erentiate between the NNPZ-s (specialist)
and NNPZ-o (omnivore) con gurations by means of di erent
microzooplankton feeding behavior represented by dierent
prey capture coe cients () to simulate variations in food
preferences. The preferred food source is associated with
the highest , i.e., the according toPahlow 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 sefor 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,

level con gurations can be found in the electronic supplementyroyiding constraints for our phytoplankton parameters. Foeth

(e.g., Figure S1).

PROCESS REPRESENTATIONS

Bottom-Up Control

NNP con guration, it proved impossible to match the rst 3 days
of the mesocosm behavior without dramatically overestintat
phytoplankton biomass toward the end of PU1 and PU2, when
the model mesocosms entered the stationary pheggites 3 4,
respectively). Most likely this results from the lack of top-aow

In the NNP con guration, primary production of the control (grazing mortality) of phytoplankton. Thus, predatio
phytoplankton compartment is the only process responsiblgysses and nutrient remineralization had a signi cant impac
for “bottom up” control. The NNP conguration lacks gn the development of the mesocosm ecosystems. Surprisingly,
phytoplankton mortality, because we do not employ aphytoplankton N:P nevertheless matches the observatiorts qui
zooplankton grazing function representing top-down control.\ye||. Moreover, observed phytoplankton N:P variations of both
We modify the phytoplankton parameters within the rangespy experiments between treatments are rather minor compared

given by Pahlow et al. (2013and include dynamic photo-
acclimation to match the onset of the phytoplankton bloom in

to variations within treatmentsKigures 3G 4C).
The specialist (herbivore) model con guration (NNPZ-s)

the mesocosms during the rst 3 days. We employ faster Chjepresents the simplest food-web structure to include topdow
dynamics (see Appendix in Supplementary Material, Equationgontrol (Figure 2). In the NNPZ-s con guration, phytoplankton
8-10) than inPahlow (2005)which compares better with the geclines too rapidly and nutrients rise too high toward the
observed initial time-course of Chl and the Chl:C ratio ireth ang of the experiments in all PUL (Figures S2A1-A3,B1-B3)

mesocosms.

Top-Down Control: Specialists (Strict

Herbivores or Carnivores) vs. Omnivores
We simulate top-down control in the specialist, strictly toward the end of the low-N:P treatments of PU2 (Figures

herbivorous,

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 microzoogtéon
compartment and microzooplankton biomass is overestimated

NNPZ-s con guration by microzooplankton 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 ©C are mmol m 3; phytoplankton PON:POP ratio is given in mol molt,
Chl:C ratio in g mol 1 and time in days (d); model discontinuities are due to diluths; observations (marks) are daily averages, where vericbars indicate the range
between the lowest and the highest measurement of all mesocgms within one treatment.

simulations (ingestion saturation 1) (Figures S2B3,B4). simulation largely reproduces the observations for inoigan
Although the microzooplankton biomass in the PU1 experimentutrients, and phytoplankton and zooplankton biomass in the
was dominated by dino agellates, ciliate parameters adogrd high-N:P treatments in both experimentsigures 5A1-B1
to Pahlow and Prowe (2010give the best t of the model 6A1,A2,B1,B3. The model overestimates the Chl:C ratios
to the data in both experimentsTéble 1, Figures5 6 and for PU1 but those for PU2 appear to be captured quite well
Figures S2, S3). (Figures 5G 6C). In summary, the NNPZ-o0 con guration
The omnivore (NNPZ-0) con guration yields a fair appears capable of reproducing the high-N:P but not the
reproduction of the phytoplankton biomassFigures5B1  low-N:P treatments of both experimentSigure 7).
6B) and also matches microzooplankton biomass in all We analyse the sensitivity of our simulations with respect
PU1 simulations Figure 5B) and in those for the high-N:P to variations in the parameters describing N and P subsistence
(DIN:DIP > 6) treatments of PU2Kigures 6B1,B2. Compared quotas for phytoplankton and zooplankton N:C and P:C ratios
with the NNPZ-s con guration (Figures S2, S3), modelin an attempt to unravel the causes of the poor t of the NNPZ-0
phytoplankton represents the observations better for the highsimulations to the low N:P treatments. These parameters
N:P treatments of PUIRigure 5BJ), while it agrees better for the determine the stoichiometry of our plankton compartments.
low-N:P treatments for PUZHigures 6B3,B4. Remineralization No signi cant improvement in model performance is achieved
and microzooplankton biomass are overestimated in the lowby varying the phytoplankton subsistence quotas or the
N:P treatments of PU2Rigures 6A3,A4,B3,BA The NNPZ-0 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 ratioQf set to 0.0195molP DISCUSSION
molC 1, Table 1) in the NNPZ-0-zooQP con guration, which
is otherwise the same as the NNPZ-o0 con guration, we obtainThe shipboard mesocosm experiments analyzed here comprise
the best results for the low-N:P treatments for both PUltwelve mesocosms with three and four treatment levels in
and PU2. Nevertheless, the NNPZ-0-zooQP con gurationPUl and PU2, respectively, of which two were initialized with
fails to reproduce the high-N:P treatmentsFigures 5-7). ambient dissolved inorganic nutrient concentrationslaliss
Thus, a high QE works for low-N:P but not high-N:P et al., 201 To all other treatments, nitrogen and phosphorus
treatments. We also conduct simulations with more complexcompounds were added to simulate higher or lower than
model con gurations, where we employ two zooplanktonambient DIN:DIP ratios. The microzooplankton community was
compartments to simulate the ciliate and dino agellatedominated by dino agellates in PU1 and by ciliates in PU2.
communities separately (NNPZZ con guration, Figure S1).While the PU2 mesocosms were “mesozooplankton-free,” two
However, these do not perform better than the NNPZ-o andmesocosms per treatment in PU1 were nbfa(ss et al., 2012
NNPZ-0-zooQP con gurations. Figure 1). We use several con gurations of an optimality-based
Considering all observations, model con gurations, andfood-chain model to analyse the in uence of the functional
processes together, the NNPZ-o con guration with the lowcomposition of the plankton communities in the mesocosms
microzooplankton P:C quota best reproduces the high-N:Rf both PU experiments Hauss et al., 20)2 The use of
treatments, whereas the NNPZ-0-zooQP best reproduces thge-calibrated parameters representing the phytoplankton and
low-N:P treatments in both experimentBigure 7). microzooplankton communities allows us to keep the number of
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FIGURE 5 | Effect of different microzooplankton elemental phosp
quota Q5 D 0.013 molP molC 1); (D-E) omnivore NNPZ—0~z00QP con guration with higher microzoopinkton P:C quota Q5 D 0.0195 molP molC 1) (Table 1
and Figure 2); Microzooplankton biomass was initialized with the totahitial microzooplankton biomass (BMtot) of ciliates andido agellates (Figure 2). The
microzooplankton compartment is parameterized as ciliate (Strobilidium spiralig. 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 andC,F) phytoplankton Chl:C ratio; units as inFigure 3; model discontinuities are due to
dilutions; observations (marks) are daily averages, whekertical bars indicate the range between the lowest and theighest measurement of all mesocosms within
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horus quotas. (A—C) Omnivore PU1-NNPZ-o con guration with lower microzooplankon P:C
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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-0-zooQP con gu rations.
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food concentrations in these mesocosm experiments might have
obscured di erences in foraging strategies between c#iéitev

) and dino agellates (high ) and therefore allowed both groups
to strive similarly. This could point toward ecological viizarce,
where similar ecological niches can be occupied by dierent
species at di erent locations.

Minimum Requirements to Model the PU1

and PU2 Experiments

The NNP conguration 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 microzooplankto
community. Intraguild predation in the omnivore (NNPZ-0)
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

FIGURE 7 | Coef cient of variation of the root mean square erro r

[CV(RMSE); see Appendix in Supplementary Material, Equation s 14, 15] the Microzooplankton Community Structure?
of the PU1 and PU2 model simulations, showing the high and low We expected initially that the variable phytoplankton
E'Q:D'Pt”‘?”;‘f”;j f°’dthe °‘T‘”'V°LTN’\|‘3’\Z'PZ'° Cgfl‘jg“ra“on ";{'th' ‘?t"r:’ef stoichiometry would generate variations in food quality in

:C quota (lable ana omnivore -0-Z00 con guration w I . - - -
higher microzooplankton P:C quota (Table 1); the CV(RMSE) is te_rms of ph¥toplankton_ N:P ratio which Cpum ngp!am the
calculated for DIN, DIP, phytoplankton POC (phyto POC), zoop  lankton d|.erences of e.g., nutrient drawdown, remlnera izatiomda
POC (zoo POC), as well as for the mean of the calculated CV(RMSE) microzooplankton growth between the high- and low-N:P
respectively; the high DIN:DIP treatments are better reprod  uced by the treatments in the PU1 and PU2 experiments. This expectation
omnivore NNPZ-o con guration (splld eIIlpse)_,whereas the | ow was founded on the assumption that dierences between
DIN:DIP treatments agree best with the omnivore NNPZ-0-zooQP h lankton and z lankton C:N:P stoichiometr t
con guration (dashed ellipse); high DIN:DIP represent tre atments with p yt0p a . 0. a . oopla 0 o stoichiometry aec
DIN:DIP ratios above 6, while low DIN:DIP represents treatme nts with th? assimilation e ciency, anq hence grO_Wth1 of the grazers
DIN:DIP ratios below 6. (Kigrboe, 1980 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 leastiha
tuning parameters low and facilitates the comparison of dimtre explain the phytoplankton N:P variations in both experiments
model con gurations Hood et al., 2006 (Figures 3-6). However, di erences in phytoplankton N:P ratios
In the pre-calibrated parameter-sets Bfihlow and Prowe between treatments are smaller than variations withintiresnts
(2010) the prey capture coe cients () di er strongly between and too weak to explain the dierential development of the
ciliates and dino agellatesT@ble 1and Table S1). However, this di erent treatments. The observed phytoplankton N:P also
di erence has little e ect in our simulations as ingestion isiays  does not simply follow the initial ambient DIN:DIP of the PU1
saturated, except when phytoplankton is greatly underesgohat and PU2 experiments. Next, we consider the hypothesis that
toward the end of the simulations. Thus, it turns out that, phytoplankton stoichiometry varied also due to the presence
among the zooplankton parameters, our model is most sensitivef di erent phytoplankton species (with dierent N and P
to the maximum ingestion ratel fax). Hence the main reason subsistence quotaQQ and QS, respectively) in the dierent
for the better performance of the ciliate parameter sets fer thtreatments, because, in addition to physiological acclinmatio
simulation of the dino agellate-dominated PU1 experimenss i phytoplankton N:P also depends @B‘ and Q(F)’. IncreasingQ’a‘
owing to its higherlnhax. A range of dierentlmax was found does reduce the overestimation of nal phytoplankton biomass
for di erent ciliate species byrahlow and Prowe (2010put  but at the expense of slowing down initial phytoplankton growth
for parameter calibration the data for only one dino agelat (not shown).
species were available Bahlow and Prowe (2010Taking the Apparently, variations in phytoplankton elemental
range inlyay for ciliate species as an indication for the variabilitystoichiometry are insucient to explain the dierential
of this parameter between species within microzooplanktorbehavior of the high- and low-N:P treatments. We thus examine
groups, it would not appear unrealistic to apply the samehe hypothesis that zooplankton stoichiometry could have
Imax for dino agellates as for ciliates. Consequently, the highvaried between treatments and might have had major e ects on
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community composition, as well as nutrient remineralization N:P and P:C do not di er strongly Kigure 8). In all (NNPZ-

which lead us to the question: 0 and NNPZ-0-zooQP) simulations for both PU1 and PU2,
phytoplankton N:C showed a much clearer relation than N:P

Question 2: How Plastic is Zooplankton Elemental or P:C to the low- and high-N:P treatmentg=igure §): In

Stoichiometry? the rst 2 days of our model simulations, phytoplankton N:C

Variations C:N:P stoichiometry have been reported foratios develop in groups according to the initial DIN:DIP
microzooplankton (e.g.Meunier et al., 2012a; Grover and ratio (Figure 8), implying a distinction in phytoplankton food
Chrzanowski, 2006and for mesozooplanktonUrabe et al., quality in terms of N:C, rather than N:P, between the high-
2002b’ DeMott and Pape’ 2005’ Ferrao et a|_Y 2007’ |Wabuc’¢f|1d |0W-N2Ptl'eatments. Whlle the Observed phyt0p|ankt0n N:C
and Urabe, 2012b Dierences in elemental stoichiometry ratios shown inFigure 8 do not reveal such a clear separation
within or between the dierent trophic levels might help according to the initial DIN:DIP ratio, they mostly agreethi
elucidate ecological interactions during food-web susicess Our model simulations, except during the second half of the
(Plath and Boersma, 2001; Sterner and Elser, 2002; GrogH2 experimentsRigure 8). Neglecting detritus, which was not
and Chrzanowski, 2006: Sterner et al., 2008: Meunier et afluanti ed in the original mesocosm experiments, might have
2012a,b; Litchman et al., 2013We therefore examine our caused some of this discrepancy. Part of this discrepancytmigh
second hypothesis by varying the microzooplankton N:C8lso be due to the fact that in our model the microzooplankton
and P:C ratios @21 and QE), representing the nitrogen and C:N:P stoichiometry was temporally constant, and thus cannot
phosphorus requirements of the higher trophic levélalile 1).
The P:C ratios applied in these simulations are higher thas¢ho
observed byeunier et al. (2012aput within the range reported
by Grover and Chrzanowski (2006)n these experiments, we
keep the microzooplankton C:N:P ratios temporally constant
over the whole time course of the experiments. While variaio
in microzooplankton N:C lead to no improvement in model
performance, raising their P:C ratio succeeds in reducing th
discrepancies between model and observations in the low-NiP
treatments for both PU1 and PU2. One explanation might be that
P was always abundant in the low-N:P mesocosm treatment
contrary to N, yet the model tends to underestimate the aexli
in DIP in the low-N:P treatments. A higher phytoplankton P:C
viaa higheng cannot resolve this problem, as it also intensi es P
regeneration via P excretion from the zooplankton. A hig@r
also reduces phytoplankton N:P, contrary to the observations
the low-N:P treatments. Thus, a high@ﬁ essentially increases
the amount of P stored in the zooplankton compartment
and thus helps explain the DIP decline in the low-N:P,
treatments.

n

Variable Nutrient Stoichiometry and Its

Effects on Microzooplankton

For both PU1l and PU2 it proves impossible to reproduce
with just one microzooplankton P:C ratioq;) the high- and
low-N:P treatments at the same tim€igure 7 and Appendix

in Supplementary Material, Equations 14, 15). The high:
N:P treatments agree better with a lower microzooplankto
QE (NNPZ-0 con guration), whereas the low-N:P treatments

agree better with a higher microzooplanktd@? (NNPZ-o- FIGURE 8 | Food quality in terms of N:P, P:C, or N:C ratios for the ~ PU1
z0ooQP con guration) Figure 7). Thus, we hypothesize a exible | (A1-C1)and PU2 (A2-C2) omnivore NNPZ-0 and NNPZ-0-z00QP model
elemental composition of the microzooplankton. con gurations: (A) phytoplankton PON:POP ratio,(B) phytoplankton

Flexible microzooplankton stoichiometry might compensate POP:POC ratio and(C) phytoplankton PON:F?OC ratlp; solid and dalshed lines
represent model results, circles are observations; unitsra mol mol + for N:P,

partly for low food qua.“ty in terms of C:N:P compos!tlon P:C and N:C ratios; high represent treatments with DIN:DIP rats above 6,
of the prey. At rst sight, our results seem to indicate| while low represents treatments with N:P ratios below 6(A1-A2). horizontal
a relationship between external nutrient stoichiometrydan | dashed-dotted lines show zooplankton N:P 16, whereas horizontal dotted
microzooplankton internal elemental composition. If thetial lines show zooplankton N:P10; observations (marks) are daily averages,
inorganic DIN:DIP ratio is high, microzooplankton with a where ver'tlcal dashed and solid bars indicate the rgnge beteen the lowest

. . and the highest measurement of all mesocosms within one traeent.
lower P:C ratio likely grow better, although phytoplankton
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adjust in response to changes in phytoplankton food qualitcommunity composition cannot be ruled out, the most likely
during the model simulations. explanation thus appears to be a physiological regulation of
In Meunier et al. (2012b)selection experiments, the the P:C ratio within individuals. Our study thus emphasizes
microzooplankton P:C ratio was also higher when thethe importance of microzooplankton stoichiometric plastycin
phytoplankton N:C ratio was lower and vice versa (theirresponse to changes in elemental composition of food. In other
Table 4). We thus hypothesize that microzooplankton adjustvords, “If you live in a nutrient-rich environment and feedo
their internal P:C ratio in response to food quality in terms of high quality food (P-enriched), you can set your generahliyi
prey N:C ratio. Thus, di erences in phytoplankton N:C ratios standard (here P-quota) to a higher level.”
during the rst days of the experiments could have served as
the signal to which the microzooplankton P:C ratio respondedAUTHOR CONTRIBUTIONS
(Figure 80Q).
MP developed the model. AM and MP performed the modeling
Question 3: Variable Microzooplankton Community experiments. AM processed and analyzed the data. AM and MP
Composition or Physiological Plasticity? wrote the manuscript. All authors have given approval for the
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ratio may have been caused by either (a) di erent dominant
species in the (multi-species) microzooplankton compartment o) ACKNOWLEDGMENTS
(b) physiological acclimation and regulation within indikial
microzooplankton species. This work is a contribution of the DFG-supported project SFB754
Within each of PU1 and PU2, all mesocosms were initializeqSonderforschungsbereich 754  “Climate-Biogeochemistry
identically, except that mesozooplankton was not removethteractions in the Tropical Ocean,” http://www.sfb754.déje
from half of the PU1 mesocosms. Hence we expected similahank H. Hauss and J. Franz for providing unpublished data
initial nutrient conditions and plankton assemblages in alland helpful comments and discussions. We thank M. Schartau,
mesocosms prior to the nutrient enrichmentslauss et al. A. Oschlies, M. Kéliner for helpful comments on an earlier
(2012)did not distinguish between mesocosms with and withoutversion of this manuscript. The authors thank C. Somes and M.
mesozooplankton in PU1, because they observed no signi cai@ledhill for language improvements and fruitful discusson
di erences in the nutrient drawdown. However, the individua Furthermore, we thank R. Condon and 3 reviewers for helpful
plankton taxa in PUl were aected by the dierent nutrient and critical revision and feedback on a previous presentation
treatments and the presence or absence of mesozooplanktthis manuscript. We thank two reviewers and the editor S.ivall
(Hauss et al., 20)2 Dino agellate biomass dominated the for critical revision and feedback to improve this manuscriji
microzooplankton community in PU1 and was approximately 10would like to thank the U.S. Ocean Carbon and Biogeochemistry
fold higher than in PU2. In PU2, ciliate biomass was dominantProgram at the Woods Hole Oceanographic Institution, the
and approximately ve times higher than in PULl. Diatom Integrated Marine Biogeochemistry and Ecosystem Research and
biomass in PU2 exceeded that in PUL approximately ve foldhe National Aeronautics and Space Administration for aveatd
as well Hauss et al., 20)2In the high-N:P treatment of PU1, workshop- and travel-funding grants.
only two of the diatom species responded positively to P addlitio
whereas no signi cant shift in community composition betwee SUPPLEMENTARY MATERIAL
individual mesocosms was found in PURIuss et al., 20)2
Hence, it appears unlikely, albeit not impossible, that di erentThe Supplementary Material for this article can be found
microzooplankton communities developed in the dierent online at: http://journal.frontiersin.org/article/10389/fmars.
treatments. Although changes in the PU2 microzooplanktor2016.00258/full#supplementary-material

REFERENCES DeMott, W. R., and Pape, B. J. (2005). Stoichiometry in an eaabgbntext:
testing for links betweenDaphnia P-content, growth rate and habitat
Andersen, T., and Hessen, D. O. (1991). Carbon, nitrogen, andgiorus content preferenceOecologid 42, 20-27. doi: 10.1007/s00442-004-1716-y
of freshwater zooplanktonLimnol. Oceanogr36, 807-814. doi: 10.4319/lo. Deutsch, C., Sarmiento, J. L., Sigman, D. M., Gruber, N., and Budn P.

1991.36.4.0807 (2007). Spatial coupling of nitrogen inputs and losses in the addature445,
Anderson, T. R. (2005). Plankton functional type modelling: runinbefore we 163-167. doi: 10.1038/nature05392

can walk?. Plankton Re27, 1073-1081. doi: 10.1093/plankt/fbi076 Ferrao, A. D., Tessier, A. J.,, and DeMott, W. R. (2007). Seitgitof
Brock, J., and Schulz-Vogt, H. N. (2011). Sul de induces phospiedéase from herbivorous zooplankton to phosphorus-de cient diets: testitmjchiometric

polyphosphate in cultures of a marirgeggiatoastrain. ISME J.5, 497-506. theory and the growth rate hypothesitimnol. Oceanogr52, 407-415.

doi: 10.1038/ismej.2010.135 doi: 10.4319/10.2007.52.1.0407

Chrzanowski, T. H., and Grover, J. P. (2008). Element contefftiseildomonas Finkel, Z. V., Beardall, J., Flynn, K. J., Quigg, A., Rees, T. A.akd,
uorescensvaries with growth rate and temperature: a replicated chemostat Raven, J. A. (2010). Phytoplankton in a changing world: cell sim a
study addressing ecological stoichiometrimnol. Oceanogi53, 1242-1251. elemental stoichiometryd. Plankton Res32, 119-137. doi: 10.1093/plankt/
doi: 10.4319/10.2008.53.4.1242 fbp098

Frontiers in Marine Science | www.frontiersin.org 13 December 2016 | Volume 3 | Article 258



Marki and Pahlow

Stoichiometric Plasticity in Microzooplankton

Franz, J., Hauss, H., Sommer, U., Dittmar, T., and Riebesell, U. (R013aMalzahn, A. M., Hantzsche, F., Schoo, K. L., Boersma, M., andriéb

Biogeochemistry of mesocosm experiments in the tropical Paci ¢ athahfic
Ocean. doi: 10.1594/PANGAEA.821892

N. (2010). Dierential e ects of nutrient-limited primary production
on primary, secondary or tertiary consumer®ecologial62, 35-48.

Franz, J., Hauss, H., Sommer, U., Dittmar, T., and Riebesell, U. (2013b doi: 10.1007/s00442-009-1458-y

Biogeochemistry of Mesocosms during METEOR cruise M77/3. dol:58a@/
PANGAEA.821880

Franz, J., Krahmann, G., Lavik, G., Grasse, P., Dittmar, T., arbeRell, U.
(2012a). Dynamics and stoichiometry of nutrients and phytoplankiovaters
in uenced by the oxygen minimum zone in the eastern tropical PacDeep
Sea Res. Part | Oceanogr. Res. #320-31. doi: 10.1016/j.dsr.2011.12.004

Franz, J. M. S., Hauss, H., Sommer, U., Dittmar, T., and Riebesell OW2i{p
Production, partitioning and stoichiometry of organic matter wrdvariable

nutrient supply during mesocosm experiments in the tropical Pacic and

Atlantic OceanBiogeoscienc@s4629-4643. doi: 10.5194/bg-9-4629-2012
Galan, A., Molina, V., Thamdrup, B., Woebken, D., Lavik, G., Kugpkt. M. M.,
etal. (2009). Anammox bacteria and the anaerobic oxidation of aniamoim

Meunier, C. L., Haafke, J., Oppermann, B., Boersma, M., and Malzahil.
(2012a). Dynamic stoichiometric response to food quality uctoms in
the heterotrophic dino agellat®©xyrrhis marina Mar. Biol. 159, 2241-2248.
doi: 10.1007/s00227-012-2009-3

Meunier, C. L., Hantzsche, F. M., Cunha-Dupont, A. O., HaatkeOppermann,
B., Malzahn, A. M., et al. (2012b). Intraspeci c selectivity, congatory
feeding and exible homeostasis in the phagotrophic agelfaig/rrhis marina
three ways to handle food quality uctuationsiydrobiologia680, 53-62.
doi: 10.1007/s10750-011-0900-4

Mitra, A. (2009). Are closure terms appropriate or necessary descriptors of
zooplankton loss in nutrient—phytoplankton—zooplankton type modéis®l.
Modell.220, 611-620. doi: 10.1016/j.ecolmodel.2008.12.008

the oxygen minimum zone o northern ChileDeep Sea Res. Part Il Top. Stud. Mitra, A., and Flynn, K. J. (2007). Importance of interactions kegwfood quality,

Oceanogr56, 1021-1031. doi: 10.1016/j.dsr2.2008.09.016

Goldhammer, T., Bruchert, V., Ferdelman, T. G., and Zabel, M. (201@yoldial
sequestration of phosphorus in anoxic upwelling sedimeN&t. Geosci3,
557-561. doi: 10.1038/nge0913

Grover, J. P., and Chrzanowski, T. H. (2006). Stoichiometry and/tir&inetics
in the “smallest zooplankton” — phagotrophic agellatésch. Hydrobiol 167,
467-487. doi: 10.1127/0003-9136/2006/0167-0467

Hauss, H., Franz, J. M. S., and Sommer, U. (2012). Changes in NcRiahoetry
in uence taxonomic composition and nutritional quality of phytopiiton in

quantity, and gut transit time on consumer feeding, growth, amdphic
dynamicsAm. Nat.169, 632—646. doi: 10.1086/513187

No ke, A., Hensen, C., Sommer, S., Scholz, F., Bohlen, L., MosghetTal.
(2012). Benthic iron and phosphorus uxes across the Peruvian exyg
minimum zone. Limnol. Oceanogr57, 851-867. doi: 10.4319/L0.2012.57.
3.0851

Pahlow, M. (2005). Linking chlorophyll-nutrient dynamics to the Rettl N:C
ratio with a model of optimal phytoplankton growtiMar. Ecol. Prog. Se287,
33-43. doi: 10.3354/meps287033

the Peruvian upwellingl. Sea Re83, 74-85. doi: 10.1016/j.seares.2012.06.01®ahlow, M., Dietze, H., and Oschlies, A. (2013). Optimality-basediel of

Helly, J. J., and Levin, L. A. (2004). Global distribution of natyraccurring

phytoplankton growth and diazotrophyMar. Ecol. Prog. SeA89, 1-16.

marine hypoxia on continental margin®eep Sea Res. Part | Oceanogr. Res. doi: 10.3354/meps10449

Pap.51, 1159-1168. doi: 10.1016/j.dsr.2004.03.009

Herrera, L., and Escribano, R. (2006). Factors structuring the pigéton
community in the upwelling site o El Loa River in northern Child. Mar.
Syst61, 13-38. doi: 10.1016/j.jmarsys.2005.11.010

Hessen, D. O., Elser, J. J., Sterner, R. W., and Urabe, J. (2008)gi€al
stoichiometry: an elementary approach using basic principlasanol.
Oceanogi58, 2219-2236. doi: 10.4319/10.2013.58.6.2219

Hood, R. R., Laws, E. A., Armstrong, R. A., Bates, N. R., Brown, OC#vlson,
C. A, et al. (2006). Pelagic functional group modeling: progress|eciges
and prospectsDeep Sea Res. Part Il Top. Stud. Ocearfs@yr.459-512.
doi: 10.1016/j.dsr2.2006.01.025

Ingall, E., and Jahnke, R. (1994). Evidence for enhanced phasptegeneration
from marine sediments overlain by oxygen depleted wat&sgochim.
Cosmochim. Act&8, 2571-2575. doi: 10.1016/0016-7037(94)90033-7

Iwabuchi, T., and Urabe, J. (2012a). Competitive outcomes bathvedivorous
consumers can be predicted from their stoichiometric dematasphers,
1-16. doi: 10.1890/es11-00253.1

Iwabuchi, T., and Urabe, J. (2012b). Food quality and food ttoleslimplications
of food stoichiometry to competitive ability of herbivore planktdtcospherg,
1-17. doi: 10.1890/es12-00098.1

Kigrboe, T. (1989). Phytoplankton growth rate and nitrogen catitemplications
for feeding and fecundity in a herbivorous copepddar. Ecol. Prog. Seb5,
229-234. doi: 10.3354/meps055229

Kigrboe, T., Saiz, E., and Viitasalo, M. (1996). Prey switctbehaviour in
the planktonic copepodAcartia tonsa Mar. Ecol. Prog. Sell43, 65-75.
doi: 10.3354/meps143065

Klausmeier, C. A., Litchman, E., Daufresne, T., and Levin, S.2A08§).

Phytoplankton stoichiometryEcol. Res23, 479-485. doi: 10.1007/s11284-

008-0470-8

Landol, A., Dietze, H., Koeve, W., and Oschlies, A. (2013).r@a&ed runaway
feedback in the marine nitrogen cycle: the vicious cyBliegeosciencds®,
1351-1363. doi: 10.5194/bg-10-1351-2013

Lewandowska, A., and Sommer, U. (2010). Climate change and thedpoom:

a mesocosm study on the in uence of light and temperature on phytopitamk
and mesozooplanktorMar. Ecol. Prog. Se405, 101-111. doi: 10.3354/meps

08520

Litchman, E., Ohman, M. D., and Kiorboe, T. (2013). Trait-baapgroaches to
zooplankton communities]. Plankton Re&85, 473-484. doi: 10.1093/plankt/

fbt019

Pahlow, M., and Oschlies, A. (2013). Optimal allocation backs Dsamgil-quota
model.Mar. Ecol. Prog. Set73, 1-5. doi: 10.3354/meps10181

Pahlow, M., and Prowe, A. E. F. (2010). Model of optimal current ifeed
in zooplankton. Mar. Ecol. Prog. Sed03, 129-144. doi: 10.3354/meps
08466

Pahlow, M., Vézina, A. F., Casault, B., Maass, H., Malloch, L.,At/ily G., et al.
(2008). Adaptive model of plankton dynamics for the North AtlantRrog.
Oceanog(76, 151-191. doi: 10.1016/j.pocean.2007.11.001

Pitchford, J. (1998). Intratrophic predation in simple predator—prey nisdgull.
Math. Biol.60, 937—953. doi: 10.1006/bulm.1998.0053

Plath, K., and Boersma, M. (2001). Mineral limitation of zooplamkto
stoichiometric constraints and optimal foragindecology82, 1260-1269.
doi: 10.1890/0012-9658(2001)082[1260:mlozsc]2.0.co;2

Polis, G. A., and Holt, R. D. (1992). Intraguild predation: the dynesni
of complex trophic interactions. Trends Ecol. Evol.7, 151-154.
doi: 10.1016/0169-5347(92)90208-S

Polis, G. A., Myers, C. A., and Holt, R. D. (1989). The ecology aotLigon of
intraguild predation - potential competitors that eat each oth&nnu. Rev.
Ecol. Sysg0, 297-330.

Quigg, A., Finkel, Z. V., Irwin, A. J., Rosenthal, Y., Ho, T. Y.infdder, J. R.,
etal. (2003). The evolutionary inheritance of elemental stoitigitvy in marine
phytoplankton.Nature425, 291-294. doi: 10.1038/nature01953

Red eld, A. C. (1934). “On the proportions of organic derivativeséa water and
their relation to the composition of plankton,” idames Johnstone Memorial
Volume,ed R. J. Daniel (Liverpool: L.S.-F. Laboratory; University ofrpivel),
176-192.

Riebesell, U., Bellerby, R. G. J., Grossart, H. P., and Thingst200B)(Mesocosm
CO2 perturbation studies: from organism to community le\Bibgeosciences
1157-1164. doi: 10.5194/bg-5-1157-2008

Root, R. B. (1967). The niche exploitation pattern of the blue-gpagtcatcher.
Ecol. Monogr37, 317. doi: 10.2307/1942327

Schartau, M., Engel, A., Schroter, J., Thoms, S., Volker, C., awif- W
Gladrow, D. (2007). Modelling carbon overconsumption and the fororat
of extracellular particulate organic carborBiogeoscienced, 433-454.
doi: 10.5194/bg-4-433-2007

Smith, S. L., Pahlow, M., Merico, A., and Wirtz, K. W. (2011). Optitpa
based modeling of planktonic organismsmnol. Oceanogi56, 2080-2094.
doi: 10.4319/10.2011.56.6.2080

Frontiers in Marine Science | www.frontiersin.org 14

December 2016 | Volume 3 | Article 258



Marki and Pahlow Stoichiometric Plasticity in Microzooplankton

Stav, G., Blaustein, L., and Margalit, Y. (2005). Individual nteractive e ects to stoichiometric e ects of light/nutrient balance Ecology 83, 619.
of a predator and controphic species on mosquito populatidtal. Appl15, doi: 10.1890/0012-9658(2002)083[0619:rlihpd]2.0.c0;2
587-598. doi: 10.1890/03-5191 Vallino, J. J. (2000). Improving marine ecosystem models: use of skitaikation
Sterner, R. W., Andersen, T., Elser, J. J., Hessen, D. O., Hddd, NicCauley, and mesocosm experimentd. Mar. Res58, 117-164. doi: 10.1357/002224

E., et al. (2008). Scale-dependent carbon: nitrogen: phosphorstsnse 000321511223

stoichiometry in marine and freshwatersimnol. Oceanogi53, 1169-1180. Wohlers, J., Engel, A., Zoéliner, E., Breithaupt, P., Jurgens, Kpéidi. G., et al.

doi: 10.4319/10.2008.53.3.1169 (2009). Changes in biogenic carbon ow in response to sea ceifiarming.
Sterner, R. W., and Elser, J. J. (20@ological Stoichiometry: The Biology of Proc. Natl. Acad. Sci. U.S206, 7067—7072. doi: 10.1073/pnas.0812743106

Elements from Molecules to the BiospHeriaceton, NJ: Princeton University Zimmerman, A. E., Allison, S. D., and Martiny, A. C. (2014). Phylogene

Press. constraints on elemental stoichiometry and resource allocation in
Stramma, L., Johnson, G. C., Sprintall, J., and Mohrholz, V. (200§pariling heterotrophic marine bacteria. Environ. Microbiol. 16, 1398-1410.
oxygen-minimum zones in the tropical oceanScience320, 655-658. doi: 10.1111/1462-2920.12329

doi: 10.1126/science.1153847

Suzuki-Ohno, Y., Kawata, M., and Urabe, J. (2012). Optimal fgedinder ~ Conict of Interest Statement: The authors declare that the research was
stoichiometric constraints: a model of compensatory feeding withconducted in the absence of any commercial or nancial relatiops that could
functional response.Oikos 121, 569-578. doi: 10.1111/j.1600-0706.2011be construed as a potential con ict of interest.
19320.x

Urabe, J., Elser, J. J., Kyle, M., Yoshida, T., Sekino, T., andbétay Z.  Copyright © 2016 Marki and Pahlow. This is an open-access alistlbuted
(2002a). Herbivorous animals can mitigate unfavourable ratios efg@gnand  under the terms of the Creative Commons Attribution Licé@€eBY). The use,
material supplies by enhancing nutrient recyclirigcol. Lett.5, 177-185. distribution or reproduction in other forums is permittedoyided the original
doi: 10.1046/j.1461-0248.2002.00303.x author(s) or licensor are credited and that the originallipation in this journal

Urabe, J., Kyle, M., Makino, W., Yoshida, T., Andersen, T., arserE is cited, in accordance with accepted academic practicasé\dlistribution or
J. J. (2002b). Reduced light increases herbivore production dureproduction is permitted which does not comply with tieesest

Frontiers in Marine Science | www.frontiersin.org 15 December 2016 | Volume 3 | Article 258



