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Chapter 1: General introduction

Ecological stoichiometry

The concept of stoichiometry was first developethim field of chemistry and corresponds to
the calculation of the quantitative relations betweeactants and products during a chemical
reaction. In Richter's (1792) words stoichiometsy the “art of chemical measurements,
which has to deal with the laws according to whgaibstances unite to form chemical
compounds’ Chemical stoichiometry involves a complex of Lations controlling the
interactions between chemical elements. Also inlogyy there are boundaries to the
assemblages of chemical elements, especially gshidénee to function as a living cell, and
these constraints to interacting biological systamesdescribed and integrated by ecological
stoichiometry. To function and grow all living celheed inputs of elements and nutrients that
are amalgamated into cellular components. Autosofatke up their energy and materials
from different sources (solar light and uptakerairganic nutrients) and, since the supply of
light and inorganic elements is not coupled inghgironment, they have developed strategies
to obtain and store these resources whenever aakewdr they are made available (Mohr and
Schopfer 1994). As a result, autotrophs’ elemeotahposition varies substantially among
ecosystems due to the relative balance of key resssuch as GQsolar energy and mineral
nutrients in the environment (Sterner and Elser2200his variability in biochemical
composition affects the quality of primary produsas food for herbivores which, as a result,
are often eating prey not matching their requireisiens they typically take up food in
packages and not as single nutrients. This can kalstantial implications for herbivores
performance and subsequent trophic dynamics (Usabke 1997; Elser et al. 2000; Pimentel-
Rodrigues and Oliva-Teles 2001; Frost and ElseRP@mhd reproduction of the consumer
(Gulati and DeMott 1997). Hence, grazers needeattpire ways to deal with these nutrient
imbalances of their prey, one of which is homedastatgulation. Kooijman (1995) described
stoichiometric homeostasis @Bhe ability of organisms to keep the chemical cosifon of
their body constant, despite changes in the chdngomposition of the environment,
including their food”. Maintaining stoichiometric homeostasis probaldynes with costs, but

must generally provides benefits higher than thessis for it to have evolved. Although
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homeostasis dampens the effect of low food quaitygeneral fithess of metazoans and
allows them to work efficiently in a broad rangefobd qualities, there is still considerable
debate under which circumstances homeostasis ige$testrategy (Persson et al. 2010). For
instance, Droop (1973) recorded that protists repheed their nutrient stores after a period of
nutrient limitation by raising the uptake of theepiously limiting nutrient once it becomes
available again, but also that feeding went beydmd simple replenishment. Luxury
consumption results in considerable flexibility body stoichiometry and allows these
organisms to store a particular element in orddserepared for future nutrient limitation.
Not surprisingly, different degrees of homeostas@s be observed. Unlike planktonic
metazoans, which have close to strict homeostasidgrsen and Hessen 1991; DeMott and
Pape 2005), protozoans have a weak homeostasiteand terms of homeostatic ability,
between autotrophs and metazoans (Grover and Giwsan2006; Hantzsche and Boersma
2010). Moreover, as stated by Sterner and Elsed2(20VNithout homeostasis, ecological
stoichiometry would be a dull subjecttoichiometric homeostasis must therefore benddfi
very precisely. Indeed, the critical evaluationstdichiometric homeostasis contributes to a
better understanding of food webs, which are gdiyethiven by elemental imbalances

between consumers and their resources (Perssor2éi ).

Stoichiometric homeostasis

Sterner and Elser (2002) described graphical as$ aselmathematical ways to analyze
different levels of homeostatic regulation. Theylain that on a plot of consumer versus
resource stoichiometry, homeostatic regulationutfient content can be diagnosed as a slope
lower than the slope from a constant proportioraponse (Fig 1.1). They developed a
conceptual model to interpret the homeostatic gtteof an organism using the homeostasis
coefficientH (eta):

_ logyo (%)
logio (y) — logso (c)

wherex is the resource nutrient stoichiometyys the organism’s nutrient stoichiometry and
is a constantH is a regulation coefficient greater than 1 andHaapproaches infinity, the
slope of consumer versus resource stoichiometryroappes zero indicating strict

homeostasis. Although this tool has not been ektelys used, it allowed identifying
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important patterns enhancing our understanding spexies’ or taxon’s role in population
dynamics, food webs, and nutrient cycles. For ms#aaquatic macro-invertebrates seem to
be significantly more homeostatic than terreswias and heterotrophs are significantly more

homeostatic than autotrophs (Persson et al. 2010).
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Fig 1.1 Generalized stoichiometric patterns relating camsustoichiometry to resource stoichiometry

(Sterner and Elser 2002, modified). (A) Horizoraald vertical axes are any single stoichiometric
measure, such as N:P ratio. Elser and Sterner J20&hed homeostasis graphically as a slope
between 0 and y/x. (B) Degrees of homeostatic edigul based on Sterner and Elser's model (H=1, 2
and 10).

However, the homeostasis coefficient does notrijsish between strict homeostasis, when
consumer stoichiometry is tightly constrained initespof wide variation in resource
stoichiometry, and cases where consumer stoichrgnmeehighly variable yet independent of
resource stoichiometry. This parameter also simeglifthe intrinsic physiology and
biochemistry of homeostasis and this may mislead ioi¢rpretation of a species role in
population dynamics, food webs, and nutrient cyRersson et al. 2010). Interestingly, this
approach is also very different from the rest af thuge body of literature existing about
regulation of an organism’s internal state such t@®mperature or osmotic regulation

(homeostasis in general).
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In the nineteenth century, Claude Bernard showedrtiportance of homeostasis in animal
physiology when he reported the ability of mamntalsegulate the condition of their internal

environment within rather narrow limits (Bernard653. Physiologists typically cluster

organisms in two categories, conformers and regidaPéqueux 1995). On the one hand,
regulators are able to maintain their internal sorvinent at a constant level over possibly
wide ambient environmental variations. On the otteerd, conformers allow the environment
to determine their internal condition. For instgneedothermic animals (mammals and birds)
keep a constant body temperature, while ectotheamimals (almost all other organisms)
exhibit wide body temperature variation (Eckert 897The main difference between Sterner
and Elser’s approach and the one used by physsitolies in the graphical interpretation of

organisms’ response to environmental conditions.
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Fig 1.2Generalized stoichiometric patterns relating camsustoichiometry to resource stoichiometry
(Eckert and Randall 1978, modified). While the at@dmetry of conformers is determined by the
stoichiometry of their resource, regulators mamthieir stoichiometry for a certain range of reseur

stoichiometry. The homeostasis strength of an dgsgams defined by the magnitude of the range of
resource stoichiometry over which the stoichiomaifythe consumer remains stable. As already
observed for osmo- and thermoregulation (Eckert Raddall 1978), we expect breaking points on

each side of the plateau after which the organsnmat regulate anymore.

While the ecological stoichiometric view concergsabnly on the slope of consumer versus
resource stoichiometry, physiologists consider thigiinct parameters. The first one is the

homeostatic strength and can be characterized eagatige of environmental conditions
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over which an organism maintains its internal emwinent constant. The second one is the
homeostatic capacity and can be defined as thee ship consumer versus resource
stoichiometry. As in ecological stoichiometry, tbeser the slope is to 0, the stronger the
homeostatic capacity is. Moreover, Sterner andrElseodel does not consider the breaking
points at which an organism cannot keep its storoleitry stable anymore and the subsequent
(sub)lethal points. Hence, we suggest that a newoagh of stoichiometric homeostasis,
more representative of the underlying physiologmoachanisms, is needed. This concept is
inspired by the way physiologists define homeostasid can be described graphically (Fig
1.2). Elemental homeostasis and the homeostagiagdir of an organism is the range of
variations in food stoichiometry over which the somer stoichiometry parameter is kept

constant.

Stoichiometry dynamics

While both limnologists and marine biologists irgemly applied and investigated the
principles of ecological stoichiometry for mesozlamixton, microzooplankton received less
attention, although it is an essential componemiamktonic ecosystems. Indeed, protists are
often the major predators in microbial food webbkgi® and Sherr 2002; Landry and Calbet
2004), and microzooplankters, by consuming pic@ha, and microplankton and being
consumed by grazers of higher trophic levels sushce@pepods, act as a trophic link
(Johansson et al. 2004; Sommer et al. 2005). ChbBsi models of trophic interactions
focused on direct transfer of carbon from phytoktan to mesozooplankton (Cushing 1989),
but we know now that this simplification is incastesince microzooplankton can contribute
substantially to mesozooplankters’ diets (Klepp8B3). In fact, many mesozooplankters
select actively for microzooplanktonic prey (Wiadng and Rassoulzadegan 1989; Gasparini
et al. 2000; Loder et al. 2011). Although theseeobastions were initially mainly attributed to
prey size and motility (Levinsen et al. 2000), trmpupgrading exerted by protists, both in
terms of nutrients (Malzahn et al. 2010) as welliraserms of biochemistry (Klein et al.
1986), might result in a higher quality of microptemkton as food for metazoans relative to
the algae that they consumed. Several studies Baoen that protozoans regulate their
elemental body composition (Hantzsche and Boersfitt0;2Malzahn et al. 2010). Yet,
Grover and Chrzanowski (2006) hypothesized thatogmans lie, in term of homeostasis

ability, between metazoans and autotrophs. Howevkitle is known about



GENERAL INTRODUCTION

protozoans’ ecological stoichiometry and we knowhmg about the rate with which
homeostatic regulation processes take place, asopsework was always in a static context.
Hence, the second chapter of this thesis focuséleompact of food quality and quantity on
the stoichiometric dynamics of a dinoflagellate @eg, Oxyrrhis marina Since
microzooplankters are fast growing organisms ancat lzarelatively short life span they need
to react quickly to environmental changes. | hypstked that the processes involved in
stoichiometric regulation are rapid and sensitovéobd nutrient composition.

Stoichiometric requlations

Stoichiometric regulations involve several pre-€jpjbel 1993) and post-ingestion (Cowie and
Hedges 1996; Mitra and Flynn 2005; Mayor et al. D0Othechanisms allowing grazers to
handle nutrient imbalances. On the one hand, thewoer may lower the ingestion rate of
unfavourable food to use more time for extractimg limiting element efficiently or increase
its food uptake to shorten the handling time antlaex only the easily available parts of the
limiting nutrient. On the other hand, consumer rhighow selective feeding behaviour.
Studies on predators’ selective grazing behavioavehsubstantially contributed to our
understanding of food webs. Both metazoans andprans are often faced with a large
variety of potential food items of different quaddg. Prey size (Andersson et al. 1986;
Paffenhéfer 1988; Chrzanowski and Simek 1990; Jsdoband Hansen 1997) and prey
motility (Gonzalez et al. 1993; Jakobsen et al.®220Iakobsen et al. 2006) are some of the
factors which may affect food uptake. Food qualitgywever, is not only determined by the
physical properties of the prey, but also by iengntal and biochemical composition. Since
selective feeding is the basic mechanism to ersiaanced diet when facing an imbalanced
food supply (Anderson and Pond 2000), and to prearerorganism from being intoxicated by
toxic food (Huntley et al. 1986; DeMott and Moxt&B91), it is a feature of utmost
importance for any heterotroph (MacArthur and P&ril©66). Nevertheless, only little is
known about the ability of planktonic grazers ttesefor food quality (Paffenhéfer and Van
Sant 1985; Irigoien et al. 2005). Hence, the thofthpter assesses different feeding
mechanisms, selective and compensatory feeding, msa protozoan specigd, marina In

the fourth chapter, | studied the stoichiometriacfuations occurring during copepod

ontogeny and their consequences for the feedirdegly of different copepod life stages. |

10
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hypothesized that grazers affect nutrients cycig only by the excretion of abundant

elements but also by the selective removal of gcanes.

Stoichiometry, motility and trophic interactions

As | already stated, besides food quality of theyprseveral parameters affect trophic
interactions. For instance, motility increases emter rates between predators and prey
(Visser and Kigrboe 2006). Matility is the basicahanism allowing consumers to actively
search and move towards patches of prey and cafaadeitems, while it allows prey to
escape or reduce predation pressure (Buskey 19Bmamn and Reckermann 2002; Matz
and Jurgens 2005). Besides protozoan grazemerous phytoplankton species are also
motile and thus able to move towards light or s (e.g. Eppley et al. 1968; Cullen and
Horrigan 1981; Macintyre et al. 1997), but the rak algal motility in predator-prey
interactions has received less attention. Furtllee, impact of nutrient limitation on
organisms’ motility has not been yet investigatddnce, the aim of the fifth chapter of the
thesis is to investigate the impact of nutrientustaon swimming speed of predators and prey
as well as the effect of prey motility on trophntdaractions.

The main goal of my thesis is to investigate pigestion mechanisms zooplankters use to
regulate their stoichiometry. | tested the abitifywarious herbivorous zooplankton species to
select for food quality exemplified by nutrient ¢ent. This information is crucial to
understand how zooplankton responds to differemegshytoplankton quality and affects
nutrient cycles. | also studied the dynamic of@tmmetric changes in plankters in response
to food quality and quantity fluctuations. Finallynvestigated the effect of resource quality
on the motility of phyto- and zooplankton and tlomsequences for trophic interactions. The
results presented in this thesis enable to medizalig understand the importance of nutrient
supply rates and ratios on trophic interactiongg@meral and to predict consequences of
altered marine biogeochemistry on coastal food webs

11
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CHAPTER 2

2.1 Abstract

With respect to nutrients, plants are rather nomémstatic while most metazoans have much
more confined ranges of nutrient ratios. It wasengly highlighted that the homeostatic
ability of microzooplankters is in between thes® @xtremes. Nevertheless, we know very
little on the dynamics of stoichiometric changesentke, we investigated how the
stoichiometry of the heterotrophic dinoflagelladxyrrhis marinais affected 1) during a
starvation period and 2) when fed nutrient deplRtedomonas salinafter having been pre-
conditioned on nutrient replete algae atcke versaWe observed that the dinoflagellate was
able to maintain a constant relaxed homeostasig8orof starvation. We identified that under
starvation nitrogen limite®. marinamainly used fat as energy source while nitrogeh ri
individuals also used proteins as fuel in cellulespiration. Further, we showed that
marina presents resistance to nutrient limitation, witlorsger regulation against P-limitation
as against N-limitation. General high resiliencemitrozooplankton stoichiometry after food
quality stress would have great implications fothoimp-down (nutrient remineralisation) and

bottom-up controls (quality as food).

13
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2.2 Introduction

Homeostasis is the ability of an organism to reiguigs internal milieu, thus maintaining
constant internal conditions. The main advantagbaoheostatic regulation is that it allows
organisms to work efficiently in a wide range oveanmental conditions. Stoichiometric or
elemental homeostasis refers to the internal el@he@omposition (e.g. C, N and P) of
organisms. Whereas phytoplankton typically exhibitwide range of plasticity in elemental
composition and thus exhibits relatively weak dt@mmetric homeostasis (Hillebrand and
Sommer 1999a; Quigg et al. 2003; Klausmeier e2@04), planktonic metazoans have close
to strict homeostasis (Andersen and Hessen 199WtoReand Pape 2005). Thus, there are
boundaries in elemental body stoichiometry betwesrch organisms can fluctuate, and
these are broad for planktonic autotrophs and neamrdor many metazoans. Maintaining
stoichiometric homeostasis probably comes withs;dsiit must provide benefits higher than
these costs for it to have evolved. Homeostasitetsuthe impact of bad food quality on
general fithess of metazoans and allows them tdk wefficiently in a broad range of food
qualities, but there is still considerable debatdear which circumstances homeostasis is the
best strategy (Persson et al. 2010). For examptedX1973) observed that after a period of
nutrient limitation, protozoans increased uptaketha previously limiting nutrient once it
became available again. This of course, replenighednutrient stores, but feeding went
beyond that. Droop argued that this luxury consumnptand thus considerable flexibility in
body stoichiometry, allows protists to store a igatar element in order to be prepared for

future nutrient limitation.

Microzooplankton is an essential component in piamk ecosystems. Indeed, it often
comprises the major predatory group in microbialdfavebs (Sherr and Sherr 2002; Landry
and Calbet 2004), and microzooplankters form ahipink between pico-, nano-, and
microplankton on the one hand and higher trophielgesuch as copepods on the other hand
(Johansson et al. 2004; Sommer et al. 2005). Toaditfood-web models mainly focused on
direct transfer of carbon from phytoplankton to ommplankton (Cushing 1989), but we
know now that microzooplankton can be an imporfzart of the diet of mesozooplankters
(Kleppel 1993). In fact, many mesozooplankters abtuprefer microzooplanktonic prey
(Wiadnyana and Rassoulzadegan 1989; Gasparini €0@0; Ldder et al. 2011). Although
this has mainly been attributed to the size andilityobf the prey (Levinsen et al. 2000),

14
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differences in food quality through trophic upgragliboth in terms of nutrients (Malzahn et
al. 2010) as well as in terms of biochemistry (Kl&t al. 1986) might also play a role.
Further, protists’ excretions of nitrogen and phlwsps compounds, and also of trace metals
such as iron, are a major source of regeneratetenist in aquatic systems (Sherr and Sherr
2002). Here, we focus on the elemental stoichioynetrmicrozooplankton and investigate
the dynamic of stoichiometric fluctuations in respe to food quality and quantity and
discuss their implications for nutrient remineratisn as well as protists’ quality as food for

mesozooplankters.

Several studies have shown ti@tyrrhis marinas elemental stoichiometry is significantly
different from the nutrient ratios of the ingestedd (Hantzsche and Boersma 2010; Malzahn
et al. 2010), and that inde€d. marinaregulates its body composition. Yet, Grover and
Chrzanowski (2006) hypothesized that protozoansrieerm of homeostasis ability, between
metazoans and autotrophs. However, little is knowalmout protozoans’ ecological
stoichiometry and we know nothing about the spedith which homeostatic regulation
processes take place, as previous work was always static context. Hence, since it is
reasonable to suspect low-prey conditions overtdbon time frames in certain marine
habitats (e.g. within rock pools or microscale agations ofO. maring Martel 2010), here
we investigated the impact of starvation @ marinds biochemical composition and
energetic metabolism, and followed body compositdnO. marina previously fed with
nitrogen and phosphorus limité&ghodomonas salinduring a starvation period. Further, in
order to identify how fas©. marinarecovers after a limitation period and how fasgets
nutrient-limited, we offered several concentratiafsphosphorus and nitrogen limiteRl.
salinato differently pre-conditione®. marinaand measured how food quality and quantity
impact the protozoan’s stoichiometry.

15
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2.3 Material and Methods

Experimental cultures

The dinoflagellateDxyrrhis marinais the most commonly used marine protozoan grawer
laboratory experiments and, as it is a filter feeal® well as a raptorial grazer (Jeong et al.
2008), it is representative of many planktonic jstst Furthermore, it is relatively simple to
culture, has a broad distribution, and toleranca twide range of environmental conditions
(Lowe et al. 2010).

Oxyrrhis marinaDujardin was obtained from the Gottingen cultupllection (Strain B21.89)
and fed orRhodomonas salin@Vislouch) Hill et Wetherbee (Cryptophyceae) grawiatch
cultures at 18.5°C in an 18:6h light : dark cyctng sterile filtered F/2 medium (Guillard
and Ryther 1962R. salinaandO. marinawere cultured following Meunier et al. (2012). For
the different limitations, one set &. salinawas grown three days in F/2 medium without
phosphorus and the other set in F/2 medium withebgen. This treatment resulted in
significant differences in algal stoichiometry ihet direction expected from the nutrient
conditions of the media (Tab 2.1).

Tab 2.1 Stoichiometric measures C:N, C:P and N:P of nérogepleted and phosphorus depleted
Rhodomonas salingiven as food t@xyrrhis marinaduring the experiments. All differences between
treatments were significant at p<0.05 (Tukey’'s lsbre#gnificant difference test) after a One-Way

ANOVA, n=4 replicates for each treatment.

C:N C:P N:P
mean (xSd) mean (xSd) mean (xSd)
Nitrogen depleted 14.1 (0.9) 327.1 (104.7) 23.1(7.0)
Phosphorus depleted 7.9 (0.4) 970.2 (158.1) 140.5 (19.6)

Cell density and mean biovolume ©f marinaandR. salinacultures were determined using
a CASY particle counter (SCHARFE SYSTEMS, Reutlimg&sermany). Prior to the

16
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experiments we starved te marinaculture for one week in order to eradicate angaff of
pre-culture conditions. This culture was split i@ cultures, one culture was fed nitrogen
depleted and the other one phosphorus deplteshlinafor four days. Food pulses were
given every 24h. Since there is no way to sepd@atmarinafrom R. saling we adjusted the
quantity ofR. salinaat the last preconditioning day in such a way #liaalgal cells had been
consumed at the start of the experiments.

Starvation experiment

As we were interested in short-term responsesatteaécologically relevant (Kimmance et al.
2006; Martel 2010), and wanted to avoid potentiakong on bacteria (Schumann et al. 1994;
Jeong et al. 2008) or cannibalism (Flynn and Dand$993) in our cultures, the starvation
experiment focused on the first three days of stam. In this short-term starvation
experiment, we investigated changes in body storbiry ofO. marinain order to assess the
level of homeostasis under the probably most dtres$ feeding environments. During the
first 48h, we also measured respiration rates ter,irwhich energy source (carbohydrates,
protein or fat) was predominantly used during stion. At the end of the preconditioning
period, the twdD. marinapre-cultures, one with high P and low N (“Q#®/) and the other
one with high N and low P (“OxyN), were used to create four 1L replicates, thd cel
concentration of which was adjusted to 20,000 c#li*. These experimental cultures were
starved for 78h, during which we measured a nundfeparameters. We followed cell
densities, and measured oxygen consumption dutamgagion at Oh, 1h, 2h, 3h, 6h, 12h, 24h
and 48h. At the same time, we measured the bodghgimetry (C:N:P) and the total lipid
content ofO. marina The dinoflagellate’s C:N, C:P and N:P; C, N anduetiations; density
and respiration rate variations were analyzed usepgeated measures ANOVA, using
precondition treatment as the independent factar rutrient ratio, nutrient content, cell
density or oxygen consumption as the dependenablas. Tukey’'s HSD test was used as

posthoc test in all cases.

The oxygen consumption was measured using Oxygeamohdiptods (Needle-Type PStl,
PreSens) according to Gatti (2002). Aliquots of thdtures were placed in gas tight
respiration chambers (Hamilton-injection T Il withiostop). Control measurements without

O. marinawere performed in order to correct the resultsnficcrobial respiration which was

17
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low at all times. The respiration chambers werecqilain a darkened and temperature
controlled (18.5°C) water bath (cold circulatingngu FP40, Julabo), and incubated for 10

minutes.

O. marinaC, N and P measurements were carried out byifidean estimated amount of 200
g carbon onto precombusted Whatman GF/F filtere particulate carbon and nitrogen
content ofR. salinaand O. marina were measured with ®¥ario Micro Cube elemental

analyzer (Elementar). Particulate phosphorus wadyaed as orthophosphate after acidic
oxidative hydrolysis with 5% §$ (Grasshoff et al. 1999). In order to investigateether

differently preconditionedD. marina use varying energy sources, total lipid contens wa
determined as described by UrzGa and Anger (20dd was analyzed using 2-way ANOVA
with O. marinaprecondition and time as independent variabledipitticontent as dependent

variables. Tukey's HSD test was used as posthoc tes

Food change experiment

The aim of this experiment was to investigate hast®. marinachanges from one limitation
to another limitation, by switching animals precitiothed on nitrogen limited algae to
phosphorus limited ones antte versaThus, N- and P-deplet@. marinawere fedR. salina
reared in phosphorus depleted medium and in nitratgpleted medium respectively in six
different concentrations in quadruplicates. As atim, we also supplied a food pulse without
food quality change to the preconditionr@dmarina In order to measur®. marinaN:P, we
estimated the time when all algal cells were e&teCASY counting and waited at least 2h
more, to allowO. marinato digest the ingested food (Gaines and Taylod198ein et al.
1986) before sampling. Based on the results ofsthevation experiment we knew th@at
marina C:N:P remains stable for at least 3h of starvatibms a 2 hours wait after food

depletion was a good compromise.

18
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2.4 Results

Respiration rate (ug O pgC O.marinat h'l)

Starvation experiment

During the starvation experiment we followed chanigecell density and stoichiometry Of
marina over a 78 hours starvation period. The cell dessitemained stable around 21,000
cell mL™ in the first three hours, increased in the nerertiours to reach 31,000 cells Tl
for N-depleteO. marinaand reaching the same density for P-depletearinaafter 24 hours
(Fig 2.1). The respiration (oxygen consumption) was significantly different between the
preconditioning, although there was a marginalgngicant (p=0.06) tendency for nitrogen
limited O. marinato show higher respiration rates per cell (Fig.2Especially between 3 and
12 hours of starvation, the respiration rate of Xhkmited organisms was higher, exactly in
the period when these organisms were dividing, itgado a significant interaction term
between treatment and time (p=0.02). The oxygesuwoption remained stable around 0.05
ngQ pgC* htin the first 4 hours, then increased until 12hr@ach 0.07 for P-limite®.
marinaand 0.11 pg®ugC h* for N-limited O. maring and finally decreased to 0.04 and
0.02 pgQ pgC* h* for N- and P-limited. marina

Fig 2.1 Oxygen consumption

0,14 . :
L 34000 (left Y axis) and cell density
i 320002 (right Y axis) during starvation
~~~~~~ § ® experiment of O. marina
- 30000 = _ _ _
—e— Oxy P respiration rate > previously fed with nitrogen
—O— Oxy N, respirationrate | | 28000 @
@ Oxy (P density o depleted (OxyP; black dots)
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To measure whether differently precondition®d marina used varying biomolecules as
energy source, we measured total lipid contenhatbieginning and after 24h of starvation.
We observed that N-limite®. marinatotal lipid concentration decreased (p=0.02) dwyrin

starvation (Fig 2.2) while it remained stable feliRited O. marina(p=0.42).

0,55 Fig 2.2 Lipid concentration irO.
T OX NP . . . .
0.50 - . oo marina P-limited (Oxy N, white

circles) and N-limited (OxwP,
black circles) at Oh and 24h in the

starvation experiment. Values are

0,45 -
0,40 -
0,35 1 significantly different (p=0.02)
0.30 1 ? for N-limited cells while there is

no difference for P-limited ones
(p=0.42).

Lipid concentration (ug mL'l)

0,25

0,20

0 5 10 15 20 25 30

Time (Hours)

Both preconditionedO. marina cultures showed significant decreases (p<0.001}h&n
particular carbon content per mL (Fig 2.3A) indicgtthatO. marinawas truly starving and

if feeding on e.g. bacteria this did not represesignificant carbon supply. The concentration
of particular N in the N-rict®. marina(P-limited) decreased consistently (p<0.001) tche
the same level as the low N organisms after 78sh@tig 2.3B). This suggests that in the high
N treatmentsQ. marinaused a considerable part of its proteins for enesdpereas this was
not the case for the low . maring where particulate organic nitrogen was obviolsiver,
and did not show a consistent pattern over timéwas more or less constant. Phosphorus
concentrations were much higher in the higfODP marinathan in the low P treatments
(p<0.001). Surprisingly, the P content of lowOP marinastarted to decrease after 24h while
it remained stable for high®. marina(Fig 2.3C).

Both N- and P-limitedD. marinaexhibited similar trends for carbon (p=0.23) opea-cell
basis; stable during the first 4 hours at 77 pm@lCmarina’, the carbon cell content then

decreased until 78h to reach values around 32 praol@arina (Fig 2.3D). The nitrogen
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content of P-limited cells (Fig 2.3E) dropped frathand stabilized at 5.9 pmol®. marina®

at 24h. The nitrogen content of N-limited cellsg2.3E) remained stable the first two hours
at 8.5 pmoINO. marina’, decreased to 5.9 pmol. marina® at 12h and remained stable
until the end. The phosphorus content of both Nt BHimitedO. marina(Fig 2.3F) reacted
in a similar way as the nitrogen content with adlitcontents of 0.39 and 0.23 pmolR
marina® for N- and P-limitedO. marinarespectively, and final of 0.29 and 0.08 pm@P

]
marina-.
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Fig 2.3Elemental Carbon, Nitrogen and Phosphorus perAlB(and C) and pe®. marinacell (D,
E and F) and stoichiometric C:N, C:P and N:P (Gnd I) fluctuations during starvation (mean+Sd)
of O. marinapreviously fed with nitrogen depleted (Ox#; black dots) and phosphorus depleted
(Oxy Np; white dots)R. salina n=4 replicates for each value. For plot requineirthe X-axis is

shifted of one hour, thus tOh appears as t1h ogrygh.

The stoichiometry of both N- and P-limitgd. marinafollowed similar trends during the
starvation process (Fig 2.3). C:N (Fig 2.3G) ani (Fig 2.3H) remained stable for at least 5h
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at values around 9 and 250 for N-limited cells &@ and 425 for P-limited ones. This
stationary phase was followed by a decrease amenutatios stabilized between 12h and
24h at values around 6.5 for C:N of badh marina preconditions; and 340 for C:P of P-
limited cells and 150 for N-limited ones. The N:PRslimited O. marinadecreased in the
first 12h (Fig 2.31) due to decrease in N conténg (2.3B) and increased afterwards due to
decrease in P content (Fig 2.3C). B&@h marina preconditions were always significantly
different in terms of C:N, C:P and N:P (p<0.001) &hese nutrient ratios varied significantly
over time (p<0.001).

Food change experiment

During the food change experiment we measured treardic response ir©. marina
stoichiometry to changes in food quality. P-limit®d marina exhibited a strong response
(N:P decreased almost by a factor of 2) to thetamdof the lowest quantity of N-limiteR.
salina(Fig 2.4) thus recovering rapidly from the P-liation.

713 }
5 ? {
5 60
£ [ e From \PtoNp
o A From Np to P
< - (O NP nochange
40 N 9
E % § A Npnochange
L] i . 0
20 -
Start 0 2 4 6 8 End

Food quantity (ngC O. marina'l)

Fig 2.4 Stoichiometric measures after food change, newd f@as given in different quantities (X
axis), N:P (mean+Sd) dD. marinapreviously fed with nitrogen depleted and fed wattpulse of

phosphorus depleted (Frag® to N»; black circles) and previously fed with phosphodepleted and
fed with a pulse of nitrogen depleted (FromthlyP; white trianglesR. salina For control, we gave
to each pre-conditione®. marinaa food pulse using the same algal quality on whidy were

prefed {P; white circle and B black triangle). n=4 replicates for each value.
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The N:P ratio of P-limited cells remained stableusyd 40 (typical ratio for nutrient reple@e
marina cells) for intermediate food quantities (about 8gC O. marina’) and decreased
progressively with increasing food quantities. Her@. marinashowed a two step response
when going from a P- to a N-limitation. At first,recovered rapidly and reached its optimal
N:P ratio with very low food quantities. Secondtg, N:P decreased slowly and progressively
towards a N-limited N:P ratio of 25 with increasiggantities of N-limited food.

Unlike P-limited cells, N-limited ones displayed Ilpna weak response for low food
quantities. Their N:P ratio started to increasevsiand the rate of increase accelerated with
higher food quantities until reaching a P-limitedPNatio of 68 which was lower than the
control. These observations are coherent and highéi strong resistance and resilience to P-

limitation.

2.5 Discussion

In this paper we investigated the processes tlagt glrole in the stoichiometric regulation of
macronutrients if©. marina The body stoichiometry dd. marinais fairly flexible (see also
Hantzsche and Boersma 2010), indicating thamarinaregulates its internal environment
but is unable to maintain it stable and constaststated above, we knew very little still on
the dynamics of these changes, a gap we wantddde with the present study. In short, the
response is rapid, especially when feeding. In moases feeding on a different food source

will immediately lead to changes in the body stmafetry.

Starvation experiment

Total carbon in the experimental vessels startetbtoease after three hours of starvation, and
carbon loss rates were very similar in both pre@amrs. This shows thad. marinais able to
withstandshort phases of starvation without any problem féece on body composition.
Additionally P-limitedO. marinalost a considerable amount of nitrogen from thei@a#ate
phase and, unexpectedly, they also lost P fronpéntculate phase in the second part of the
starvation experiment. Thus, as N-rich moleculeshsas proteins can be used for energy
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allocation (Sakami and Harrington 1963), these mdés were obviously metabolized and
used as energy source. Proteins are digested moaawids which are substrates in the citric
acid cycle, itself coupled with the electron trams$pchain enabling the formation of ATP
while ammonia is excreted at the end of the uredecyroteins have a higher Respiratory
Quotient (RQ: the amount of G@liminated per oxygen consumed) than fats, thgarosms
burning proteins should show lower oxygen consuompthan those metabolizing fats (Lusk
1924; De Weir 1949). Indeed, we observed that enghriod after the initial starvation of
three hours, P-limited (N-richQ. marinashowed consistently lower respiration rates than
nitrogen limited ones, thus indicating that thess#ividuals used more proteins. We observed
that N-limitedO. marinatotal lipid concentration decreased during staovatconfirming that
they mainly metabolized their fat reserves for nedpry processes, while it remained stable
for P-limited O. marina Using different substrate for respiration willetitly affect nutrient

remineralisation and therefore impact phytoplanktommunities and nutrient cycling.

The stable N:P of OxP is explained by constant N and P pool in the fatjmn while the
decrease in N and P content per cell was due lalaedivision. Since significant differences
were observed in the C:N:P of QB and OxyN we can conclude thaD. marinds
stoichiometry is flexible. This flexibility, in coparison to strict homeostasis of planktonic
crustaceans (Andersen and Hessen 1991; DeMott apd P005), provides an important
advantage in times of food shortage sifi@e marinacan store elements through luxury
consumption. This makes particularly sense in tasecof this protozoan, as it is often
exposed to variations of food quality and quaniityits natural habitat (Kimmance et al.
2006; Martel 2010). Thus, it might be that suchditbons are handled differently b®.
marinaand planktonic crustaceans such as copepods.

Food change experiment

The results from the food change experiment shovwemrecisely thaD. marinaregulates its
stoichiometry to a certain degree but also highlighesistance to nutrient limitation. Such
mechanisms are already known for metazoans sudamsids and copepods (Hessen 1990;
Sterner 1990; Andersen and Hessen 1991; Bossuyfamstsen 2005; Laspoumaderes et al.
2010) but have never been shown for protozoanseSwo effect of food change could be
observed on the C:N @. marina(data not shown) we hypothesize that only exceptlg

high algal C:N could impact the stoichiometry ofistidinoflagellate. Furthermore, we
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observed thaD. marinaopposes more resistance to P-limitation until @aking point at
which this protozoan cannot keep its N:P stablareorg. The P-limited N:P ratio after food
change was lower than the cont®l. marinamight have accumulated this element during the
precondition phase in order to be prepared fornatdtion period. This mechanism has
already been highlighted in a wide range of hetepdts and autotrophs and expressed in two
ways, luxury feeding (Sommer 1984; Sommer 1985;efElst al. 1987; Sterner and
Schwalbach 2001) and compensatory growth (Rechk £997; Tian and Qin 2004; Sommer
and Sommer 2006). Our results are coherent withobiservation thaO. marina’s growth
rate is affected by P- but not by N-limited foodaftizsche and Boersma 2010). This is
related to the high amount of phosphorus in nu@eids and its importance for growth and is
described by the growth rate hypothesis (Sterner Biser 2002). When conditions are
favourable for growth, rRNA genes (rDNA) are actea resulting in a large assembly of
ribosomes allowing an extensive protein syntheseessary for high growth rates. Moreover,
it was recently highlighted that two dinoflagellagpeciesOxyrrhis marina(Meunier et al.
2012) andGyrodinium dominangunpublished data), are selecting for prey iterasedd on
food quality differences. Both dinoflagellates, eépeéndently on their precondition, always
selected for P-rich algal cells. Hence, microzookiars developed behavioural and
physiological adaptations to buffer the impactiwfifation by the nutrient they need the most,

namely phosphorus.

As we highlighted tha®. marinahas a weak homeostasis this dinoflagellate andenather
protozoans lie, in term of homeostasis ability,Wwesin metazoans and autotrophs. This is
congruent with the hypothesis presented by Grovelr @hrzanowski (2006). Based on
theoretical considerations, this would have impiarzgs for omnivorous grazers. Protozoan
grazers are always of better food quality for hesles compared to autotrophs but are, under
normal conditions, very diluted. However, afteripds of nutrient limitation (e.g. late spring
bloom), protozoan grazers are highly abundant dod,to the physiological momentum of
their homeostatic regulation, protozoan herbivasbsuld represent a significant part of
omnivores diets. Further, we observed that thegsses involved in the regulation of their
internal nutrient composition are rapid and verys#itve to food quality and quantity.
General high resilience in microzooplankton staometry after food quality stress would
have great implications for both top-down and botigp controls, namely nutrient
remineralisation and quality as food.
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3.1 Abstract

The phagotrophic flagellat®xyrrhis marinashows a strong stoichiometric plasticity when
fed differently grownRhodomonas salinaVe tested whether differently pre-conditior@d
marina displayed selective feeding behaviour from a mxtof nitrogen and phosphorus
depletedR. salina We observed selective feeding@f maring always selecting phosphorus
rich R. salinaindependent of the pre-conditioning of the prstish a second experimen,
marinawas again pre-conditioned either with nitrogenpbosphorus-depletddl. salinaand
was refed with either of the differently limitédgl. salinain single food treatments (not in a
mixture). The phagotrophic flagellate displayed pemsatory feeding which means ti@at
marinafeeds more on the food source which it was nagrgivefore. Due to its stoichiometric
plasticity, O. marinamight handle bad quality food by following the istbometry of its prey
and additionally by active selective feeding tovgaRtrich algae to enhance growth. Post-
ingestion selection might as well be an importaatdre which means that ingested elements
in excess are quickly excreted and scarce elenaetsngested through accelerated food

uptake.
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3.2 Introduction

Studies on food selectivity between interactingplio levels, such as selective grazing
behaviour of predators, have contributed substint@our understanding of food webs. Not
only metazoans, but also other heterotrophic osgasisuch as phagotrophic protists are
often faced with a huge variety of potential foteims of different qualities. Therefore, it is
not surprising that selective feeding behavioutheferotrophic flagellates and ciliates has
been widely documented (Montagnes et al. 2008)y Riee (Andersson et al. 1986;
Chrzanowski and Simek 1990; Jakobsen and Hansef) 298 prey motility (Gonzalez et al.
1993; Jakobsen et al. 2006) are two of the fastbish may affect food uptake. Food quality,
however, is not only determined by the physicalpprtes of the prey, but also by its
elemental and biochemical composition. Lee (198ff)ndd food quality as the nutritional
value of the food relative to the energetic andaoolar needs of the consumer. Sterner &
Elser (2002), in the framework of ecological staachetry, developed this definition further
and defined food quality in elemental ratios (mpstl terms of C:N:P). In the framework of
ecological stoichiometry, this translates as optifoad quality being defined as the food
composition matching the consumer’s elemental satrmst closely, thus resulting in the
lowest amounts of excretion products (Martel 2008&xible stoichiometry of the consumer
as well as luxury consumption can make it difficidtdetermine these optimal ratios and,
obviously, the ultimate response factor of intecgghe quality of certain food for a consumer
is growth and/or reproductive success. Besidesiedugthich have investigated selective
behaviour of protist grazers for specific food ta(guskey 1997; Stoecker et al. 1981;
Stoecker et al. 1986), studies on the potentigdrofists to compensate for low quality food
through consumption of better food, even if the lguality food is the dominant part of the
available food, have helped to increase our knogéeaf plankton dynamics. Jakobsen et al.
(2001) showed that the tintinnid cilia#enphorides quadrilineatdid not select between food
of lower and better qualities. Whether prey setectiand compensatory feeding are
contrasting behavioural features or different Iggategies among protists in terms of

generalist or specialist feeding is not known yet.

Two mechanisms might allow heterotrophs to achigvalanced nutrition even when food
quality is suboptimal (Mitra and Flynn 2005). Thestfis a change in the ingestion rate on
unfavourable food. Alternatively, heterotrophs ntigthow selective feeding behaviour
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dependent on their own nutritional status. Thetattquires that body regulation mechanisms
are in place so that the organism ‘knows’ what éedf on. Furthermore, mechanisms are
needed to identify suitable prey (physical andioernical cues emitted by the prey) in an
accessible area (Buskey and Stoecker 1988; Buskey Sioecker 1989; Verity 1991;
Jakobsen et al. 2006), or to follow the (biochemitail of these potential food sources
(Fenchel and Blackburn 1999). Our knowledge on dhemosensory-receptors in marine
protists which allow these organisms to detectsaoé@&levated prey densities is poor (Buskey
and Stoecker 1988; Verity 1988; Fenchel and Blaokli999; Menden-Deuer and Grinbaum
2006). Recently, Martel (2009b) and Wootton et(2007) found differences in cell surface
structures and bio-chemicals released by the fobtchwmight be responsible for food
identification. In feeding experiments with precarmmhed Oxyrrhis marina Martel (2009a,

b) indeed showed a discrimination against nitrogepleted cells of the algksochrysis
galbanacompared to nitrogen replete cells, but the meshanin this interaction remained
unclear (Martel 2009a).

In this study, we used the phagotroih marina as consumer and the phototroph
Rhodomonas salinas algal prey. In previous functional responseedarments, Hantzsche
and Boersma (2010) fed starved marinawith nutrient replete, nitrogen- and phosphorus-
depletedR. salinacultures. They found that food uptake (in termsaifbon) of starve®.
marina was largely independent of food quality. Furtheranly phosphorus-depletétl
salina had a significantly negative effect on the growé#te of O. marina compared to
nitrogen depleted and nutrient repl&e saling confirming that phosphorus is an important
element for fast growing consumers (Boersma anditez 2002; Frost et al. 2006). Since
there is a strong need for additional informationfeeding and selectivity of heterotrophic
protists, we set out to answer the following quewi (1) Does the heterotrophic protist
marinaactively select between nitrogen and phosphorpketeR. salin& ; (2) Does its pre-
condition impact its behaviour? and (3) Does it pensate for nutritional imbalances through

compensatory feeding?
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3.3 Material and Methods

Experimental cultures

Oxyrrhis marinaDujardin was obtained from the Gottingen cultupllection (Strain B21.89)
and maintained on exponential-phd&kodomonas salinéWislouch) Hill et Wetherbee as
food. R. salinawas reared in gently aerated batch cultures at 20°&nh 18:6 h light:dark
cycle (185 umol i s%) using sterile filtered F/2 medium (Guillard angtRer 1962).

For the different limitationsR. salinacultures were grown 3 days in 0.2 um filtered ssaaw
in 1L bottles under the conditions described abdee set of cultures was kept in F/2
medium without phosphorus (treatment “Rho-P”) ahe other set with maximum 20% of
normal nitrogen addition (treatment “Rho-N"). Treart concentration for Rho-N cultures
was 200,000 and 300,000 cells fior Rho-P. This treatment ensured that Rho-N and-R
were in the stationary phase at which a signifidanitation of the desired nutrient was

obtained (Hantzsche and Boersma 2010).

Pre-conditionindD. marina

Cell number and mean biovolume®©f marinaandR. salinacultures were determined using
a CASY particle counter (SCHARFE SYSTEMS, Reutlimg&Germany). To establish
different pre-conditioning regimes, the origif@al marinaculture was split into two cultures.
Each pre-conditioned culture was then refed witkrogen depleted (“Oxy-N") and
phosphorus depleted. salina(*Oxy-P’") for minimum 2.5 days in 12 h interval8oth O.
marina cultures were kept without mixing by aeration 8@ in dim light (18:6 light:dark

cycle; 5 umol rif s).

Since there is no means to sepaftemarinafrom R. saling we had to ensure that &l
salina in the preconditioned. marina cultures had been eaten before the start of the
experiments. In previous experiments, we found @amarinafeeds~6 R. salinacells h".

The amount of food required to ensure that all@hyare eaten in 2.5 days without inducing
severe starvation effects @. marina was calculated based on these numbers. Due to
significant cell density differences between thé&edent R. salina cultures, resulting in
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different volumes of algal suspension added to difeerent O. marina treatments, the
differences in water volume (mL) between the ceal$uwwere compensated through addition of
artificial, sterile and nutrient-free seawater (Agudarin). EaciR. salinaand pre-conditioned
O. marinaculture was filtered onto pre-combusted WhatmanFGHers at the start of the
experiment. The particulate carbon and nitrogentesdnof R. salinaand O. marinawere
measured with a Vario Micro Cube/CN-analyzer (Eletag. Particulate phosphorus was
analyzed as orthophosphate after acidic oxidatydiysis with 5% HSO, (Grasshoff et al.
1999).

Selection experiments with Rho-N and Rho-P

At the start of the experiment, nitrogen- and plhasps-depletedR. salinawere centrifuged
(600x g; 5 min; viability ofR. salinawas tested before), the supernatant was discanaed
the pellet resuspended in artificial (N- and P-Yreeawater. This procedure was repeated
twice to ensure that nutrient limited algae remdinatrient stressed since the algal medium
of the one algal treatment contained the nutrifi@@ament which was limited in the second
algal treatment. After cell density determinatiamixture of 50% nitrogen depleted and 50%
phosphorus depletdd. salinawas prepared in 100 mL plastic beakers (four capds) and
diluted with artificial seawater to a ratio predapoey of 1:25. As we could not separate the
preconditionedD. marinafrom its ambient medium through centrifugationdasie with the

R. salinatreatments (viability test failed), we could noepent that nutrients from the pre-
conditioned cultures were transferred to the expenital plastic beakers. We tried to keep
this as low as possible and the added volume opt&eonditioned. marinacultures never
exceeded 10% of the experimental end volume. lerai@ prevent that the mixedel. salina
treatments would change their elemental composittmough the addition of the pre-

conditionedO. marinacultures, the selection experiment was run oni\2fb.

The experiment was carried out twice, with two eliéint analysis techniques to establish cell
densities of differently limited cells before anttea feeding. In the first experiment, we
counted the algal cells using a FlowCAM in the flegrence triggered image mode (Sieracki
et al. 1998). As fluorescent properties of the latgdls depend on their nutrient status this
provides the opportunity to differentiate betweetiscautomatically (Da Silva et al. 2009).
The FlowCAM was able to differentiate between Rhah Rho-P and produced reliable

data within a short time=(0 min for 400 pictures measurem&ntusing the 100 pm flow cell
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and the 20x objective (pump rate 0.47 mL thinpamgain 700; fluorescent gain 4; fluorescent
threshold 1). We used 0.2 mL of the algae mixture diluted it (10 mL end volume) with
artificial seawater to 1,000 cells Mlfor the start measurement with the FlowCAM (eqeibp

with a green laser beam—532 nm).

Tab 3.1 Summary of discriminant analysis between nitrog&mo-N) and phosphorus (Rho-P)
depletedR. salina(n=609) in the selection experiment with the FIGMMC Five of twenty potential
FlowCAM parameters contributed significantly toatisminate between Rho-N and Rho-P (ch 2 peak,

ch 1 peak, length, width and transparency) and st classification model.

Variable/  \yijks'Lambda Part.Lambda F p-value  Tolerance R?2
parameter
Ch 2 Peak 0.75 0.58 445.08 <0.0001 0.29 0.71
Ch 1 Peak 0.50 0.86 95.70 <0.0001 0.29 0.71
Length 0.44 0.99 9.02 0.0028 0.34 0.66
Width 0.44 0.99 6.47 0.0112 0.17 0.83
Transparency 0.44 0.99 5.31 0.0216 0.34 0.66

We were able to discriminate between nitrogen (Rh@nd phosphorus deplet® salina
(Rho-P) and found that they were significantly eliéint in five of twenty FlowCAM
parameters (Tab 3.1). Best discriminating factoesevthe fluorescence signal in channel 2 for
phycoerythrin, followed by the fluorescence sigmathannel 1 for chlorophyll a, since Rho-
P tended to have a higher fluorescence in bothreiarthan Rho-N. Further parameters were
the cell length and cell width d®. salina which were greater under phosphorus limitation

than under nitrogen limitation.
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Lastly the cell transparency of nitrogen depletdsalinawas higher than the one of

phosphorus depletdd. salina We used these five parameters for the classicaquation
(Tab 3.2) and were able to correctly classiig% of Rho-N and96% of Rho-P (Tab 3.3) in

the single cell treatments.

Tab 3.2 Summary of the five parameters which defined thassification equation (f(x) =

constant+ax+bx+cx+dx+ex) for each algal treatm&ftotN and Rho-P) in the selection experiment

with the FlowCAM.

Parameter Rho-N Rho-P
(p=0.45) (p=0.55)
A=Ch 2 Peak -0.0075 -0.0035
B=Ch 1 Peak 0.017 0.013
C=Length 1.90 2.24
D=Width 6.22 5.81
E=Transparency 211.19 202.90
Constant -70.38 -68.24

Tab 3.3Counting methods’ accuracy: Percentage and nupfbeases where the classification model

or counting estimates the correct contributionrte of both groups (Rho-N or Rho-P).

FlowCAM Fluorescence microscopy
Group Rho-N Rho-P  Percent correat Rho-N  Rho-P  Percent correct
Rho-N 214 58 78.7 392 8 98.0
Rho-P 14 323 95.9 7 343 98.0
Total 228 381 88.2 399 351 98.0
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Total densities after 2 h were measured again utiag-lowCAM. Using the classification
functions established, we could identify the algalls, count them and selectivity could be

calculated using Chesson’s selectivity index.

The second selectivity experiment had a similanséd the first experiment, we fixed the
samples with formalin (formaldehyde 20% bufferethwiexamine) and stored them cool and
dark. In order to count and discriminate Rho-N &iw-P cells, 2.973 mL of each sample
were settled in sedimentation chambers (HYDROBI®@8&R4 h, and counted under a Zeiss
Axiovert 135 inverted microscope using epifluoresxe Identification of Rho-N and Rho-P
cells was possible by coupling to the inverted nscope a Zeiss HBO 50 lamp and a BP546
green filter allowing only red light and fluorescento be observed. Thus, Rho-P red cells
appeared fluorescent while Rho-N green cells reatagrey. In addition, we could show that,
with an accuracy of 98%, this second method is rpogeise than the FlowCAM (Tab 3.3).

Prey selectivityr was calculated according to Chesson (1978, 1983):

i/

o =
j=1 1/

wherebyr; is the frequency of prey in the diet andn is the frequency of prey in the

environment, divided by the sum of all relationshijetween the frequency of prey in the diet

and in the environment. Significance of the selgtytivas tested against=0.5 (Student's

test), using the different replicates of the sebacexperiment.

Food compensation experiment

In this third experiment, we prepared pre-condeidrOxy-N and Oxy-P as described above
(2,000 cells mLY) and refed them either with Rho-N or with Rho-Pfaur different cell
concentrations (7,500; 15,000; 25,000 and 50,003 eelL™) in five replicates for 1h.

Ingestion rates were calculated following Frost7A)9

Cell ingestion was analyzed for the two differenghg-conditionedD. marinawith respect to
offered food source and food concentration (3-wdNQWVA,; factor A=pre-condition ofO.

marina (Oxy-N, Oxy-P), factor B=food treatment (Rho-N, d?R), factor C=offered cell
density ofR. salina[cells mLY]. Cell ingestion R. salina O. marina h’'] was the dependent

variable).
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To estimate the time after whi€h. marinds elemental composition would change from its
precondition to a balanced elemental composition,usedO. marinapre-conditioned with
phosphorus depleteR. salinaand refed them with nitrogen deplet®d salinain three
replicates. As soon &3. marinahad eaten all of its food (after 18 and 24 h),ahkures were

filtered and the elemental composition@fmarinawas analyzed as described above.

3.4 Results

Selection experiment

In terms of stoichiometry, significant differenggs0.05) exist between the two experiments.
The nutrient limitations (N and P) were strongerthe FlowCAM experiment than in the
fluorescence microscopy one (Tab 3.4). This iscaiid by the higher C:P of Rho-P and
higher C:N of Rho-N in the FlowCAM experiment (171and 16.20) than in the fluorescence
microscopy experiment (759 and 14.29). Despite ethd#ferences, in both selection
experiments the stoichiometry of the pre-condittb@e marinareflected the stoichiometry of
their food sources (Tab 3.4). In both experime@tsy-P had higher C:P (582 and 417) and
N:P (71.85 and 52.64) than Oxy-N (238 and 144 fdP;C19.96 and 16.46 for N:P). In
addition, Oxy-P had lower C:N (8.09 and 7.94) tkaty-N (11.94 and 8.81). Furthermore, in
both experiments we observed selective feedin@.ofmarina Irrespective of the different
pre-conditioningO. marinaselected positively for phosphorus rieh salina(Fig 3.1). In the
FlowCAM experiment, Oxy-N Chesson’s index for RhoAldsa=0.66 (n.s.) and the one of
Oxy-P was 0=0.78 (significantly different froma=0.5, p<0.05). In the fluorescence
microscopy experiment, both pre-condition@d marina had the same selectivity index
a=0.59 (significantly different frona=0.5, p<0.05).
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Tab 3.4Selection experiment analysed with the FlowCAM #ndrescence microscopy: Mean carbon, nitrogensphorus cell content (pg c8lland mean
biovolume (um?3 cef) of usedR. salinacultures and of preconditiond®. marinain paired t-tests (n=5; FG=8; p<0.05). Differeettérs {°°° indicate
significant differences between the differdht salinaand O. marinatreatments. Different number$?( indicate significant differences between the two

experiments.

Treatment FlowCAM experiment

-N mean (zSd) -P mean (£Sd)

Fluorescence microscopy experiment
-N mean (xSd) -P mean (xSd)

Rhodomonas salina  C [pg cell'] 92 (4y! 83 (3f" 70.32 (4.9 71.88 (4.08)
N [pg cell] 6.59 (0.29)'  11.74 (0.85)° 5.74 (0.563* 11.9 (0.42)"
P [pg cell'] 0.69 (0.05)'  0.19 (0.05%* 1.24 (0.002)* 0.25 (0.003)?
Vol [um3 cell] 531 (70§ 583 (48 532 (31§ 588 (275
C:P (molar) 345 (34 1,177 (2853* 156 (5§ 759 (35)*
C:N (molar)  16.20 (0.5%)  8.29 (0.84y’ 14.29 (1.35) 7.08 (0.29)*
N:P (molar) 21 (H? 141(275* 11 (17 107(3§*
Oxyrrhis marina C [pg cel}] 1,818 (85§ 1,491 (109’ 684 (235 756 (10§*
N [pg cell] 178 (8§ 215 (18§ 91 (7)+ 111 (6Y*
P [pg cell'] 19.70 (0.59)"  6.64 (0.76}’ 12.40 (0.62)* 4.65 (0.12*
Vol [um3 cell’] 6,172 (1,017 6,337 (1,05P)
C:P (molar) 238 (1) 582 (405" 144 (6§ 417 (437
C:N (molar)  11.94 (0.18)  8.09 (0.23y’ 8.81 (0.80%" 7.94 (0.35)*
N:P (molar) 19.96 (1.28)  71.85 (2.94)" 16.46 (2.00) 52.64 (2.10)
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Fig 3.1 Selectivity of O. marinafor nitrogen deplete (phosphorus ridR) salinameasured withu
Chesson’s selectivity index (mean+Sd). Black bapresents measurements obtained with the
FlowCAM, white bars measurements obtained with ridsoence microscopy. Each bar represent
mean of minimum 4 replicates. Dashed line represeleictivity threshold, values significantly higher

than 0.5 indicates selectivity.

Food compensation experiment

We observed a slight but significant increase odfaptake ofD. marinawhen refed with the
R. salinatreatment containing the element whioh marinafailed during its pre-condition
(Fig 3.2; Tab 3.5; ANOVA result interaction betwegme-condition and food type;
F1,64-4.004; p=0.05). ThugD. marinacompensated its nutritional imbalance caused by th

pre-conditioning by feeding more on the algae syipgl the previously limiting nutrient.
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Fig 3.2 Compensation experiment: cell ingestion @f marina h, (A) preconditioned either on
nitrogen depletedR. salina(Oxy-N) or (B) on phosphorus deplet&d salina(Oxy-P), refed either
with nitrogen depleted (Rho-N) and phosphorus degdl&. salina(Rho-P). Error bars show the

standard deviation of five measurements.

Tab 3.5 Summary of the “compensation experiment” of nitrogen and phosphorus stressed O.
marina (Oxy-N and Oxy-P), refed with nitrogen and phosphorus depleted R. salina (3-way
ANOVA; precondition of O. marina, food treatment of Rho-N or Rho-P, offered prey density as

independent factors and ingestion rate [R. salina Oxy-1h-1] as dependent variable).

FG MQ F p-value
Precondition 1 0.02 0.04 0.85
Food 1 0.56 1.09 0.30
Prey density 3 31.26 60.63 0.000000
Precondition x Food 1 2.06 4.00 0.05
Precondition x Prey
_ 3 0.28 0.54 0.65
density
Food x Prey density 3 0.35 0.68 0.57
Precondition x Food x
. 3 0.12 0.23 0.88
Prey density
Error 64 0.52
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On average, Oxy-N grazecb% more on phosphorus depletedsalinawhich were rich in
nitrogen, whereas Oxy-P grazeti9% more on nitrogen deplet& salinawhich were rich
in phosphorus (Fig 3.3A). As a result of this fewglithe N:P ratio ofD. marinaadapted
rapidly: within 18h the N:P ratio of P-limite@. marina(71) feeding on N-limited (P-rich)
algae was identical to those individuals feedinqadf2 diet (42) (Fig 3.3B). Thu®,. marina
is very flexible and capable of compensating foe theficiency of elements through

compensatory feeding.

o
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& 25 z
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Food Time (hours) after re-fed with Rho-N

Fig 3.3 (A) Compensatory feeding of precondition€d marina (Oxy-N and Oxy-P) refed with
nitrogen (Rho-N) and phosphorus depleRdsalina(Rho-P). Cell ingestion d. marinah™ derived
from 3-way ANOVA (Tab 3.6) and the compensation exkpent (Fig 3.3). Error bars show the
standard error of five measurements. (B) Changeatér N:P ratio of Oxy-P after refed with nitrogen
depletedr. salina(Rho-N). Error bars show the standard deviatiofoof measurements. Dotted line
represent N:P ratio dD. marinanutrient replete, mean of 5 replicates. Data olethifrom another

experiment realised in our laboratory.
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3.5 Discussion

The framework of ecological stoichiometry descrilimd Sterner and Elser (2002) predicts
that the elemental composition of photoautotropbiganisms is characterized by high
plasticity whereas the carbon:nutrient (N and Phteot of herbivores should be more
constant. Consequently, herbivores are often fagddimbalanced food, which has effects
on the somatic growth and reproduction of the coreu The consumer, however, may
modify its feeding behaviour either through loweriihe ingestion rate of unfavourable food,
thus using more time for extracting the limitingmlent efficiently or alternatively through an

increase of food uptake, and a shortening of thedlhay time to extract only the easily

available parts of the limiting nutrient. Furthemaothe consumer may show selective
feeding behaviour to compensate for low nutritiooglality of one food item through

compensatory feeding on a second food item whichtatos the limiting element

(Raubenheimer and Jones 2006). These pre-gut iselatiechanisms are measurable as
differences in food uptake. Alternatively, posté@ston mechanisms, such as selective
transfer efficiencies of ingested elements and ediar of excess elements might also be

effective mechanisms to balance unbalanced food€rfson et al. 2005; Frost et al. 2005).

In this study, we observed significant pre-gut cide of O. marinafeeding on different
resources, expressed as a selective feeding owrhPpgiey, independent of the pre-
conditioning of the consumers, and an increaseadihg on the limiting nutrient dependent
on the pre-conditioning. This capacity ©f marinato identify the nutritional composition
and potential deficiencies both inside its ownscels well as in its potential prey organisms
provides a sophisticated mechanism which enafilesnarina to compensate nutritional
imbalance via compensatory and selective feediegeRt studies were able to identify some
of the biochemical mechanisms responsible for tiggestion or rejection of food particles
(Nakamura et al. 1995). Roberts et al. (2006) arabt¥dn et al. (2007) found a variety of
lectins, which are highly specific carbohydratedang proteins, along the cell surface of the
phagotrophic protisD. marina These lectins might be responsible for coupliritiy wpecies-
specific glycoconjugates of the prey and thusatgtiphagocytosis (Martel 2009b). Probably,
the nutritional status of algal cells modifies thestructural or species-specific
glycoconjugates on the cell surface. Therefore, ghagotrophic protist may be able to
“taste” the nutritional status of the prey cellsiring cell-to-cell contact via the detection of
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these glycoconjugates (Martel 2006; Martel 200@®pending on their nutritional status or
growth stage, algae excrete certain substances (aviet Wheeler 2007) which are composed
of different biochemical compounds such as carbatgd and amino acids (Granum et al.
2002). Some of those compounds may serve as atsaethile others might be inhibitors for
herbivores (Strom et al. 2003; Strom et al. 200&yiBson et al. 2005; Martel 2006).

Even if the FlowCAM measurements showed more vanatthan the fluorescence
microscopy method, both techniques showed@haharinaactively selects between different
food qualities of the same food species presemtedem in a mixtureO. marinais capable

of dealing with different food qualities and sete@-rich preys. A mixed food uptake of
nitrogen depleted and phosphorus depl&edalinacompensates for the lack of one element
from the one algal treatment through food uptakéhefother algal treatment. This feeding
strategy is typical for omnivorous or opportunistenimals such as cockroaches
(Raubenheimer and Jones 2006) and aquatic filesteis such a®aphnia sp(DeMott et al.
1998) which compensate the biochemical (carbohgdraés. proteins) or elemental
deficiencies (low P vs. high P food) through congagary feeding. Thus, consumers have the
ability to shape community composition by removseectively certain preys (Loder et al.
2011; Svensson and Stenson 1991). It has alsodmemented that they strongly influence
the nutrient composition of their environment biestve recycling of certain element (Elser
and Urabe 1999; Vanni 2002). Our study gives ewiddhat grazers affect their environment
not only by the selective retention of scarce eleimand the excretion of abundant elements,
but also by selective feeding, i.e. removal of sealements. Grazers high in, e.g. P such as
O. maring select for low N:P food, as phosphorus is the gard limiting element. Thus, they
indirectly increase the concentration of algae vatiigh N:P and vice versa by selective
removal of the favoured algae.

In our compensation experiment with single foodtiments, i.e. no choice (either nitrogen
depleted or phosphorus depleted saling, we showed tha®. marinagrown on nitrogen
depletedR. salinacompensated its lack of elemental nitrogen by rasreased uptake of
phosphorus depleteR. salinawhich is rich in elemental nitroge®. marinawhich was
grown on phosphorus deplet&d salinashowed higher food uptake of nitrogen depld®ed
saling, which are, in turn, rich in elemental phosphofsen though phosphorus depleted
salina is poor quality food forO. marina (Hantzsche and Boersma, 2010, Malzahn et al.
2010), the dinoflagellates fed more on this foodrese when pre-conditioned on nitrogen
depletedR. salinato compensate for the lack of nitrogéd. marina suffering phosphorus
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depletion compensated for the lack of elementalsphorus with higher ingestion rates of
nitrogen depleteR. salinawhich are phosphorus rich. Owed to this feedinmgtsgy, O.
marinds elemental composition changed within a few hoRelationships between selective
feeding, compensatory feeding, and the consequdocesnsumers’ fitness have rarely been
described and quantified. Cruz-Rivera and Hay (200Qhlighted that some amphipod
species are able to buffer the effect of low foadldy via selective feeding while others
completely circumvent the effects of low nutritibig@ality. There is still a lack of knowledge
about the existence and functioning of such meahasiin microzooplankton but our results
indicate thatO. marinabuffers preys’ nutrient imbalances through comp&ry feeding and

selective feeding.

The fact thaO. marinaactively selected towards P-riéh salinashows, that food uptake of
O. marinadepends on food availability as well as on foodlityyeas Hantzsche and Boersma
(2010) already described. Hence, we suggesQhatarinadigests its prey very efficiently to
extract the elements it needs at constant graatesg rather than increasing food uptake to
extract only the easily available parts of the fing nutrient as described by Mitra and Flynn
(2005). Thus, food quality-induced cell physioladigrocesses irD. marina to handle
unfavourable food and post-ingestion selectionlements might as well play an important

role.

In conclusion, we have shown that the heterotropinatist O. marinaactively selects for
phosphorus rich prey independently of its pre-cboili Furthermore, we highlighted that this
species compensates for nutritional imbalancesutiiracompensatory feeding. Finally, we
showed thatO. marinahas a weak homeostasis. This could be an adaptaliowing O.
marina to handle fluctuations in food quality since thenaflagellate can follow the

stoichiometry of its prey instead of strongly regjirlg its own stoichiometry.
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4.1 Abstract

The relative availability of light, COand nutrients causes specific and variable cafGyn
nitrogen (N) and phosphorus (P) contents in plé@diebrand and Sommer 1999a; Quigg et
al. 2003; Klausmeier et al. 2004). The resultingpsaof the elements have ramifications for
the quality of these primary producers as foodherbivores (Sterner and Elser 2002), and
grazers should select those feeds that match theiabolic needs most closely (Kleppel
1993). Interestingly, the plankton literature altnexclusively deals with post-ingestion
mechanisms to handle different quality food, andy dittle is known about the ability of
grazers to select for food quality (Paffenhofer armh Sant 1985; Cowles et al. 1988;
Irigoien et al. 2005). Hence, we performed two expents investigating the ability of the
most abundant metazoans on earth, copepods, tot $etefood quality differences and
examined possible selective differences betweendifferent copepod developmental stages
(nauplii and copepodites). We show that nauplesefor P-rich food; as a consequence, or a
reason, they are rich in phosphorus and have hoggnpal growth rates. In contrast, the older
stages, copepodites, are richer in nitrogen aretsér N-rich food. Thus, copepods affect
nutrient cycling not only by the selective retentiof scarce elements and the excretion of
abundant elements (Cowie and Hedges 1996), butbgiselective feeding, i.e. removal of
scarce elements. Since the cycling of nutrientsritical for the sustenance of ecosystems
(Costanza et al. 1989; DeAngelis et al. 1989; Detingl1992; Chapin lii et al. 2000),
understanding the biogeochemical cycles of bothnN B is crucial to apprehend marine
ecosystem dynamics.
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4.2 Material and Methods

In a first experiment, we measured the fluctuationbl:P and growth rate occurring during
ontogeny. We regularly sampled five replicate ctdof A. tonsafed with nutrient replet&.
salinafor their C, N and P content. The particulate oarland nitrogen content &f. tonsa
were measured with ¥ario Micro Cube/CN- analyser (Elementar). Partitel phosphorus
was analysed as orthophosphate after acidic ox&tydrolysis with 5% bEBO, (Grasshoff

et al. 1999). N:P as well as carbon-specific growdte were analyzed using repeated
measures ANOVA.

Tab 4.1Selection experiment for nauplii and copepodikdean carbon, nitrogen and phosphorus cell
content (pg cefl) of R. salinacultures nitrogenP) and phosphorus gNlimited used. Different

letters {°) indicate significant differences (p<0.05) betwémmtments and experiments.

Nauplii experiment Copepodites experiment
nPmean (zSd) Nmean (£Sd) yPmean (zSd) Nmean (xSd)
C [pg cell] 49 (27 52 (4 46 (37 48 (10§
N [pgcell’]  6.59 (0.26] 10.12 (0.44) 6.45 (0.67) 11.18 (0.5
P[pgcel']  0.96 (0.03) 0.22 (0.03y 1.01 (0.05) 0.20 (0.03y

C:P (molar) 132 (9) 652 (49Y 118 (55 620 (92%
C:N (molar)  8.73 (0.56) 5.68 (0.73) 8.37 (0.50) 5.01 (0.29)
N:P (molar) 15 (D 110(21% 14 (1 12418

In a second experiment, we allowed, in sextuplgataupliar and copepodite stages of the
calanoid copepod. tonsato feed on 1:1 mixes of —N and —P algae in appaitgdy sized
containers in artificial seawater for 10h, whichsaathe duration needed to reduce the initial
algal densities by 10-30%. Samples were then fixed counted using the epifluorescence
microscopy method described by Meunier et al. (20P2ey selectivityo was calculated

according to Chesson (Chesson 1978; Chesson 1883%ignificance of the selectivity was
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tested againsti=0.5 (Student'st test). The particulate carbon, nitrogen and phosgho
content ofR. salinawere measured as described for the first expetimen

Nitrogen limited R. salina (-N) was 4 to 5 times richer in phosphorus (p<@)0Othan

phosphorus limiteR. salina(-P) (Tab 3.1). On the other hand, RP salinawas 1.5 times

richer in nitrogen than —R. salina(p<0.001). As a result, -R. salinapresented a N:P ratio

7 to 8 times higher (p<0.001). Additionally, no rmigcant difference in algal stoichiometry
could be observed between the nauplii and the amppexperiments (p=0.24).

4.3 Results and discussion

Seasonal dynamics of phytoplankton production igsally linked with environmental

fluctuations of abiotic parameters such as light samperature but also nutrient availability

which is a key parameter influencing phytoplankgmowth. The long term monitoring

realized at the Biologische Anstalt Helgoland (AVW3germany) highlights large annual

fluctuations of dissolved ratio of the nutrienttrogen and phosphorus (Fig 4.1A) leading to

varying degrees of nutrient limitation.
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N:P week™ (week 14-19)
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y=64.09x-767.72
r2=0.24
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Fig 4.1 (A) Average from 1962 to 2005 of
dissolved N:P over a year (B) Relationship
between nauplii density and the change in
dissolved N:P ratio between the weeks 14
to 19. These weeks were chosen since, as
can be seen on the inlet (A), the strongest
changes in N:P ratio over the year occurs at
this period. Each point represents one year.
Data are from 1962 to 2005 and are issued
of the long-term monitoring realised at the
Biologische Anstalt Helgoland (AWI,

Germany).
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While limitation of phytoplankton production is eskically linked to external loading

(Peaiuelas et al. 2012), consumer-driven nutrient rearand recycling by mesozooplankton
is an internal parameter influencing nutrient aadaility (Sterner et al. 1992; Johnson and
Luecke 2012) and was shown to have substantiatteffin both N (Elser et al. 1995) and P

availability for primary production (Elser et aP88).

Thus, it can be hypothesized thiaat there should be a positive correlation betwberspeed

of change in nutrient availability and the nutrielemands of the grazers within a system, or
more concrete that the presence of high P-nawliilead to selective removal of P-rich
cells as well as to the selective retention of phosus by nauplii resulting in an increase of
the dissolved N:P (Elser et al. 1996; Villar-Argar al. 2002).Indeed, we observed that
speed of change in the N:P ratio of the dissolwgdents at Helgoland Roads is correlated to

the densities of the young copepod life stagesplidiig 4.1B).
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Fig 4.2 (A) Potential growth measured as carbon-specifawvth rate versus molar N:P ratio Af
tonsaduring ontogeny (mean+Sd). Each value represhatsiean of 5 replicates. (B) Molar N:P ratio
(full circles) and carbon-specific growth rate (npercles) ofA. tonsaduring ontogeny (mean+Sd).
Each value represents the mean of 5 replicatesgiiéyezone indicates metamorphosis from nauplius

to copepodite stage.
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Nauplii and copepodites, the two major developmiesteges of copepods, are our planet’s
most abundant metazoan grazers (Fryer 1986). Thegtitute an essential link in marine
food webs, being major grazers of phytoplankton amdrozooplankton, and prey for fish

larvae and other pelagic carnivores, but are atsingortant component of the microbial

loop (Turner 2004). The complex metamorphosis cogepundergo results in changes in
elemental composition during ontogeny (Elser e1896).

Furthermore, growth rates decrease strongly overlife time of a copepod (Dagg and
Littlepage 1972; Bamstedt 1986). As substantialamsof phosphorus-rich nucleic acids are
needed to sustain high growth, the growth rate thgsis (Sterner and Elser 2002) predicts a
positive correlation between potential growth ratel P content of an organism. Originally
this hypothesis was developed for between speaasparisons, but the results of our
experiment show that it also holds within specieg (4.2A). Furthermore, based on the
growth rate decrease during ontogeny (Fig 4.2Bnapeles), we predict that the N:P ratio in
nauplii should be low and increase with age, whiah observed (Fig 4.2B, full circles).
These differences in nutrient composition betwegpepod life stages reflect varying nutrient
requirements and should result in different feeditrgtegies.

The elemental composition of photoautotrophic oigjas is characterized by high plasticity
whereas the stoichiometry of herbivores is morestamt (Sterner and Elser 2002). This is
primarily due to autotrophs possessing the capghiti adjust internal cellular pools of
nutrient-rich biomolecules and to store nutriemtsekcess and consumers not (Frost et al.
2005). Therefore, there is a mismatch between ggameetabolic requirements and their
prey’s nutrient content which results in reducednatic growth and reproduction of the
consumer (Gulati and DeMott 1997). There are sévpre- (Kleppel 1993) and post-
ingestion (Cowie and Hedges 1996; Mitra and Flyf852 Mayor et al. 2011) mechanisms
allowing grazers to handle these imbalances. Ierotd reduce metabolic costs and avoid
intoxication, pre-ingestion mechanisms such ascte&e feeding are of utmost importance.
Grazers in fact do select for size (Paffenh6fer8 38 taxa (Irigoien et al. 2000; Fileman et
al. 2007) but it would be favorable to also selectthe right concentrations of necessary
elemental or biochemical building blocks of a preyn. Unfortunately only little is known
about the ability of grazers to select for foodlgugPaffenhdfer and Van Sant 1985; Cowles
et al. 1988; Irigoien et al. 2005).
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Copepods are able to feed selectively on food gesti using different cues such as
biochemical composition and chemoreception (Poamet Marsot 1978; Cowles et al. 1988;
Butler et al. 1989), but thus far this has realhtyobeen shown for between prey species

comparisons (Paffenhofer 1988; Irigoien et al. 200@man et al. 2007).
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o Chesson's selectivity index
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Nauplii Copepodites

Fig 4.3 Selectivity of nauplii and copepodites Af tonsabetween nitrogen deplete (phosphorus rich)
(grey bars) and phosphorus deplete (nitrogen fiiclack bars)R. salinacalculated ast Chesson’s
selectivity index. Each bar represents mean oficates. Dashed line represents no selectivity,

values were always significantly different than (p§0.01) indicating selectivity.

Cowles et al. (1988) highlighted that adult copeppAdtonsaselect for faster growing algal

cells in order to maximize their nitrogenous ingastMoreover, based on the stoichiometric
changes during ontogeny described above, we expmaplii to be more dependent on
phosphorus and copepodites to have higher nitrogguirements. Hence, copepods’
developmental stages should select for their faadces in contrasting ways. We performed
two experiments investigating the ability of nauplhd copepodites to select for food quality
differences and observed that different developaiesiages oA. tonsaeat what they need,

thus selecting for prey rich in the nutrient thesed the most (P for nauplii and N for

copepodites), irrespective of their own nutrieatss (Fig 4.3).
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Although stoichiometric fluctuations in coastal esst are also associated with varying
nutrient inputs, zooplankton community structurayglan important role in nutrient cycling.
Our results imply that the impact of individual emods on relative nitrogen and phosphorus
cycling in nature can vary strongly during develgmm Since the distribution of
developmental stages in copepod populations flbesuaith depth and seasons (Razouls and
Razouls 1988; Ozaki and Ikeda 1999; Takahashi artdydma 2008), we can expect that
nutrient cycling is strongly affected by the deymtental stage dominating the
mesozooplanktonic biomass, thus recycling moreogén in young (growing) populations
and preferably phosphorus in older declining onBsis study highlights the potential
importance of grazers on the growing conditiongh&iir prey. Furthermore, the increasing
N:P ratio of human influenced influx of nutrientdd marine systems (Grizzetti et al. 2012)
could lead to a decrease in copepod success aslaogktthe decreased relative availability of

phosphorus for young stages.
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5.1 Abstract

Heterotrophic dinoflagellates are motile protozoamgportant consumers of phytoplankton in
aquatic environments. Motility is a main advantégepredators during grazing activities, but
can also serve as defence mechanisms against beazgd. Thus, numerous microalgal
species are also motile. We investigated the impéctutrient (phosphorus) limitation on
motility of two algal speciesRhodomonas salinand Teleaulax sp.and the heterotrophic
dinoflagellateOxyrrhis marinaand examined how differences in prey swimming dpsdtect
grazing ofO. marina Furthermore, we investigated changes in swimmpegd of algae and
the dinoflagellate during predator-prey-interactiowe showed that algal swimming speed is
species-specific and strongly influenced by nutriemitation. These differences between
species and nutrient treatments significantly ieficed food uptake dD. marina Finally,
Teleaulax sppresented an escape behaviour, which appeared & leffective defence
mechanism against grazing &@. marina we show that applying successfully optimal
foraging theory to motile prey requires knowleddew important parameters such as escape
response that are needed to efficiently test therth and that with motile prey, differences
between prey in vulnerability (encounter rate aagdtgre success) are often more important

than variation in predator active choice in detaing predator diets.
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5.2 Introduction

Heterotrophic dinoflagellates are important compuseof the planktonic community in
aguatic ecosystems (Sherr and Sherr 2007). Thesazpans can act both as predators (Sherr
and Sherr 2002; Loder et al. 2011) as well as prays (Stoecker and Capuzzo 1990;
Lessard 1991; Suzuki et al. 1999), and as a regdajt a key role in carbon and nutrient
cycling (Kirchman 2000).

Heterotrophic dinoflagellates are motile protozo#ret actively swim with the help of two
morphologically and functionally differentiated diella allowing swimming behaviour to
vary in speed and direction (Gaines and Taylor 1%&mchel 2001). Swimming speeds of
heterotrophic dinoflagellates typically range frafto 1000um s (Levandosky and Kaneta
1987; Crawford 1992), but exceptionally high swimmispeeds of over 4000 prit by
Protoperidinium bipedave also been reported (Jeong et al. 2004). biieydo move gives
these organisms several advantages. It enablegismgato react to nutrient and chemical
gradients in the environment and thus to positibantselves in areas suited to their
physiology (Thar et al. 2000). Furthermore, swimgninevitably influences interactions
between species, particularly in predator-preyratdions. Motility enhances the rate at which
food items are encountered but at the same tineeiadseases the rate at which an organism
encounters its predator (Visser and Kigrboe 200®)teover, motility allows predators to
actively search and capture food items, while libves prey to escape or reduce predation
pressure (Buskey 1997; Tillmann and Reckermann ;2BGf2z and Jirgens 2005). Besides
protozoan grazersiumerous phytoplankton species are also motilealAfgptility is usually
linked to resource availability, with movement tads light or nutrients (e.g. Eppley et al.
1968; Cullen and Horrigan 1981; Macintyre et a9 whereas the role of algal motility in
predator-prey-interactions has received less avi@néven though high motility of prey cells

was shown to reduce dinoflagellate feeding rateskBy 1997).

Although it has been shown that light and nutrigriéyy key roles in the determination of the
swimming strategy of motile cells (e.g. Eppley ét H68; Cullen and Horrigan 1981,
Macintyre et al. 1997), the impact of nutrient liation on the motility of algae and
heterotrophs has not been yet investigated. Sintréent limitation has a negative impact on
phytoplankton metabolism (Hecky and Kilham 1988¢ddrit and Morris 1988), we expect

slower cell swimming activity under a nutrient ssed regime, unless high swimming
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activity could potentially lead to a reduction betstress (by finding patches of nutrients). A
reduction in swimming speed decreases encounts, ratit at the same time it also increases
escape rates. Thus, the effects of swimming speadges are unpredictable, but should
generally lead to an increase in capture succeisdtiatly very high rates, and an increase at

initially lower rates (Fig 5.3A and B).

We performed three experiments using two phytogtamkspecies, the cryptophytes

Teleaulax spandRhodomonas salinand the heterotrophic dinoflagella®xyrrhis marina

as predator to investigate the impact of nutri¢atus on swimming speed of predators and
prey as well as the effect of prey motility on thdpinteractions.. We hypothesized that the
nutrient status of an organism affects its swimnspged, and that motility of predator and
prey influences feeding success of heterotropmoftigellates.

5.3 Material and Methods

Experimental cultures

The dinoflagellate©xyrrhis marinais the most commonly used marine protozoan griswzer
laboratory grazing experiments because of its saityplof culture, broad distribution, and
tolerance to a wide range of environmental condgigLowe et al. 2010). Although not
usually found in open waters (Droop 195@), maring being both a filter- and raptorial
grazer (Jeong et al. 2008), is representative afyn@anktonic protists. As food for the
heterotrophs we usdgfhodomonas salin@Vislouch) Hill et Wetherbee (Cryptophyceae) and
Teleaulaxsp. (Cryptophyceae). Two different algae were usethvestigate the effect of

different swimming strategies on trophic interaatio

O. marinaDujardin was obtained from the Goéttingen cultuodection (Strain B21.89) and
the culture was fe®. grown in batch cultures at 18.5°C in an 18:6htligark cycle using
sterile filtered f/2 medium (Guillard and Ryther6l). All three experimental organisms were
cultured following Meunier et al. (2012), the ondyfference between the phytoplankton
cultures being thaR. salinacultures were aerated, wher@adeaulax spcultures were placed
on a KS 501 digital Shaker (IKA Labortechnik) sinites species is more fragile and is

sensitive to bubbling. Cell number and mean biov@uof O. maring R. salina and

56



CHAPTER 5

Teleaulax sp.cultures were determined using a CASY particlentew (Sharfe Systems,
Reutlingen, Germany). Prior to the experiments taevedO. marinafor one week in order

to eradicate effects of pre-culture conditions. BkervingO. marinaculture was split into
three cultures fed on phosphorus replete (“Oxy Bad “Oxy T+") and phosphorus deplete
(“Oxy R-" and “Oxy T-") R. salina(“R+” and “R-*) and phosphorus deplefeeleaulax sp.
(“T-). This preconditioning lasted 4 days and wesformed in triplicates. Food pulses were
given every 24h, from independent algal cultured there started on successive days of the
experiment (Meunier et al. 2012). Since there isvag to separat®. marinafrom R. salina
andTeleaulax sp.we adjusted the food quantity at the last prettmming day in order that

all algal cells were eaten just in time when thpesiment begun.

Tab 5.1Elemental stoichiometry d2hodomonas salinandTeleaulax spgrown under P-replete (R+;
T+) and P-deplete (R-; T-) conditions a@ayrrhis marinafed with these algae (Oxy R+, Oxy R-,
Oxy T-) and starved (Oxy St). Data are means aaddsird deviations of 5 measurements for algae

and 3 measurements for dinoflagellates.

Treatment C/N C/P N/P
R+ 47 (#0.1)  212.0 (+32.4)  45.6 (+7.2)
R- 7.4 (+0.3)  967.5(+101.7) 131.0 (+15.7)
T+ 4.6 (+x0.3)  177.9(+29.2)  38.6 (+5.5)
T- 7.5(x1.4) 902.4 (+398.7) 118.2 (+40.1)

OxyR+  5.3(x0.4)  180.7 (+5.6) 34.0 (+1.3)
Oxy R- 7.9(+0.2)  637.9(+14.6)  80.9 (+7.0)
OxyT- 5.9 (x0.4) 217.3 (+44.0)  37.3 (29.8)
Oxy St 5.7 (+1.0) 63.3 (+8.4) 11.5 (+3.1)

In order to measure organisms’ C, N and P contantgstimated amount of 200 pg carbon
was filtered onto precombusted Whatman GF/F filt€tkration was performed during the
preconditioning phase fdR. salinaand Teleaulax sp.creating time replicates statistically

independent by measuring C, N and P of algae gaseriood every day. Filtration was
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performed at the end of the preconditioning@omaring thus taking onlyD. marinaand not

the algal cells. The particulate carbon and nitnogeere measured with\dario Micro Cube
elemental analyser (Elementar) while particulatespihorus was analysed as orthophosphate
after acidic oxidative hydrolysis with 5%,8 (Grasshoff et al. 1999). C:N, C:P and N:P
differed significantly between treatments in bolgjaa (2-way ANOVA, Tukey's HSD post
hoc test, FG=8, p<0.001), but algae showed simlarient stoichiometry under similar
conditions (Tab 5.1, 2-way ANOVA, p=0.80), whichsueflected in the stoichiometry Gf.
marina feeding on these algae (Tab 5.1), so that the quesiées for the experiments

described below were satisfied.

Swimming behaviour experiment

To examine species-specific and nutrient statuscigpeswimming speeds, we filmed
organisms alone and in predator-prey-interactidds rharinawith each of the four algae
qualities). In order to investigate the effect @rgation on motility, we also measured starved
O. marinafrom the initial culture. The movement of the orgams was videotaped using an
Olympus DP71 camera attached to an Olympus SZXitfoetope at a magnification of 10.
Using the software cell’D, the record was startexhoally and stopped automatically after 3
seconds. Random videos with 12-14 frames per sea@nd taken. Before the start of the
experiment cell concentrations were measured usiIBASY cell counter. Directly after this
measurement, the algal cultures were put in thie tdgprevent growth. Just before filming we
prepared 1mL Sedgewick rafter counting cell slidéna concentration of 9000 cells mifor

O. marinaand 60 000 cells mit.for the algae. After filming, the films were trdosned into
image sequences using the IrfanView 4.25 softwhnés step enabled us to use the ImageJ
software to measure the swimming speed of the @en The software overlaid all the
images of one video thus the swimming trace becasikble. The length of each trace was
determined before calculating the velocity. We #ddally calculated the percentage of

motile algae.

Since we observed thdteleaulax sp.displays escape behavioduring interaction with
predators, we also investigated the influence dfient limitation on this escape behaviour,
hypothesizing that nutrient depletion has negagiffects on motility. To increase encounter
rates between predator and prey we used a higineentation of 20 000 cells rifLfor O.

marina Furthermore we increased the time of recording+4b0 seconds and videotaped
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O. marinapreconditioned orR. salinaP-replete in interaction witiieleaulax spP-replete
and P-deplete.

Grazing experiment

In order to investigate the resulting grazing®fmarinaon R. salinaand Teleaulax sp.we
conducted a grazing experiment. We offered eachl &dgatment (“R+, R-, T+ and T-*) 10.
marina that had been starved for 7 days, with 3 replicdbeseach treatment. We chose
starvedO. marinasince pre-experiments have shown that they exthbithighest ingestion
rates, furthermore this approach avoids potentiatgondition effects caused by different
food sources. The experiment was conducted in 1D(Qlastic beakers under dim light at
19°C. Initially each beaker contained 25,000 alggls and 2,00@xyrrhis cells in 80 mL
artificial sea water with a salinity of 32 (hw Waaglt, Marinemix professional). The
experiment was stopped after 140 min by adding &im(formaldehyde 20% buffered with
hexamine) to each beaker. The content of the bgakaes transferred into 100 mL brown
glass bottles and stored cool and dark until furdrealysis. With an Axio Cam HRc camera
and the software Axio Vision Rel 4.8, pictures@fmarinacells were made randomly. For
each sample we measured the volume of 30 randdnalgen individual cellas well as the
volume of their food vacuole. This allowed us técakate the percentage &. marinafilled

with food and use this as a proxy of ingestion.

The volumes of both the whole organisms as wethasvacuoles were calculated using the

following formula:
V=lxd?xh
6

wherebyV is volume,d width andh length ofO. marinacells or food vacuoles (Hillebrand et
al. 1999b). Food uptake was expressed as the pagecof the totaD. marinavolume that

was taken up by food.
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Selectivity experiment

Based on the grazing experiment’s results, we Gled the outcome @. marinaselectivity
betweerR. salinaandTeleaulax spwhen offered together as prey. We plotted ingadtiata
versus prey swimming speed and fited a regressiorec This allowed to estimate the prey
swimming speed for whic®. marinaingestion is maximal. We then calculated the itigas

of any prey type as a percentage of the maximastign ofO. marinato estimate, when the
dinoflagellate feeds on a mixture of prey, the @rexacy of each prey type in its diet as
Chesson’s selecitivty index (Chesson 1978; Che$988). To test the predicted outcome of
selectivity, we performed a selectivity experimamtthe same conditions as the grazing
experiment and used a modified version of the expartal setup described by Meunier et al.
(2012). We offered, 1:1 mixes dkleaulax spF/2 andR. salinaF/2 as well aJeleaulax sp.
F/2 andR. salina-P in 100 mL plastic beakers filled with artifitiseawater t@. marinain
octuplicates. The experiment lasted 140 min whi@s \the duration needed to reduce the
initial algal densities by 10-30%, the samples wieted and stored cool and dark until further
analysis. An aliquot of each sample was countedh &t AXIO Observer.A1 microscope
(Zeiss) using 2.973mL centric counting chamberse@eity o was calculated according to
Chesson (Chesson 1978; Chesson 1983) and sigmiiciithe selectivity was tested against
a=0.5 (Student’s one samgléest).

5.4 Results

Swimming experiment

Video microscopy was used to analyze the swimmipged and motility of algae and
dinoflagellates as well as to investigate possh®bavioural changes during predator-prey
interactions. The analysis of the swimming speeaxivgldl significant differences between the

two algal species as well as between the nutriamises.

There was a clear difference in the total motitifythe different algal species and treatments
(Fig 5.1A). Whereas iR. salinaonly a small percentage of the total number ofscelas
actively swimming, with no difference (2-way ANOVATukey's HSD post hoc test,
MQ=243.9, FG=36, p=0.99) between the nutrient tnegis (R+: 20% and R-: 21%),
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Teleaulax sp.cells were much more active (2-way ANOVA, #46.04, p<0.001).
Moreover, there was a significant difference (2-wWedyOVA, Tukey’'s HSD post hoc test,
MQ=243.9, FG=36, p=0.02) in the percentage of racatiélls between nutrient treatments.

65% of P-repleteleleaulax spcells were swimming, whereas just 43% of P-deptetes

were active.

160 A 5 b ab
4 140 1 a a b ¢ 1 ab [
‘v 20% 21% 65% 43% ’
£ 120 | 1 a I
=
= 100 | . I
[}

2 80 | c
” c
2 60 |
E 40 a
& 20 B b
0 : : : : ‘
R+ R- T+ T- Oxy R+ Oxy R- Oxy T- Oxy St
Algal treatment O. marina precondition

Fig 5.1Swimming speed dRhodomonas salinandTeleaulax sp(A) grown under P-replete (R+; T+)
and P-deplete (R-; T-) conditions afkyrrhis marina(B) fed with these algae (Oxy R+; Oxy R-;
Oxy T-) and starved (Oxy St). Bars show the meahaaror bars show the standard error of minimum
20 measurements. Different letters (a,b) indicagmifscant differences (three-factorial ANOVA,
threshold p=0.05). Percentages indicate the prigmoof motile cells.

Within the motile cells we also observed significdiiferences. In all casékeleaulaxswam
significantly faster thamR. salina(Fig 5.1A, 2-way ANOVA, 15~=211.78, p<0.001). Motile
P-replete and P-deplefieeleaulax spswam at similar velocities (2-way ANOVA, Tukey’s
HSD post hoc test, MQ=1115, FG=458, p=0.93), respaly 53 um s* and 56um s*. In
contrast, swimmindR. salinashowed significantly different (2-way ANOVA, TukesyHSD
post hoc test, MQ=1115, FG=458, p=0.02) swimmirgesis between the nutrient treatments.
P-repleteR. salinaexhibited a swimming speed of 2dn s*, while P-deplete ones had a

significantly lower swimming speed of 16n s®.
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With swimming speed ranging from 95 to 140 uih ©. marinadidn't display large
differences between the food treatments (Fig 5.TBg only significant difference observed
was between Oxy R+ and Oxy T- (1-way ANOVA, TukelSD post hoc test, MQ=1630,
FG=244, p=0.02).

Fig 5.2 Food uptake ofO. marina

60 a

T grazing on P-replete and P-depldRe
g 50 1 salina(R+; R-) andTeleaulax sp(T+;
'é 40 - T-). Values are expressed in % Of
2 20 | . marinafilled with algal cells. Bars show
3 the mean and error bars show the
g 20 1 q standard error of 30 measurements.
= 10 4 c Different letters (a,b,c,d) indicate
0 | | significant differences (two-factorial
R+ R- T+ T- ANOVA, threshold p=0.05).

Algal treatment

Grazing experiment

The impact of algal motility on the ingestion Q. marina was studied in a grazing
experiment using the 4 different algal treatmef@smarinagrazed on all 4 different algal
treatments but with significant differences in Watalepending on algal species and treatment
(Fig 5.2).0. marinaingested significantly mor&. salinathan Teleaulax spcells (2-way
ANOVA, F1116141.85, p<0.001). Furthermore, P-limitedsalinawas ingested significantly
less (2-way ANOVA, Tukey’'s HSD post hoc test, MQ4168, FG=116, p<0.001) b§.
marina(22% food volume of total volumé&) comparison to P-repleR. salina(52%).

Sih and Christensen (2001) suggested that incrgagmey’ swimming speed leads to
increasing encounter rate and decreasing captueess! of the prey by the predator (Fig
5.3A). This shall result in low ingestion at lowdahigh prey’ swimming speed and maximal
ingestion for intermediate prey’ swimming speedy(5i3B). As predicted, plotting ingestion
versus algal swimming speed highlights that diffiees in algal motility influenced grazing
activities of O. marina (Fig 5.3C). Surprisingly, although both P-repleted aP-deplete

Teleaulax spswam at the same speed, ingestion of P-replete algs significantly lower
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than of P deplete algae, (Student'dest, FG=58, p=0.03) indicating that in this case

swimming speed differences is not the only paranexplaining variations in ingestion.
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Fig 5.3 Comparison between theoretical assumption of
C % o R+ the influence of prey swimming speed on feedingaof
© ?‘ motile predator and our results. (A) Prey encourds
e +
o T- (prey/time) and capture success (prey captured/prey
encountered) (B) Predicted ingestion (number ofy pre
ingested/time) for a motile predator. The swimming
speed yielding maximum consumption rate is shown by
4 the vertical dashed line (Nislow et al. 1999, miedif
(C) Food uptake o©. marinagrazing on P-replete and
0 20 40 60 P-depleteR. salina(R+; R-) andTeleaulax sp(T+; T-)
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versus the swimming speed of these different alghs.
Values are means and error bars show the standard e

of 30 measurements.
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Algal escape behaviour

Video recordings were also used to examine thepesbahaviour ofleleaulax spduring
predator-prey-interactions with respect to the iotpat the nutrient treatment. Such escape

behaviour was never observed Rrsalina

We observed that after an encounter viithmarina, Teleaulax spncreased its swimming
speed and changed direction randomly thus actestaping fronO. marina(Fig 5.4). This
escape behaviour was significantly affected (Sttidénest, FG=66, p<0.001) by the nutrient
status of the Teleaulap.cells (Fig 5.4).

Fig 5.4 Swimming speed ofleleaulax

250 3 B sp. grown under P-replete (T+) and P-
deplete (T-) conditions before and after
< 500 | 92% 16% _ _
g encounter withO. marina Bars show
=
%, 150 | [c— Before| b _E the mean and error bars show the
o === After | standard error of minimum 20
(2]
2 100 a measurements. Different letters (a,b)
E a indicate significant differences
= 50 1
& (ANOVA,  threshold  p=0.05).
0 ‘ ‘ Percentages indicate proportion of cells
T+ T- showing escape behaviour when

Algal treatment meetingO. marina

In 92% of the analyzed videos, P-repl@&eaulax spshowed escape behaviour, while P-
depleteTeleaulax spexhibited escape behaviour in only 16% of the adBons. Although
this lower percentage was partly due to immobildksc&ven among the motile P-deplete
Teleaulax sp.only 38% performed this escape behaviour. Indhodividuals that did show
an escape response, the magnitude of the resp@sseotinfluenced by the nutrient status of
the algae (2-way ANOVA, f5/1.6311, p=0.21). Prior to the encounfee]eaulax spwhich
escaped showed swimming speeds ofiils’ for P-replete and 76m s* for P-deplete cells.

Post-encountefTeleaulax spincreased its velocity by a factor around 2 (188 s* for P-
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replete and 14@m s’ for P-deplete cells (Fig 5.4) causing successfubpe in all observed
interactions.

Selective feeding

The grazing experiment’s results allowed us to wdate the outcome of selective feeding
when R. salinaand Teleaulax spare offered together as prey @ marina We predict
substantial selectivity foR. salinawhen both algae are nutrient replete and wealctbaty

for R. salinawhen this species is P-deplete (Fig 5.5A). Theearment shows significant
(Student’s one samptetest, FG=7, p<0.001) selectivity f&. salinain all cases (Fig 5.5B).
While no difference could be observed (Student's sampld test, FG=7, p=0.13) between
theory and observation when both offered algae watgent replete, there was a significant
difference (Student’s one sampleest, FG=6, p<0.01) between theory and observatioen

R. salinawas P-deplete which implies that one of the pratégs modified its behaviour

between the grazing and the selectivity experiments
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Fig 5.5 Predicted (A) and observed (B) selective feedifigOo marina betweenR. salina and
Teleaulax spof different nutrient status (+ for nutrient rejgleand — for P-deplete), measured using
Chesson’s selectivity index (Chesson 1978; Ched9&3). For plot B, values represent mean and
standard deviation of 8 replicates. Stars indi¢att 0+#0.5 based on Student’'s one samplist
(p<0.05).
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5.5 Discussion

Nutrient status and motility

Heterotrophic dinoflagellates are important predain aquatic ecosystems showing a highly
variable swimming behaviour (e.g. Sheng et al. 2087main advantage of motility is the
ability to actively search for food items in therswnding environment. However, often prey
are not passive particles but show motility as well marinadisplayed swimming speeds
ranging from 95 to 14Qm s. These values are comparable to the data of T4t&81). He
recorded mean swimming speeds of 90-1® s*, while in other studies higher mean
swimming speeds of 307-366m s' were reported (Fenchel 2001; Menden-Deuer and
Grinbaum 2006). Although Crawford (1992) suggestsrmarease of cost for motility in
starving heterotrophs, in our study starv@d marinashowed reduced cell volume and C
content but did not decrease their swimming speelicating that costs for motility are low,
as predicted by Fenchel and Finlay (1983) and Qrailvfl992).

Algal swimming speeds differed significantly betwespecies.Teleaulax spswam twice
faster tharR. salinaindicating that prey motility is highly species-sge. We also observed
that P limitation strongly affected the motility bbth species. Although motile organisms
require energy in the form of ATP, it is unlikehat P-limitation reduced ATP availability for
motility because the P contained in ATP represantsry small part of the whole organismal
P (0.05%) (Elser et al. 1996). Further, it is knaWat nutrient limitation can result in smaller
flagella or deformed cell shape (Donk et al. 19@hat could have influenced motility as

well.

Motility and trophic interactions

Since prey behaviour differs among species, thegs#y to investigate these differences to
analyze feeding activities of organisms is crueslit influences encounter rates and capture
success (Sih and Christensen 2001). Algal motiktyimportant since prey movement
enhances encounter rates with predators (SucharCdmgbu 2006) and is a selection
parameter in successful capture (Montagnes et @08)2 Sih and Christensen (2001)
suggested that the encounter rate of a predator difterent prey species depends on prey
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and predator motility. The encounter model of Geen and Strickler (1977) predicts that
slow swimming prey have low encounter rates withmatile predator, while fast prey
organisms have high probabilities of encounteringaile predator. Furthermore, Sih and
Christensen (2001) assume that prey and predattlitynas well as post-encounter defences
of prey control the capture success. This assumptas verified by several studies (Buskey
1997; Kigrboe and Titelman 1998; Tillmann and Recglan 2002). Buskey (1997) offered
non-motile diatoms and motile autotrophic dinofléefes as prey to the pallium feeding
heterotrophic dinoflagellat®rotoperidinium pellucidiumand observed tha®. pellucidium
loses contact with the dinoflagellate before thgestion occurs. In addition, he found that
motility of autotrophic dinoflagellates is used fscape and causes the capture filameRt of
pellucidiumto break. Similar results were found by Tillmanrddeckermann (2002) using
the heterotrophic pallium feeding dinoflagellat@blea rotunda as predator and the
raphiophyteFibrocapsa japonicaas prey. In most casé€3. rotundafailed to attach its tow
filament after encounter with. japonicaand when attached to the filameht,japonicawas
able to escape. Thus, capture success is influemggaey handling ability of the predator
and escape behaviour of prey while prey consumpsionfluenced by prey encounter. Slow
swimming preys have low encounter rate with predatehile they are easy to handle for a
predator. In contrast, highly motile prey items @dagher encounter rate with predators, but
they reduce the capture success because of handiffiqulties. Thus, slow and fast

swimming prey will lead to lower consumption of iegator.

As already mentioned, the swimming speed of algHered between species and nutrient
treatment. P-limitedR. salinashowed low swimming speeds, P-repl&esalinaswam at
moderate speeds and in both nutrient treatmBglsaulax spshowed high swimming speeds.
Additional microscopic observations indicated tRatmarinaingested mainly mobile cells,
we therefore used mean swimming speed of motilés aetd, as predicted by Sih and
Christensen (2001) and Gerritson and Strickler 7). 9differences in algal motility influenced
grazing activities 0O. marina It seems that slow swimming P-limit&d salinawere easy to
handle, but their slow swimming speed reduced tlementer rate witf©. marinaand thus
also reduced ingestion. Highest ingestion @f marina was observed when feeding on
nutrient-repleteRr. salinaindicating that their moderate swimming speed migisult in high
encounter rate and high handling success. Additignae saw in the preconditioning phase

as well as in preliminary experiments th@t marina is able to graze and grow on
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Teleaulax spTherefore, althougl®. marinamight have had increased encounter rates with
Teleaulax sp.lowest ingestion could be due to handling prolslenith these fast swimming

algae.

Algal escape behaviour

Although both P-replete and P-deplételeaulax spswam at the same spedd, marina
ingested almost twice as less P-replete algae. djeswamming speed differences is not the
only parameter explaining variations in ingesti®mce there is a high grazing pressure on
phytoplankton exerted by microzooplankton, phytogtan species developed several
defence mechanisms (Verity and Smetacek 1996; $siet2001; Tillmann 2004). These
mechanisms can be divided into morphological, ckahand behavioural defences. To deter
predators, phytoplankton species have increasst&) formed large chains and colonies or
grown spines. Furthermore, there are noxious chamiwhich also provide defence. In
addition, they can escape by swimming away. Funtbeg, it must be noted that there is no
single defence mechanism functioning perfectly mgfaihe whole range of potential predators
(Tillmann 2004) and we observed (unpublished didua)Teleaulax spescape behaviour and
high swimming speed didn’t reduce grazing by thpepmdA. tonsa Moreover, Yoo et al.
(2010) and Jeong et al. (2010) found that the mayatic dinoflagellate®?aragymnodinium
shiwhaensendGymnodinium aureolurshow positive growth when feeding deleaulax sp
These dinoflagellates had much higher swimming dgpeeompared tdO. marina. G.
aureolumpresents mean swimming speed of 8&#s" andP. shiwhaenseeaches swimming
speeds of 57um s’. Thus, swimming speed is clearly a species spetidit but is also
influenced by environmental conditions such asnggli temperature, and light (Hand et al.
1965; Kamykowski and McCollum 1986; Kamykowski £t1®88).

We observed thdleleaulax spP-replete displayed escape behaviour in 92% oéticeunter
with O. marinaagainst 16% by P-deplete algae. These dissinarére responsible of the
different rates at which botheleaulax spnutrient statuses were ingested. Thtedgaulax sp.
showed an escape behaviour which was an effectif@nde mechanism against grazingof
marina Furthermore, in the case &. saling the manipulation of nutrient status caused
changes in swimming speeds that significantly aéf@éche grazing o©. marina Thus, the
necessity to focus on more than one parameter wtuelying the impact of prey features on

predators’ feeding activities appears evident.
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Selective feeding

Although we were able to accurately predict theconote of selectivity whel®. marinais
offered a mix ofR. salinaand Teleaulax sp.nutrient replete, the dinoflagellate selected
strongly forR. salinawhen this alga was P-deplete while we expecteg amveak selectivity.
Moreover, Meunier et al. (2012) showed that thisoflagellate is able to detect food quality
differences and actively select for P-rich algdlscelherefore, neither the swimming speed
nor the quality differences of the two algal ty@ee responsible for the divergence between
calculated and observed selectivity. Sifeteaulax sppossesses the capacity to escape from
a predator by doubling its swimming speed and cimgngs swimming direction we expect
that, although both prey swim at the same spee@qitires more energy f@. marinato
catchTeleaulax spnutrient replete thaR. salinaP-deplete. Hence, the selectivity observed
might result from a trade-off between energy sperd energy intake an@. marina may
have grazed preferentially the easiest alga tohcdc salina This behaviour has been
described in the optimal foraging theory developgdMacArthur and Pianka (1966) and
successfully applied to various planktonic orgamisds Sih and Christensen (2001)
explained, we show that applying successfully ogtifaraging theory to motile prey requires
knowledge about important parameters such as eseapense that are needed to efficiently
test the theory, and that with motile prey, diffezes between prey in vulnerability (encounter
rate and capture success) are often more impdttantvariation in predator active choice in

determining predator diets.

To conclude, we showed that algal swimming speedspscies-specific and strongly
influenced by P-limitation. We illustrated that sieedifferences between species and nutrient
status had a strong impact ©n marinds food uptake. Finally, we highlighted thB¢leaulax

Sp. possesses an escape behaviour which was iderddieth effective defence mechanism
against grazing.
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Chapter 6: General discussion

Stoichiometric imbalances

The elemental composition of photoautotrophic oigjas is characterized by high plasticity
whereas the stoichiometry of herbivores is morestamt. Consequently, herbivores are faced
with prey not matching their nutrient requiremewntisich has a negative effect on somatic

growth and reproduction of the consumer.

Microzooplankters are often exposed to variation®ad quality and quantity in their natural
habitat (Droop 1973; Hessen 1992; Martel 2010) chethey must have acquired means to
handle these fluctuations. Although little is knowhout protozoan nutrient demands, the
growth rate hypothesis allows some predictionsdlls, phosphorus is the main constituent
of phospholipids, ATP/ADP, and nucleic acids. Plmdipids being a minor constituent in
cells and high energy adenylates contributing tes& 1% to dry weight in zooplankters
(Bamstedt 1986), nucleic acids contain most of abkular phosphorus (Elser et al. 1996).
When conditions are favourable for growth, genedirgpfor rRNA production are activated
resulting in a large assembly of ribosomes allovangextensive protein synthesis necessary
for high growth rates. Since P is the key elemengfowth, | hypothesized that fast growing
microzooplankton have high P requirements. Henceromooplankters must have developed
behavioural and physiological adaptations to bufier impact of limitation by the nutrient

they need the most, namely phosphorus.

Stoichiometric requlations

Grover & Chrzanowski (2006) built a mathematical delo predicting that the nutrient
composition of phagotrophic protists is weakly, hat strictly homeostatic. After a period of
nutrient limitation, protists raise the uptake o€ previously limiting nutrient once it becomes
available again in order to replenish their nutrigiores (1973). But feeding goes beyond this
simple replenishment. Luxury consumption results cionsiderable flexibility in body
stoichiometry and allows these organisms to stqraraicular element in order to be prepared
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for future nutrient limitation. Very little was #tknown on the dynamics of these changes, a
gap | wanted to close. | highlighted that stoich&tnt response to food quality and quantity
change is rapid (see chapter 2) and that, accdydiogwhat the growth rate hypothesis
predicts, the dinoflagella®®xyrrhis marinahas a stronger regulation against P-limitatiomtha
against N-limitation. This is coherent with oth&rdies showing that the growth ©f marina

is affected by P- and not by N-limitation (Hantzechnd Boersma 2010). Hantzsche and
Boersma showed that whereas N-limited and nutrigpiete algae resulted in similar growth
rates, P-limited ones had a negative effect onsghecific growth rate oD. marinathus
highlighting that protists are affected by high Cddd in a similar way to crustacean
zooplankton.

The prediction of Grover & Chrzanowski (2006) thpaibtists are weakly homeostatic was
confirmed by results of Hantzsche & Boersma (204 Malzahn et al. (2010). Both used
Rhodomonas salinas prey andD. marinaas consumer. Their results highlighted that the
stoichiometric imbalances d®. salinawere transferred t®. maring but in an alleviated
form. | observed that even though phosphorus deghRt salinais poor quality food foO.
marina (Hantzsche and Boersma 2010), the dinoflagelfetgsnore on this food source when
pre-conditioned on nitrogen depletBd salinato compensate for the lack of nitrogen. On the
other handQ. marinasuffering phosphorus depletion compensated fofable of elemental
phosphorus by increased ingestion rates on nitrdgeretedR. salinawhich are phosphorus
rich. This feeding strategy is typical for omnivasoor opportunistic animals (e.g. Pennings et
al. 1993; Stachowicz and Hay 1996; DeMott et al98)9and allows to compensate the

biochemical or elemental deficiencies of the fdmebtigh compensatory feeding.

Selective feeding

Several studies identified that protists are allefeed selectively. Hansen (1992) and
Jakobsen and Hansen (1997) reported that the hejghe dinoflagellatesGyrodinium
spiraleandGymnodinium spselect their prey based on size differences amd Aa optimum
prey size corresponding approximately to their eme. However, Buskey (1997) stated that
size is not the only feature influencing the sel@gt of dinoflagellates but until now few
studies investigated selective feeding with foodliqy as the only variable parameter. |
highlighted that the dinoflagellat@. marina(see chapter 3) is selecting for prey items based

on food quality differences. As | expected basedtloa growth rate hypothesis, this
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dinoflagellate species, independently on its prdaan, always selected for P-rich algal
cells.

As | described for microzooplankton, metazoan giaadso experience an unbalanced food
supply. | hypothesized that mesozooplankters feséectvely for food quality differences to
obtain a balanced diet (Anderson and Pond 200@hdrourth chapter | showed that, as other
species (Villar-Argaiz et al. 2002), the copephchrtia tonsaexhibits strong stoichiometric
variations with ontogeny. Consequenty, tonsadevelopmental stages selected for prey rich
in the nutrient they need the most (P for naupld &l for copepodites). Further, | showed that
naupliar density correlates with the rate of chaafjelissolved N:P ratio. As other studies
already suggested (Elser and Urabe 1999; Vanni)2@@2 implies that, due to the retention
of P as well as the selective removal of this el@meauplii substantially impact dissolved

N:P ratios.

12 Fig 6.1 Selectivity for P-richR. salinaprey
§ 1.0 { of different grazers versus grazers’' growth
£
£ 038 - rate. Growth rates ofD. marina and G.
S dominans are issued of the work by
9 0.6 1 -0
® Hantzsche and Boersma (2010) and
o 4 .
a 04 O Nauplii Acartia tonsa Nakamura et al. (1995). Data f@. marina
2 ® Copepodites Acartia tonsa
O 0.2 1 O  Oxyrrhis marina selectivity and A. tonsa growth and
=) @ Gyrodinium dominans

0.0 , : : : selectivity are from chapter 3 and 4.

0.0 0.2 0.4 0.6 0.8 1.0

Carbon-specific growth rate (ugC d'l)

Based on the growth rate hypothesis prediction¢basumers with higher growth rates have
higher P requirements, | expect stronger selegtifat P-rich prey, which | observed (Fig
6.1). Since metazoan organisms are more complexuhizellular ones, they may have more
developed sensory apparatus for selective feedwplai@ing stronger selectivity by the
copepodA. tonsacompared to dinoflagellates.
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Stoichiometry, motility and trophic interactions

Planktonic grazers are able to select their presetbaon food quality (Cowles et al. 1988;
Meunier et al. 2012), taxonomical differences (gt al. 1996; Irigoien et al. 2000; Fileman
et al. 2007) and prey size (Paffenhofer 1988; Hamrdeal. 1996) but very little is known on
the impact of prey swimming speed and behaviour.akeady shown for heterotrophic
plankters (e.g. Sheng et al. 2007), | identifiedt talgal swimming speed is species-specific.
Since | observed that P-limitation strongly impauitstility, | focused on the indirect effect of
P-limitation on food uptake and trophic interacioMy results confirm the predictions of Sih
and Christensen (2001) and Gerritsen & Strickl®&7{) that the encounter rate of a predator
with different prey species depends on prey andgioe motility and that prey and predator
motility as well as post-encounter defences of pregtrol the capture success. In order to
escape the high grazing pressure exerted by plaickgpmazers many phytoplankton species
developed escape mechanisms (Verity and Smeta&k $netacek 2001; Tillmann 2004). |
recorded thafTeleaulax sppossesses such an escape behaviour which was eativeff

defence mechanism against grazin@ofmarina

o Chesson's selectivity index

mmmm R salina N:p = R salina N:p
== Teleaulax sp. N:P === Teleaulax sp. N:P B

N:P N:p N:P N:p
Precondition Precondition
Fig 6.2 Selective feeding betwedRhodomonas salin®-deplete andreleaulax sp.P-replete of
differently preconditionedD. marina (panel A) and the copepodite stage of the copepotbnsa
(panel B), measured using Chesson’s selectivityexn@Chesson 1978; Chesson 1983). Values
represent mean and standard deviation of 4 reeficlr O. marinaand 10 replicates foh. tonsa
Stars indicate that#0.5 based on Student’s pairetst (p<0.05).
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High swimming speed and to a second degree esadmeribur had a strong impact @n
marina selective feeding (Fig 6.2A, see also chapter Hi)enit did not affect grazing of the
copepodite stage of the copepddionsa(Fig 6.2B, additional results to make the comaris
with the data of chapter 4). This confirms thatréhés no single defence mechanism
functioning perfectly against the whole range ofteptial predators (Tillmann 2004).
Although usually selecting for P-rich prey, the aflagellate selected, independently on its
precondition, for P-depletR. salinainstead of P-replet&eleaulax spOn the other hand,
when preconditioned on P-limited food, copepod#ekected for P-ricieleaulax sp.while
they didn’t select when preconditioned on good fgadlity indicating that grazers are able to

recognize their nutrient status and to adapt fieeding behaviour accordingly.

Prey recognition

| showed that consumers, both proto- and metazea@sble to select for their food based on
quality differences. This capacity of grazers tentify the nutritional status of their prey is
certainly based on a sophisticated mechanism whitimately, enables consumers to buffer
nutritional imbalances of their prey via compensatand selective feeding. Recent studies
identified some of the biochemical mechanisms nesiixde for the ingestion or rejection of
food particles in microzooplankters (Nakamura et ¥95). Roberts et al. (2006) and
Wootton et al. (2007) discovered that the cell aefof the heterotrophic dinoflagellade
marina contains lectins, which are highly specific canpdiate-binding proteins. These
proteins might bind with species-specific glycoemgtes of the prey and thus initiate
phagocytosis (Martel 2009b). These authors suggdesitat the nutritional status of
phytoplankton cells modifies their structural oesies-specific glycoconjugates on the cell
surface. Hence, the heterotrophic dinoflagellaty b able to identify the nutritional status
of the prey cells during cell-to-cell contact vieetdetection of these glycoconjugates (Martel
2006; Martel 2009b). Copepods are also able o $edectively on food particles and, as for
microzooplankton, several authors suggested th#ereint cues such as biochemical
composition and chemoreception may be involved rey pecognition (Poulet and Marsot
1978; Cowles et al. 1988; Butler et al. 1989). kmtance Kigrboe (2011) identified that
copepods are able to encounter aggregates suclarasersnow by finding and tracking the
chemical trail left by the sinking aggregate, sanimechanisms may be involved in prey
detection and selection. As a function of theiritiohal status or growth stage, algae excrete
specific substances (Wetz and Wheeler 2007) condpotalifferent biochemicals such as
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carbohydrates and amino acids (Granum et al. 208#¢h may serve as attractors or
inhibitors for herbivores (Strom et al. 2003; Dasod et al. 2005; Martel 2006; Strom et al.
2007).

Implications for pelagic food webs

As | previously explained). marinaand maybe other protozoans lie, in term of honasist
ability, between metazoans and autotrophs. Baseth&oretical considerations, this would
have implications for omnivorous grazers such gsepods. Since they buffer the nutrient
imbalances of their food and are trophic upgradktalzahn et al. 2010), protozoan grazers
are always of better food quality for herbivoresnpared to autotrophs but are, under normal
conditions, very diluted. However, after periodshafrient limitation (e.g. late spring bloom),
protozoan grazers are more abundant and, due tghgsiological momentum of their
homeostatic regulation, protozoan grazers shouydesent a substantial part of omnivores’
diets. Selective behaviour of mesozooplanktersifmrozooplankton prey has been reported
by several authors (Hansen et al. 1993; Filemaal.2007; Loder et al. 2011). Loder et al.
(2011) conducted a series of dilution experimentsng a mesocosm study which reproduced
in the laboratory a phytoplankton bloom. By diseglang the relative impact of micro- and
mesozooplankters grazing they highlighted that pode selected for microzooplankton prey
and this selectivity increased at the end of theomn, certainly due to a decrease in

phytoplankton quality.

Implications
The results presented in this thesis allow a bettelerstanding of the importance of nutrient

supply rates and ratios and increase our predichibty on the impact of altered marine
biogeochemistry on coastal food webs. Since thestl revolution, human activity has
altered the natural biogeochemical cycle of nitroged phosphorus on a global scale, with
consistent emissions in waters (Vitousek et al.71%®ley et al. 2005; Galloway et al. 2008).
As a consequence, eutrophication has lead toregeased micro- and macroalgal biomass,
anoxification, especially in deep water layers athnges in species composition and
diversity (Carpenter et al. 1998; Cloern 2001; &n#003; Smith and Schindler 2009). A
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recent analysis of the effects of European enviemal policies shows that measures to
reduce phosphorus were more successful that tlakenty nitrogen (Grizzetti et al. 2012).

Moreover, the main source for P fertilizers usedniodern agriculture is mined phosphate
rock, which is a non-renewable resource and, uadeontinuously increasing demand, the

reserves may be depleted in 50-100 years (Cordall 2009).

Long-term studies evidenced a steady increaseeoNtR ratio in coastal waters which could
increase eutrophication in N-limited systems, rauycbiodiversity and the ecosystem’s
resilience to future additional anthropogenic stréGrizzetti et al. 2012). As a result,
increased N:P ratios of autotrophic food sourcds lawver growth rates of P-rich grazers
such as microzooplankters and nauplii. Only redwdketation to ribosomal RNA is possible
under P limitation, thus offsetting high growthasitand favouring species with lower growth
rates (Pguelas et al. 2012). Moreover, the raise in disgblearbon resulting from the

amplified CQ emissions will increase C availability. This wititensify photosynthesis rates
and C uptake, increasing the C:N:P ratios of aopdis thus reducing further their quality as
food. Ultimately these changes in biogeochemicalesywill have a global negative impact
on the productivity in the oceans and will not oaffect low trophic levels in food webs but
potentially also e.g. fish abundances and conséiyusheries and economy, as we know

that these food quality effects travel up the fobdin (Boersma et al. 2008).

Outlook

My work shows that planktonic grazers possess épadaty to feed selectively based on food
quality differences. Nevertheless, we know nothabgut the range of food quality variations
consumers experience in the nature. To be ablkeet $electively, a consumer needs to invest
in sensory apparatus which represent a cost. Hértwarbivores would not face food items of
different food quality, it is unlikely that this rategy would have evolved. In order to
investigate the magnitude of food quality varia@consumer experience, tools such as the
Raman spectroscopy (Colthup et al. 1990) may b&uluskhis promising technique should
allow measuring the elemental content of individoalls, since only the measurement of
individual cells will allow us to assess whethelestve feeding capability based on within

species differences in quality is really necessary.
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Moreover, the basic mechanisms behind selectieityain unknown. For instance, it has not
yet been clarified whether grazers’ selection iseldaon pre- or post-contact mechanisms.
Observing and filming with high speed video plam&teeeding would allow identifying key
feeding and motility behavioudt has been described that prey cells smaller thamm
generate too small chemical and hydromechanicalatsgto allow remote detection; these
signals simply dissipate almost instantaneouslg(Boe 2008). Hence, if selectivity is based
on pre-contact signals, grazers may feed selegtioply on prey larger than 5 um. This
hypothesis can be tested in microcosms, measuheg ability of herbivores to feed
selectively on a mix of nutrient replete and nuttrideplete small phytoplankton on the one

hand and larger phytoplankton on the other hand.

| showed thaf eleaulax sppossesses the ability to double its swimming speedchange its
swimming direction to escape a predator. It mightrderesting to observe the behaviour of
this species in the presence of an ambush feedez 81 this case the best strategy is to stop
moving to avoid detection by the predator (Kigrbaed Visser 1999). | observed this
behaviour in the dinoflagellat®. marina(personal observation) which stopped swimming in
the presence of the copepéd tonsaand, once the copepod went away, the dinoflagellat
started to swim again. In this case it would berggting to observe ho®@. marinabehaves

in the presence of a feeding-current feeder.

Further investigations on the impact of nutriendikabilty on selective feeding as well as on
swimming strategies of plankters are crucial to anderstanding of aquatic ecosystem
functioning and identifying the inherent trade-ofésan issue that needs to be thoroughly

addressed when conducting future research in éfek df ecological stoichiometry.
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Summary

Metazoan grazers such as copepods are homeost#ticragspect to their body nutrient
composition, which means that they are able todoufiutrient imbalances between their
demand and the supply by their prey, thus keegieg C:N:P stable. Homeostatic regulation
can occur post-ingestion, but also several presinige mechanisms are known, and, when
experiencing an unbalanced food supply, grazers feay selectively for food quality
differences to obtain a balanced diet. | showedttie copepodicartia tonsaexhibits strong
stoichiometric variations with ontogeny. ConseqlyenfA. tonsa developmental stages
selected for prey rich in the nutrient they neesirtiost (P for nauplii and N for copepodites).
Further, | evidenced that naupliar density subglyntimpacts dissolved N:P ratios which |
attribute to selective removal of P-rich cells asllvas selective retention of phosphorus by

nauplii.

As mesozooplankters, microzooplankters are oftggoged to variations of food quality and
quantity in their natural habitat, hence they mhbave acquired means to handle these
fluctuations. | highlighted that the dinoflagellagpeciesOxyrrhis marinaselects for prey
items based on food quality differences. Indepetigem its precondition, the dinoflagellate
always selected for P-rich algal cells. Even thopglosphorus depleteld. salinais poor
quality food forO. maring it fed more on this food source when pre-conddgib on nitrogen
depletedR. salinato compensate for the lack of nitrogen. On theeottiand,O. marina
suffering phosphorus depletion compensated for ldek of elemental phosphorus by
increased ingestion rates on nitrogen depldedsalinawhich are phosphorus rich. This
feeding strategy allows compensating the biochdnuic&lemental deficiencies of the food
through compensatory feeding. Very little was #tiilbwn on the dynamics of stoichiometric
changes in dinoflagellates, a gap | wanted to clbkehlighted that stoichiometric response
to food quality and quantity change is rapid anat th. marinahas a stronger regulation
against P-limitation as against N-limitation. Theéscoherent with the fact that the growth of

O. marinais affected by P- and not by N-limitation.

Planktonic grazers are able to select their presgth@n food quality, taxonomical differences

and prey size but very little is known on the impafcprey swimming speed and behaviour. |
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identified that algal swimming speed is speciesssjgeand that P-limitation strongly impacts
motility. These differences in motility had a stgpmpact onO. marinds feeding activity
which confirms the predictions that the encounte rof a predator with different prey
species depends on prey and predator motility hatdrey and predator motility as well as
post-encounter defences of prey control the capsuceess. In order to escape the high
grazing pressure exerted by planktonic grazersymhbagtoplankton species developed escape
mechanisms. | recorded thB¢leaulax sppossesses such an escape behaviour which was an
effective defence mechanism against grazin@omarina High swimming speed and to a
second degree escape behaviour had a strong imp&xt marinaselective feeding while it
did not affect grazing of the copepodite stageéhefdopepodd. tonsashowing that there is no
single defence mechanism functioning perfectly masfaithe whole range of potential

predators.

These results allow a better understanding of theortance of nutrient supply rates and
ratios and increase our predictive ability on tmpact of altered marine biogeochemistry on
coastal food webs. Long-term studies evidenceaadstincrease of the N:P ratio in coastal
waters resulting in increased N:P ratios of aufgiro food sources which will lower growth

rates of P-rich grazers such as microzooplanktads reauplii. Moreover, the increase in
carbon availability will increase the C:N:P ratiofsautotrophs thus reducing their quality as
food. Ultimately these changes in biogeochemicalesywill have a global negative impact
on the productivity in the oceans and will not oaffect low trophic levels in food webs but

also e.g. fish abundances and consequently fishané economy.
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Zusammenfassung

Herbivore Metazoen wie z.B. Copepoden sind bezliglter N&ahrstoffzusammensetzung
homdoostatisch. Das heil3t, sie sind in der LagelPEnzen zwischen dem Nahrstoffangebot
ihres Futters und ihrem eigenen Nahrstoffbedaruipbfern. Dadurch halten sie ihr C:N:P
Verhéltnis stabil. Homd@ostatische Regulation kanmteu Umstanden schon vor der
Nahrungsaufnahme stattfinden. Im Falle von starkusgeglichenen Nahrstoffverhaltnissen
zwischen Futterangebot und Bedarf kann es zu sedekfufnahme der Nahrungspartikel
kommen, die dem Bedarf des Konsumenten entspredben.CopepodeAcartia tonsa
durchlauft wahrend der ontogenetischen Entwicklstgrke Veradnderungen in seiner
Nahrstoffstochiometrie und zeigte ein selektiveal¥verhalten mit Bevorzugung der in der
jeweiligen Lebensphase am meisten bendétigten N#fes(P bei Nauplien und N bei
Copepoditen). Weiterhin konnte gezeigt werden, desplien durch selektives Fressen von
P-reichen Zellen und geringen P-Ausscheidungsratean wesentlichen Einfluss auf das

Verhaltnis von geldstem Stickstoff zu geldstem phos haben.

Genau wie das Mesozooplankton ist auch das Mikmplao&ton starken Fluktuationen
bezuglich der Nahrungsqualitat unterworfen, es kalsp davon ausgegangen werden, dass
auch diese Gruppe von Planktern Mechanismen endlviblat, um hierauf zu reagieren. Es
konnte gezeigt werden, dass die beiden Dinoflaigsll®xyrrhis marinaund Gyrodinium
dominansin der Lage sind ihre Nahrung nach Qualitatsmetémau selektieren. Beide
Dinoflagellaten zeigten unabhéngig von ihrem eigengéhrstoffstatus eine positive
Selektivitat fur P-reiches Futter. Zusatzlich kangezeigt werden, da€s marinanur bei
bereits biochemisch prozessiertem P Selektivit@gteewahrendG. dominansin der Lage
war auch elementares P in der Nahrung wahrzunelmmempositive zu selektieren. Wen
marina mit N-armer Nahrung vorkonditioniert wurde selektien sie allerdings positiv zu P-
limitierten Algen um ihren Stickstoffmangel auszighen. Umgekehrt selektierte®.
marina die mit P-limitierten Algen vorkonditioniert wurdepositiv zu N-limitierten Algen,
die reich an Phosphor waren, um ihren P-Mangeluwuglsichen. Diese Erndhrungsstrategie
erlaubt es diesen Dinoflagellaten Nahrstoffméngekckd selektive Fressverhalten zu

kompensieren. Die Dynamik von stéchiometrischenadderungen von Dinoflagellaten war
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bisher weitgehend unbekannt. In dieser Arbeit kengézeigt werden, dass es zu einer
schnellen Veranderung der Nahrstoffverhaltnisse rkomnd das€. marinastéarker gegen
eine P-Limitation als gegen eine N-Limitation regul Dieses Ergebnis hangt damit

zusammen, dass das Wachstum @omarinastérker von P als von N beeinflusst wird.

Die Tatsache, dass planktische Herbivore in derelLagnd nach Nahrungsqualitat,
taxonomischen Unterschieden und Partikelgrof3e ktssren ist nun hinlanglich bekannt,
der Einfluss von Schwimmfahigkeit und Schwimmvet#ral von Beuteorganismen ist
hingegen wenig erforscht. In dieser Arbeit wurdeeigt, dass die Schwimmgeschwindigkeit
von Algen abhangig von der Art ist und durch P-lLtation stark beeinflusst wird. Diese
Unterscheide in der Beweglichkeit von Beuteorgaeisrhatte einen starken Einfluss auf die
Fral3aktivitat vorO. marinaund zeigt, dass die Kontaktraten von Rauber ungdeBsowohl
von der Beweglichkeit von Rauber als auch der Beaibhangig sind. Eine weitere
Einflussgré3e auf den Fangerfolg ist das Verhaléhrend der Begegnung zwischen Rauber
und Beute. Viele marine Phytoplankter haben Flusfthialten entwickelt um erhéhtem
Réauberdruck zu entkommen. In dieser Arbeit komyaeeigt werden, daSeleaulax spein
solches Fluchtverhalten an den Tag legt. Eine 8dt®vimmgeschwindigkeit und gekoppelt
mit einem gerichteten Fluchtverhalten hatte einemo3gn Einfluss auf die
Nahrungsselektivitat vo@. marina, juvenile Stadien voi. tonsahingegen veranderten ihr
Frallverhalten darauf basierend nicht. Dies Ergebmesgt, dass ein einzelner
Abwehrmechanismus nicht gegen alle Arten von Fra8én hilft.

Die in dieser Arbeit vorgestellten Ergebnisse filhmi einem besseren Verstandnis der
Bedeutung von Nahrstoffangebot und verhaltnis urithnkn dabei  helfen bessere
Vorhersagen Uber den Einfluss von Verédnderungen d&ogeochemie auf
Klstennahrungsnetze zu machen. Langzeitstudiemnhgdzeeigt dass ein standiger Anstieg
des N:P Verhéltnis im Kiustenwasser zu einer Erhgldes N:P Verhaltnisse in autotrophen
Organismen fuhrt. Dieses wiederum fuhrt wahrsciginlzu einer Abnahme der
Wachstumsraten von P-reichen Organismen wie Nauple Mikrozooplanktern. Zusatzlich
konnte ein erhohtes Angebot von Kohlenstoff durale eerhhung des COGehalts der
Atmosphéare zu einer Erhéhung der C:N:P Verhaltnisse Primarproduzenten fuhren, was
zu einer weiteren Verschlechterung der Nahrunggéudlir Herbivore Organismen flhren
wirde. Schlussendlich kénnen diese biogeochemis¢kreinderungen dazu fuhren, dass sich

die globale Produktivitdt der Ozeane verringertsvgch nicht nur auf die niedrigsten
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trophischen Ebenen auswirken wirde, sondern zurmspktiauf Fischbestande und damit
auch 6konomische Einbuf3en in der Fischerei nathzséthen wirde.
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