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SAMMANFATTNING 
Hur effektivt tillgängliga resurser kan nyttjas i ekosystem bestäms av födo kvantitet 

och kvalitet. Födans beskaffenhet påverkar hur den assimileras, och påverka därför 
konsumenternas kondition, predationstryck på bytespopulationer samt cirkulationen 
av näringsämnen i födovävar. Födokvaliteten påverkar konsumenters prestations-
förmåga genom dess direkta påverkan på upptag och assimiliering samt av 
betendemässiga och fysiologiska anpassningar till deras födomiljö. Huvudmålet för 
denna avhandling var att undersöka karaktären hos, och vidden av, dessa anpassningar 
hos konsumenter, samt att undersöka de resulterande konsekvenserna för 
konsumenters kondition och flödet av näringsämnen i ekosystemen. 

I artikel I undersökte vi omfattningen av homeostas vad gäller sammansättningen 
av grundämnen i flertalet taxonomiska grupper av planktoniska herbivorer. Vi fann 
att anpassningar av grundämnes-kvoter är en viktig reaktion som svar på förändringar 
i födokvalitet hos heterotrofa flagellater, men att C:N:P kvoterna varierade mycket 
mindre i ciliater och flercelliga organismer än i deras bytesalger. Alternativa 
reglerande mekanismer bestämmer alltså hur flercelliga djurplankton reagerar på 
försämrad födokvalitet. I artikel II utvecklade vi en teoretisk modell för att utforska 
möjliga anpassningar i beteende och digestionsfysiologi hos konsumenter, som svar 
på förändringar i födomiljön. Våra resultat visar att födointag och digestion hos 
konsumenter bestäms av avvägningar mellan nyttan och kostnaden av att investera i 
dessa processer. Vi visade att flexibiliteten i konsumenternas beteende och fysiologi 
hade stark påverkan på assimileringens hastighet och effektivitet, vilket också 
påverkade ett stort antal ekosystemfunktioner. I artikel III undersökte vi 
omfattningen och konsekvenserna av anpassningar i födointag och 
assimileringshastigheter hos hoppkräftor (Copepoda) som exponerats för olika dieter. 
En viktig upptäckt var att konsumenter kan nyttja tillgängliga resurser i överskott för 
att öka upptaget av ett begränsande näringsämne. Sådan näringsomvandling orsakade 
simultan begränsning av hoppkräftor genom två olika näringsämnen.Slutligen, i 
artikel IV, ämnade vi att i fält testa effekten av födokvalitet på populationsdynamik. 
Vi undersökte djurplankton-populationer i tropiska alkaliska sjöar, miljöer som 
tillhandahåller ett överskott av plaktoniska födoresurser och därför är ideala för 
undersökningar av födokvalitet. Vi fann dock att kläckning av vilande ägg från sjö-
sedimenten var den viktigaste faktorn för tillväxt av djurplankton, vilket resulterade 
in en icke-cyklisk dynamik som inte var relaterad till  födokvalitet. 
Dessa upptäckter har ökat vår förståelse för under vilka omständigheter och genom 
vilka mekanismer födokvaliteten påverkar konsumenters prestationsförmåga, samt 
belyser vikten av att ta hänsyn till både direkt och indirekt påverkan på trofiska 
interaktioner.   



 v

ABSTRACT 
Food quantity and quality together determine growth rates of consumers and the 

utilisation efficiencies of available resources in aquatic and terrestrial ecosystems. The 
effect of food quality on the performance of consumers is dependent on both, its direct 
influence on ingestion and assimilation rates, and on the behavioural and physiologi-
cal adjustments of consumers to their food environment. The main target of this thesis 
was to investigate the nature and scope of behavioural and physiological adjustments 
in consumers and assess the resulting consequences for consumers’ fitness and eco-
system-wide nutrient flows. 

In paper I, we investigated the extent of elemental homeostasis across several tax-
onomic groups of planktonic herbivores. We found that adjustments in elemental ra-
tios (C:N:P) in body tissues are an important physiological response of heterotrophic 
flagellates, but that in ciliates and multi-cellular organisms C:N:P ratios varied much 
less than in their algal prey. Hence, alternative regulatory mechanisms determine the 
reactions of metazoan zooplankton to decreases in food quality. In paper II, we de-
veloped a theoretical model to explore regulation in behaviour and digestive physiol-
ogy of consumers to changes in the food environment. Our results demonstrate that 
feeding and digestion of consumers are determined by trade-offs between benefits and 
costs of investments in these processes. We revealed that the flexibility in consumers’ 
behaviour and physiology had strong influences on assimilation rates and efficiencies 
and thereby affected growth rates and a wide range of ecosystem functions. In paper 
III, we investigated the scope and consequences of adjustments in feeding and assim-
ilation rates of copepods exposed to different diets. An important finding was that 
consumers can use resources, which are available in surplus, to increase the uptake of 
a limiting nutrient. Such nutrient interconversion led to co-limitation, the simultane-
ous limitation of copepods by two different nutrients. Finally, in paper IV, we aimed 
to test the effect of food quality on population dynamics in the field. We investigated 
zooplankton populations in tropical soda-lakes, an environment with a surplus of 
planktonic food sources that thus provides an ideal setting for investigations of food 
quality. However, we found that the hatching of resting eggs from lake sediments was 
the main driver of zooplankton bloom formation resulting in non-cyclical dynamics 
that were not related to food quality. 

These findings contributed to our understanding under which circumstance and by 
which mechanisms food quality affects the performance of consumers. My results 
highlight that food quality has not only direct effects on consumers’ growth but also 
triggers behavioral and physiological responses in consumers to maximize their fit-
ness.  
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INTRODUCTION 
Food quality is a term, which is easy to use but hard to define. The diverse compo-

sition of food particles and the many nutritional requirements of consumers turn it into 
a complex subject. During my PhD research, I combined investigations of the bio-
chemical properties of the prey with studies of the adjustments in consumers to 
changes in food quality. A push into the direction of a more consumer-centred ap-
proach came from a Congolese friend. After a challenging but successful day of field-
work, he argued that Africans have mastered the “art of improvisation”. He made me 
aware of the simple truth that not only the properties of a resource but also what you 
make out of it matters.  

Multiple dimensions of food quality 
In contrast to food quantity, which is usually expressed in absolute terms of unit 

carbon or dry weight in the field of plankton ecology (Rocha and Duncan 1985), food 
quality is more difficult to measure directly (Acheampong et al. 2012). Difficulties in 
the assessment of food quality arise because dietary requirements can vary substan-
tially between and within functional groups (Fig. 1; Ferrao et al. 2003, Guisande et al. 
2003, Calbet et al. 2013, Kratina and Winder 2015). Requirements can even differ 
within species depending on development stages (Faerovig and Hessen 2003, Jensen 
et al. 2006), sex (Lord et al. 2006, Harrison et al. 2014) sickness and parasites (Povey 
et al. 2014, Ponton et al. 2015) 
age (Saiz et al. 2015) and envi-
ronmental conditions (Wo-
jewodzic et al. 2011, Sperfeld 
and Wacker 2012).  

Food quality additionally 
comprises multiple dimensions 
of predator-prey interactions.  
Sensu- stricto, food quality can 
be defined as the biochemical 
composition of a prey item and its 
match/mismatch with the re-
quirements of a consumer 
(Guisande et al. 2000). However, 
several factors can lead to a situ-
ation when high quantities of bi-
ochemically suitable food cannot 
be translated into high growth 

Box I: Definitions 
Nutrient - an umbrella term for all usable and 
valuable dietary resources.  
Essential nutrient – a nutrient that needs to be 
taken up with the food and cannot be produced 
in the consumer. 
Homeostasis – the consistency of internal con-
ditions in an organism. In the context of food 
quality homeostasis refers to the constant bio-
chemical composition of species.  
Assimilation - the uptake of ingested nutrients 
from the gut into the body of consumers.  
Retention - the incorporation of assimilated 
nutrients into the somatic tissue of a consumer.  
Retention is the sum of new biomass produc-
tion and tissue turn-over, which represents 
structural requirements for maintenance in 
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rates of consumers. Such discrepancies between the biochemical food quality and con-
sumers’ growth can be dependent on the catchability, the ingestibility, the digestibility 
and the toxicity of prey (Fig. 2; Pagano 2008, Wagner et al. 2013). Therefore, a more 
general definition of food quality needs to comprise biochemical characteristics of the 
food particle as well as factors affecting interactions between prey and consumer. A 
food item with optimal food quality can hence be characterized as prey that is easily 
(i) detected, (ii) caught, (iii) ingested, (iv) digested, (v) does not contain toxic or harm-
ful compounds and (vi) meets the consumers’ biochemical requirements. 

In the following section, I will focus on biochemical aspects of food quality and 
introduce the most important nutrients that limit reproduction and somatic growth of 
aquatic consumers.  

Fig. 1: Consumer require a large diversity of biochemical nutrients to satisfy their nutritional 
requirements. Requirements of consumers change with development stage, sex and environ-
mental conditions.  
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Elements, the building-blocks of biomass 
The major building blocks of life are carbon (C), nitrogen (N), phosphorous (P), 

oxygen and hydrogen, which together contribute to over 99% of organic biomass. 
Oxygen and hydrogen are considered to be available in surplus and nutritional ecology 
mostly focused on the occurrence of C, N and P (Sterner and Elser 2002). C is the 
main constituent of high-energy compounds, such as sugar monomers, starch or lipids. 
Thus, C concentrations are frequently used as a proxy for energy content and C is 
often considered to be the main “currency” used for investigating behavioural trade-
offs in aquatic consumers (Raubenheimer et al. 2009).  

N is mainly present in proteins, which contribute typically between 60-95% to total 
N pools. In aquatic environments, non-protein N to protein N ratios range most fre-
quently between 4-5 in both primary producers and consumers (Srivastava et al. 2006, 
Lopez et al. 2010). Major sources of non-protein N are nucleic acids as well as free 
amino acids, ATP, chlorophyll a and inorganic N in the form of ammonia and nitrate 
(Elser et al. 1996, Lourenco et al. 2004).  

Phosphorous typically contributes 0.5-1.5% to the dry weight of zooplankton 
(Vrede et al. 1999). About 60% of body P is present in nucleic acids with variable 
contributions of RNA and DNA (Elser et al. 1996, Ventura 2006). Other quantitatively 
important sources of P are phospholipids and ATP, but also phosphocreatine and 
phosphoarginine show a high contribution of P to molecular mass (Elser et al. 1996, 
Ventura 2006).  

ATP molecules contain 18% P, one of the highest values of all organic compounds, 
but because of low concentrations in organisms (0.02-0.2% of dry mass) ATP con-
tributes rarely to more than a fifth of total P in organisms. Phospholipids contain only 
about 4% P, but contribute to a higher dry-mass percentage in animals (~2-8%; Ven-
tura 2006) and microalgae (~6%; data from paper III). Hence, contributions of phos-
pholipid P to total P can vary from below 5% to up 40% in animals. In algae, total P 
content and especially P content in membranes strongly varies with environmental 
conditions. Many algae strains are capable to replace P in membrane lipids by sulphur, 
granting them additional physiological flexibility to respond to P-deficiencies in their 
environment (Van Mooy et al. 2009).  

Besides C, N and P also other elements like iron (Chen et al. 2014), calcium 
(Hessen et al. 2000) and potassium (Civitello et al. 2014) have been shown to limit 
the growth of consumers. Limitations of trace elements become mostly relevant for 
consumers when prey species are severely limited in one of these elements, decrease 
cellular concentrations and thus transfer the limitation to higher trophic levels.  
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Fig. 2: Different dimensions of food quality: (A) prey detection, (B) catchability of prey par-
ticles, (C) ingestibility of prey, (D) toxicity of prey, (E) digestion resistence of prey and (F) 
and biochemical aspects of food quality. In panel E and F the abdomen of a copepod with the 
hind-gut are displayed. 
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Fatty acids and sterols, the grease of cellular processes 
Fatty acids (FA), sterols and pigments are the most abundant lipid groups in aquatic 

organisms. Especially FA and sterols are of high dietary importance and deficiencies 
strongly limit the growth of aquatic consumers (Müller-Navarra 1995, von Elert et al. 
2003).  

FA can be separated in structural and neutral lipids. Structural lipids play an im-
portant role in membranes and epithelia, signal transduction pathways, immunity and 
the regulation of nuclear gene expression (Mostofsky et al. 2001, Calder 2009). Neu-
tral lipids are mostly used for energy storage (Lee et al. 2006). Both, structural and 
storage FA comprise essential FA, such as long-chained polyunsaturated fatty acids 
(PUFA) and non-essential FA, mostly saturated FA, which can be produced in con-
sumers. The reason for consumer dependency on primary producers are differences in 
biochemical pathways for FA production (Fig. 3). Algae can produce all FA from 
acetyl-coenzyme a in contrast to animals, which are incapable of producing 18:2ω6 
or 18:3ω3. The only exception are heterotroph flagellate and ciliate species, which 
can upgrade the food quality of PUFA-deficient food for higher trophic levels (Bec et 
al. 2003, Martin-Creuzburg et al. 2005). 18:2ω6 and 18:3ω3 can be elongated and 
further desaturated in consumers to highly unsaturated FA with five and more double-

Fig. 3: Fatty acid biosynthesis pathways in plants (A) and animals (B), modified after Kelly 
and Scheibling (2012). 16C FA are coloured orange, 18C FA green and 20C to 24C FA blue. 
Colours increase in intensity with desaturation. Desaturation and its limits are indicated by 
yellow arrows based on von Elert (2002) and Strandberg et al. (2014).  
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bonds (Weers et al. 1997), such as eicosapentaenoic acid (EPA; 20:5ω3), docosahex-
aenoic acid (DHA; 22:6ω3) and arachidonic acid (ARA; 22:4ω6). PUFA like DHA 
and EPA belong to the most limiting FA and deficiencies have detrimental conse-
quences for survival and egg production in fish and zooplankton (Tocher 2010, Tai-
pale et al. 2014). The capability of desaturation and the speed of this reaction, how-
ever, strongly depend on the organism group. Rotifers and harpacticoid copepods 
showed a high capacity of desaturation (Nanton and Castell 1998, Wacker and Martin-
Creuzburg 2012). In contrast, possibilities for desaturation of PUFA in cyclopoid co-
pepods and daphnia species are limited (Desvilettes et al. 1997, Weers et al. 1997, 
Becker and Boersma 2010) and not existent in calanoid copepods and herbivorous 
fish species (Breteler et al. 1999, Sargent et al. 1999).  

Moreover, also the requirements for PUFA depend on taxonomic identity of con-
sumers. Especially the differences between copepods and cladocerans are well 
demonstrated:  while cladocerans require only EPA, but can desaturate DHA to cover 
their EPA needs (Martin-Creuzburg et al. 2010), copepods have high requirements for 
both EPA and DHA (Gladyshev et al. 2015, Strandberg et al. 2015).      

Most consumers are also incapable to interconvert between ω3 and ω6 FA, which 
are characterised by having the first double-bond between the 3rd and 4th and between 
the  6th and 7th carbon atom counted from the end of the FA carbon chain, respectively 
(Weers et al. 1997). Consumers have specific requirements for ω3 and ω6 FA and 
thus the ω3:ω6 ratio is a good indicator to compare potential mismatches in FA com-
position of prey and predators (Sargent et al. 1999, Koussoroplis et al. 2013). 

Sterols like PUFA are essential lipids and important for structural components of 
cell membranes, serve as a precursor of steroid hormones and are required for devel-
opmental patterning of embryonic structures (Porter et al. 1996, Crockett 1998, 
Mondy et al. 2014). Zooplankton is reliant on the up-take of sterols from dietary 
sources (Goad 1981) with the exception of heterotrophic flagellates, ciliates and prob-
ably rotifers (Breteler et al. 1999, Martin-Creuzburg et al. 2005, Wacker and Martin-
Creuzburg 2012).  

The requirements of sterols can strongly differ between even closely related species 
(Muhlebach et al. 1999, Martin-Creuzburg et al. 2005, Boechat et al. 2007). An inter-
esting finding is that cholesterol is found in faecal pellets of herbivores (Prahl et al. 
1984), indicating that food acquisition is linked to sterol turn-over and that higher 
ingestion rates could also lead to higher structural requirements for cholesterol. Fur-
ther, Lukas and Wacker (2014) revealed that cholesterol is excreted by herbivores, 
even when sterols are limiting consumer’s growth. The relative requirements for sterol 
and PUFAs might also be dependent on the life-stage of individuals, with somatic 
growth leading to higher sterol requirements and egg production to a higher im-
portance of EPA (Sperfeld et al. 2016).  
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Amino acids, an often overlooked component of food quality 
Amino acids (AA), like FA, can be divided into non-essential and essential com-

pounds (Claybrook 1983). Compared to elemental stoichiometry and FA, AA have 
been largely neglected in nutritional studies in aquatic ecology. A search with the 
research platform web of science yields 358 entries for fatty acid*zooplankton and 
108 results for amino acids*zooplankton, whereas most of amino acid studies were 
related to stable isotope ecology and not food quality.  

AA deficiencies in consumers can emerge due to low AA concentrations in prey 
items (Raubenheimer and Simpson 2004). This is likely to occur when C-based AA 
concentrations are higher in consumers than in their food, a frequently occurring con-
dition (Cowie and Hedges 1996, Boechat and Adrian 2005), which becomes more 
severe during N-limitation of primary producers (Paper III). Moreover, single essen-
tial AA can restrict growth when a mismatch between AA ratios of consumers and 
food particles exists (Lee 2007, Lin et al. 2015, Xie et al. 2015). Most of the 
knowledge about dietary mismatches in AA is based on aquaculture research, where 
the rearing of fish larvae on plant-based diets leads to frequent deficiencies of argi-
nine, glycine and proline (Xie et al. 2014, Lin et al. 2015, Xie et al. 2015). However, 
also the growth of predatory fish can be limited by unbalanced AA diets (Saavedra et 
al. 2015).  

The relative mismatch of AA between aquatic primary producers and herbivorous 
zooplankton is relatively little studied. A short meta-analysis of literature data of rel-
ative AA concentration in phyto- and zooplankton species revealed that AA profiles 
were relative similar, although concentrations of glutamine and tyrosine were signif-
icantly increased in zooplankton (Fig. 4). In rotifers, especially deficiencies of isoleu-
cine and leucine had a negative impact on population growth rates (Boechat and 
Adrian 2006, Wacker and Martin-Creuzburg 2012). Notably, the negative of AA de-
ficiencies can be even stronger than the effect of FA deficiencies when Synechococcus 
is offered as food, although Synechococcus is deficient of PUFA (Wacker and Martin-
Creuzburg 2012). Daphnia showed no positive growth response to enhancement with 
AA, but a limitation of egg production by arginine and histidine (Fink et al. 2011, 
Koch et al. 2011). AA deficiencies were also a trigger for the induction of sexual 
reproduction in Daphnia, leading to potentially large effects of food quality on genetic 
diversity and rates of evolution (Koch et al. 2011). Finally, Ventura and Catalan 
(2010) found a relationship between reproductive success and serine and phenylala-
nine concentration of cladocerans and copepods in an alpine mountain lake.  
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These results indicate that AA can have a stronger effect on egg production than 
on somatic growth. Further, with exception of serine, only essential AA have limited 
zooplankton reproduction. However, the de-novo synthesis of non-essential AA is 
also connected with high energy costs (Wu 2009) and might explain why the mis-
match between dietary and copepod AA was linked to zooplankton egg production in 
the field (Guisande et al. 2000). On the other hand, the efficiencies of converting en-
ergy stored in AA to other compounds is much lower than for lipids or carbohydrates 
(Secor 2009). Together with a relative strict homeostasis of AA in crustaceans 
(Guisande et al. 1999), which limits their flexibility to react to changing dietary con-
ditions, this infers that a deficiency of AA is related to high costs but that a surplus 
will only lead to small benefits for consumers.      

Co-limitation, the limitation by multiple nutrients 
In accordance with Liebig’s law of the minimum, growth is traditionally assumed 

to be limited by the nutrient which is least available in the diet compared to con-
sumer’s requirements (Von Liebig 1840). Multi-nutrient growth essays, however, 
have shown that terrestrial plants (Harpole et al. 2011) and aquatic primary producers 
(Arrigo 2005, Saito and Goepfert 2008) can be simultaneously limited by more than 
one dietary component, a state referred to as co-limitation. Dietary co-limitation has 
also been proposed for zooplankton (Martin-Creuzburg et al. 2009) and was recorded 
in several cases, although it was not always termed co-limitation. Plath and Boersma 

Fig. 4: Average values of amino acids composition of zooplankton (blue bars) and phyto-
plankton (green bars) compiled from 33 species of zooplankton and 24 species of phytoplank-
ton. Error bars denote standard deviations. Data was compiled by Jens Nielsen from studies 
by Brown (1991), Guisande et al. 1999, Guisande et al. 2002 and Ventura and Catalan 2010.  
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(2001) and DeMott and Van Donk (2013), for example, have found that growth of 
Daphnia on P-limited green algae leads to a co-limitation of P and energy. Experi-
ments by Boersma (2000) have led to similar results: Daphnia growth on P-limited 
algae was only significantly enhanced when P and saturated FA (representing easily 
accessible energy) were added simultaneously to enhance diet quality. However, 
when P-limited algae were enhanced with P and PUFA instead, growth rates increased 
substantially, indicating a co-limitation between P, energy and PUFA (Boersma 
2000). Further, co-limitation between P and cholesterol was also demonstrated in 
Daphnia magna (Lukas et al. 2011). Sperfeld et al. (2012) established a growth re-
sponse surface for EPA and cholesterol concentrations in Daphnia magna’s diet and 
found a co-limitation when the ratio between cholesterol and EPA ranged between 2 
and 14. Further, the importance of AA as dietary compounds was highlighted by their 
co-limitation with sterols (Wacker and Martin-Creuzburg 2012) and FA (paper III). 

The multiple cases, which have been documented since the occurrence of short 
time co-limitation for aquatic consumers has been proposed (Martin-Creuzburg et al. 
2009). Thus, the simultaneous limitation by two or more nutrients seems to be a com-
mon phenomenon in aquatic communities (Marleau et al. 2015, Sperfeld et al. 2016) 
with large implication for predator-prey interactions, rates of nutrient recycling and 
transfer efficiencies in aquatic food-webs. 

Adjustments of consumers to changes in food quality 
The study of dietary characteristics and their effects on the fitness of consumers 

has been a focus in nutritional ecology. There are numerous studies investigating the 
effect of P-limitation (Sterner et al. 1993, DeMott et al. 1998), N-limitation (Urabe 
and Watanabe 1992, Jones et al. 2002), FA or sterol deficiencies (von Elert et al. 2003, 
Brett et al. 2006), AA limitation (Kleppel et al. 1998, Guisande et al. 2000) or of other 
types of nutritional deficiencies (Chen et al. 2014, Connelly et al. 2015) on the somatic 
growth or egg production of consumers. However, consumers can also adjust their 
behaviour and physiology as a response to changes in food quality. Examples are ad-
justments in ingestion rates (Plath and Boersma 2001, Suzuki-Ohno et al. 2012), gut 
morphology (Sullam et al. 2015), production of digestive enzymes (Mayzaud et al. 
1992, Clissold et al. 2010) and in the biochemical composition of consumers. Never-
theless, responses in consumer have rarely been investigated systematically apart from 
studies of feeding selectivity. Ingestion rates are often regarded exclusively as a func-
tion of food quantity (Mitra et al. 2007) and assimilation efficiencies are frequently 
assumed to be constant (Flynn 2009, Fenton et al. 2010). Therefore, the main aim of 
this thesis was to assess the behavioural and physiological adjustments in consumer 
to changes in food quality and explore their implications in a wider ecological context.   
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MAIN RESULTS AND FINDINGS 

Regulation of the biochemical composition of consumers  
Food quality is plays a large role at the plant-animal interface in terrestrial and 

aquatic food-webs. Large mismatches in the biochemical composition of primary pro-
ducers and consumers can cause a decrease in consumers’ growth and reproduction 
and increased nutrient recycling in the water column (Sterner et al. 1993, DeMott et 
al. 1998). Mismatches emerge due to the large impact of environmental conditions on 
the composition of primary producers. Nutrient limitation and surplus of light result 
in highly variable C:N:P ratios and changes in contributions of FA and AA to the dry 
weight of primary producers (Boersma 2000). The main reasons for large elemental 
and biomolecule variability in primary producers are (i) the build-up of storage re-
serves and (ii) physiological adjustments to low ambient nutrient concentrations. 
Many aquatic microalgae take up an excess of nutrients when they are available in 
surplus (Thingstad et al. 1993, Singh et al. 2002) and store C-rich carbohydrates and 
lipids when growth is slowed down by nutrient limitation (Boersma 2000). These stor-
age mechanism lead to changes in C:N, C:P and N:P ratios. On the other hand, micro-
algae can compensate elemental deficiencies by reducing the concentration of struc-
tural components that contain a limiting resource. Many marine microalgae, for ex-
ample, can replace phospholipids by sulphur-lipids during P-limitation, leading to 
overall lower cellular P concentrations (Van Mooy et al. 2009). 

Consumers are believed to have a more constant elemental body composition, a 
status termed homeostasis (Sterner and Elser 2002). Zooplankton communities, how-

Methods for investigations of homeostasis (paper I & III): 
 Target species: Microalgae were cultured under different N and P concen-

tration and were fed in separate treatments to two heterotrophic dinoflagel-
lates, one ciliates, one rotifer and a calanoid copepod.  

 Culture conditions: Consumers were exposed for 6 days to food algae of 
different treatments. Growth rates were measured and samples taken for 
C:N and P analysis. In copepods also FA and AA were investigated.  

 Data analysis: C:N:P ratios of food algae and consumers were explored. 
Regressions between the C:nutrient ratio of prey and predator were calcu-
lated and H, the homeostatic regulation coefficient, was calculated as 
1/slope of the regression. A high H indicates a strong regulation in consum-
ers, a low H signifies that consumers “are what they eat”. 
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ever, can show a large taxonomic diversity and relatively little is known about differ-
ences in homeostatic regulation between different zooplankton taxa, despite potential 
implications for nutrient cycling and the fitness of consumers under different nutrient 
regimes (Elser et al. 1996). 

Therefore, our first targets were to: 
 Compare the homeostasis in C:N:P ratios across different taxonomic groups 

of zooplankton, including heterotrophic flagellates, ciliates, rotifers and 
crustaceans (paper I) 

 Extend investigations of homeostasis to biochemical compounds and ex-
plore variations in AA and FA composition in consumers (paper III). 

Our results revealed that the strength of elemental homeostasis strongly depended 
on the taxonomic identity of consumers and that C:N:P ratios were more strictly reg-
ulated in ciliates and metazoans than in heterotrophic flagellates (Table 1). Regardless 
of the taxonomic group, P-
limitation in food algae 
seemed to have a stronger im-
pact on consumers’ elemental 
stoichiometry than N-limita-
tion. Though, P-limitation did 
not only affect C:P ratios: In 
several species (heterotrophic 
dinoflagellates and rotifers) 
C:N ratios increased slightly 
but significantly under P-lim-
itation. This matches well 
with results of our AA anal-
yses in copepods (Paper III). 
In accordance with earlier 
studies (Guisande et al. 
1999), relative contributions 
of single AA were regulated 
homeostatically and cope-
pods did not follow changes 
found in nutrient limited al-
gae. However, total AA con-
centrations were slightly but 
again significantly lower under P-limitation. This could be a consequence of the de-
crease in RNA concentrations during P-limitation in animals (Elser et al. 2003). Lower 

Table 4. The response of zooplankton species to different 
C:N:P ratios in food particles in paper I and literature stud-
ies (*Malzahn (2010) and ** Jensen et al (2006). H indi-
cates the strength of homeostatic regulations. 
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concentrations of ribosomal RNA might lead to lower production rates of proteins and 
thus explain the negative influence of P-limitation on C:N ratios. 

Finally, we found a strong effect of changes in dietary FA on FA concentrations in 
consumers confirming earlier results, which showed an accordance between FA pro-
files of primary producers and herbivores (Brett et al. 2006). In our study, we sepa-
rated structural lipids from storage lipids to get more insight into the physiological 
mechanisms causing shifts in FA concentrations of consumers. Both structural and 
storage FA changed in their contribution to consumers’ dry weight. A shift in the 
relative contributions of single FA matching the change of relative contributions in 
algae, however, was only visible in storage FA. Therefore, the strong shifts in relative 
FA concentrations of consumers exposed to different food qualities were caused by 
the predominance of storage FA in consumers. The relative concentration of structural 
FA in copepods remained constant, though this form of homeostasis was concealed 
by large changes in storage FA.  

Adaptations of feeding behaviour and digestive physiology  
In paper I and III we found that the elemental composition of metazoan zooplank-

ton was strongly homeostatic and hence allowed only a limited flexibility to respond 
to changes in food quality. In a second step, we wanted to explore behavioural and 
physiological adjustments in consumers as possible response to low food quality. It 
has been shown before that zooplankton regulates its maximum feeding rates as a 
response to changes in food quality (Plath and Boersma 2001, Suzuki-Ohno et al. 
2012). Further, the selective production of digestive enzymes is a major post-ingestive 
regulatory mechanism to compensate for mismatches between food resources and 
consumers’ requirements (Clissold et al. 2010). Both, feeding and digestion lead to 

Methods paper II: Model construction 
We modeled the behavior and the digestive physiology of a filter-feeding con-
sumer and investigated its response to changes in food quantity and quality. 

 Presumptions: We assumed that the consumer regulates its investments in 
feeding and assimilation to maximize its growth. The food environment of 
the consumer was non-exploitative (no predator-prey cycles) and besides 
growth no fitness enhancing costs were taken in consideration (no cost for 
sexual reproduction, predator defense etc.)   

 Parameterization: Input variables for the model were parameterized and 
validated using data from controlled laboratory experiments with crusta-
cean  zooplankton 
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assimilation of nutrients, which is ecologically maybe the most relevant process be-
cause it determines the nutritional gains of an organism. The mechanisms, however, 
how feeding and digestion effect assimilation rates and how assimilation rates are 
linked to food quantity and quality interrelations have been insufficiently conceptual-
ised.  

Therefore, we established in paper II a theoretical model of zooplankton feeding 
behaviour and digestive physiology and: 

 Developed a mechanistic framework to describe the interdependent in-
fluence of ingestion and digestion on assimilation rates 

 Determined how these processes are influenced by food quality and quan-
tity 

 Explored consequences for consumers’ fitness, community composition 
and energy and nutrient flows in aquatic food webs 

The conceptual principle of our model is that consumers adjust their efforts in feed-
ing and digestion of food to maximise their fitness (in our model fitness and growth 
have been synonymized for simplicity). The feeding behaviour and the digestive phys-
iology of consumers is hence dependent on trade-offs between the costs of invest-
ments in feeding and digestions and the nutritional gains of these investments, which 
are expressed by assimilation rates. A key-process in our model is the calculation of 
assimilation rates, which is based on biochemical and physiological principles and 
shortly will be presented here. 

Assimilation rates are dependent on the potential assimilation rate, which repre-
sents the production of digestive enzymes in the gut and is directly related to invest-
ments in digestion (Fig. 5). Potential assimilation rates are equivalent to actual assim-
ilation rates if the activity of digestive enzymes is 100%. The activity of digestive 
enzymes, however, decreases in accordance with Michaelis-Menton kinetics when 
substrate (=nutrient) concentrations in the gut decrease below a threshold level (Fig. 
5B).  

The assimilation rate is a rate of nutrient uptake per time and per gut section. Hence, 
the assimilation rate in the first gut section will determine the nutrient concentration 
in later gut sections and consequently also the assimilation rates in these sections (Fig. 
5B). The total assimilation rate can be calculated as sum of all assimilation rates per 
gut section. However, the nutrient concentration in the last gut section will not only 
depend on the starting nutrient concentration in food particles and the nutrient assim-
ilation rates in prior gut sections, but also on the throughput of food in the gut. A slow 
throughput or a low gut transition time will lead to a longer exposure to digestive 
enzymes of food particles in each gut section. Hence, al long gut transition time will 
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increase the probability of enzyme activities below 100%, cause a lower nutrient con-
centration in the last gut section and increase assimilation efficiencies.  

In a nutshell, total assimilation rates (gains of a consumer) depend on investments 
in digestion, starting nutrient concentrations in food particles and ingestion rates, 
which are inferred from investments in feeding and densities of food particles in the 
water. The costs of consumers are the sum of maintenance costs and investments in 
feeding and digestion. We formulated these relationships mathematically and investi-
gated the influence of food quantity and quality on consumers’ fitness.  

In our simulations of consumer behaviour and physiology, we were able to show 
the multiple influences of food quantity and quality on the performance of a consumer 
(Fig. 6). Low food qualities led to high maximum ingestion rates. Conversely, invest-
ments in digestion peaked when food qualities were high. Together, these adjustments 
in consumers had a large impact on assimilation efficiencies and the fate of ingested 
material. Low food quality and high food quantity led to high faeces production and 
therefore a large potential contribution to the biological pump in marine systems {Be-
siktepe, 2002 #5902}. High food quality led to highest production rates, but transfer 

Fig. 5: The decrease of nutrient concentrations in food particles (A) with increased residence 
time in consumers’ guts. The effect of different assimilation efforts representing different 
investments in the production of digestive enzymes are represented in different line colours. 
Background colours signal the transition between constant (light green) and logarithmically 
decreasing nutrient uptake rates (light red) when a consumer feeds with an assimilation effort 
1 (blue line). In (B) the relationship between nutrient concentrations in the gut and activity of 
digestive enzymes is displayed. Dashed lines relate enzyme activities to assimilation effort 1.

A 

B 
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efficiencies of converting prey biomass into consumer biomass were highest at inter-
mediate food concentrations. Low food concentrations led to high respiratory losses 
at both high and low food qualities.  

Another main finding of our study was that assimilation rates were closely related 
to growth rates (r2 = 0.94). This was a result from non-maintenance cost scaling line-
arly with growth rates. If this close relationship between assimilation and growth rates 
is confirmed in experimental studies, the slope of this relationship could not only 
function as a suitable indicator how efficiently consumers use assimilated nutrients 
but also be used to infer trade-offs between growth and other fitness enhancing in-
vestments (e. g. predation defence, investments in sexual reproduction).  

Finally, we demonstrated 
that at high food qualities and 
quantities alternative behav-
ioural and digestive strategies 
can lead to very similar fit-
ness of consumers. Consum-
ers could either increase their 
ingestion rate and decease 
the efficiency of digestion 
and assimilation of food par-
ticles or invest less in feeding 
but digest ingested food par-
ticles better. Both strategies 
led to similar assimilation 
rates and were connected to 
similar total energy costs, but 
led to largely different preda-
tion pressure and recycling 
rates. Low fitness trade-offs 
for consumers could help to 
sustain genetic diversity of 
consumer populations and 
lead to large functional dif-
ferences between different 
strains.  

Fig. 6: Responses of assimilation efforts (A), gut transi-
tion times (B), assimilation efficiencies (C), ingestion 
rates (D), assimilation rates (E) and growth rates (F) to 
changes in food quantity (prey concentration) and food 
qualities (measured as % digestible material in food par-
ticles). 
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Co-limitation: emerging from physiological regulation?  
After the investigation of theoretical relationships between ingestion, digestion, as-

similation and growth, we wanted to explore the nature and the scope of behavioural 
and physiological adjustments of metazoan consumers in controlled laboratory exper-
iments (Paper III). In most studies, assimilation and nutrient retention rates of single 
elements are measured (Mayor et al. 2011). However, elements like C are the building 
blocks for many different essential compounds and every single one of them has the 
potential to limit the production of consumers (Raubenheimer et al. 2009, Wacker and 
Martin-Creuzburg 2012). Therefore, it is important to increase the biochemical reso-
lution of feeding experiments in order to gain additional insight into processes gov-
erning the nutritional ecology of consumers. Methodological advances in recent years 
allowed us to perform compound-specific stable isotope measurements and use iso-
topic labelling techniques to measure retention rates for single AA and FA in consum-
ers. We combined these measurements with classical growth and feeding experiments 
to:  

 Test whether different types of nutrient limitation in producers trigger dif-
ferential responses in consumers 

 Investigate the scope of these responses to understand which mechanisms 
limit compensational adjustments to decreases in food quality in consum-
ers. 

 Our results demonstrated that both N and P limitation in food algae led to reduced 
egg production in adult copepods (Fig. 7A). Nevertheless, copepods modified their 
feeding behaviour and their physiology to compensate dietary mismatches in prey 
species. The nature of their adaptations, however, strongly depended on the type of 
nutrient limitation copepods were exposed to.  
Methods paper III: Limits of physiological regulation 

  Target species: Copepods (Acartia tonsa) were reared on unlimited con-
centrations of nutrient replete, N-limited or P-limited cryptomonads.   

 Experimental set up: The speed of development from nauplii to adults, 
adult egg production, grazing rates and nutrient retention rates were meas-
ured for all treatments. Biochemical composition (elemental stoichiometry, 
structural and storage FA and AA concentration) were measured in food 
and consumers.  

 Retention experiments: Retention rates, which represent the sum of growth 
rates and tissue-turnover rates in consumers, were calculated based on iso-
topic labelling experiments and compound-specific measurements of iso-
topic ratios of single AA and FA in algae and copepods. 
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When copepods were feeding on N-limited algae, the main responses of copepods 
were to (i) increase selective retention for AA (Fig. 8B) and (ii) biosynthesise arginine 
and proline, the only non-essential AA that showed a lower relative concentration in 
food particles than in consumers. These physiological adjustments, however, resulted 
in a doubling of structural FA in consumers. Structural FA in copepods were domi-
nated by PUFA and the increased structural requirements led to a shortage of the 
highly unsaturated FA EPA and DHA. Two independent measurements provided ev-
idence for a shortage of EPA and DHA. First, FA were only selectively retained when 
food algae were N-limited (Fig. 8A) and second, EPA and DHA were depleted in 
storage FA when structural requirements for these FA increased. Consequently, phys-
iological adjustments in copepods to compensate limitations in AA were limited by 
the availability of highly unsaturated FA and resulted in a co-limitation of AA and 
FA. 

The main response of P-limited copepods was an increase in ingestion rates (Fig. 
7B). The increase in ingestion rate was resulting in lower overall retention efficien-
cies. The higher food through-put was likely coupled to increased production of di-
gestive enzymes and nutrient transporters for P uptake in copepod guts, leading to 
higher P assimilation rates (DeMott et al. 1998). However, the question remained: 
what limits the increase in maximum ingestion rates in P-limited copepods? We could 
exclude energy limitation due to higher feeding cost as limiting factor as suggested 
by Plath and Boersma (2001), because P-limited copepods increased their storage FA. 
Instead, we suggested the digestibility of algal cells as factor restricting the behav-
ioural response in copepods to dietary P-limitation. Algal cells need to spend a certain 
amount in the mid-gut of consumers before cell walls are cracked open, macromole-
cules can be digested and nutrients are assimilated in the hind-gut (DeMott et al. 
2010). We hypothesised that this minimum cell-decomposition time was restricting a 

Fig. 7: Egg production rates (A), grazing rates (B) and juvenile development (C) of cope-
pods feeding on algae cultivated under replete, P deficient (P-) and N deficient (N-) nutrient 
conditions. Letters indicate statistically significant differences between treatments. 
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faster food through-put and thus confined compensatory mechanisms in P-limited 
consumers. 

      A test of the effects of food quality in the field  
In the final part of my thesis (Paper IV), we aimed to investigate the effects of 

food quality under field conditions. However, the quantification of food quality is not 
straightforward (see above, Multiple dimensions of food quality). If the limiting re-
source is not known beforehand, food quality can only reliably measured by compar-
ing the growth of a consumer fed with identical concentrations of different food types 
(Hessen and Anderson 2008). Thus, constant food concentrations are a requirement 
to reliably separate food quality from food quantity effect in the field and explore the 
impact of food quality on population dynamics of consumers.  

We found eutrophic African soda-lakes to be an ideal model-system to study the 
impact of food quality under field conditions. Besides their simple food-web structure 
(Vareschi and Jacobs 1985), African soda-lakes are characterized by continuously 
high phytoplankton densities ranging above the incipient limiting level of tropical zo-
oplankton and hence minimizing the effect of changes in food quantities on population 
dynamics of consumers. Moreover, zooplankton communities of African soda-lakes 
are dominated by rotifers (Iltis and Riou-Duwat 1971). These small metazoan filter-

Fig. 8: Selective retention of (A) FA (SFA = saturated fatty acids, MUFA = monounsatu-
rated fatty acids, DUFA = di-unsaturated fatty acids, C18 PUFA = fatty acids with 18 C-
atoms and > 2 double bounds, C20:5n3 = EPA, C22:6n3 = DHA) and (B) essential AA in 
copepods grown on different algae treatments. Selective retention is expressed as the re-
tention efficiency of a FA relative to the retention efficiency of bulk carbon. Values above 
100% indicate positive selection and values below 100% negative selection in the retention 
of a given compound. 
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feeders have short development times of less than a day and carry their parthenogeti-
cally-produced eggs attached to their bodies, facilitating the measurements of birth, 
death and population growth rates. 

Finally, African soda-lakes show aperiodic switches from cyanobacteria dominated 
to cryptophyte and green-algae dominated algae communities (Melack 1988, Schagerl 
et al. 2015). These different phytoplankton communities are of largely different food 
qualities for zooplankton (Brett et al. 2006, Martin-Creuzburg et al. 2008). Hence, we 
wanted to explore whether the emergence of frequently occurring rotifer blooms in 
African soda-lakes was related to the food quality of prey particles.  

Our main aims of paper IV were to 
 Reveal the triggers of rotifer blooms in African soda-lakes 
 Investigate the impact of rotifer blooms on phytoplankton communities 

and other trophic levels 
In our study, we combined the analysis of field data with a meta-analysis of litera-

ture data. Our field data indicated that weekly changes in population dynamics were 
related to the relative contribution of different algae groups to total algal biomass. 
Though, contrarily to our expectations, food quality was not a factor triggering the 
onset of pronounced and clearly definable rotifer blooms. Instead, the main driver of 
rotifer bloom emergence was the disturbance of lake sediments. A resuspension of 
sediments in these shallow lakes was linked to the resuspension of rotifer resting eggs 
in the sediment egg bank. The stimulus rotifer resting eggs received during resuspen-
sion lead to a hatching of resting eggs after a lag time of a couple of weeks and a 
massive external input to pelagic population densities triggering the formation of ro-
tifer blooms. Two independent lines of evidence supported this interpretation: (i) the 
impact of suspended particulate matter on rotifer population dynamics and (ii) the 

Methods paper IV: Study of zooplankton populations in the field 
 Target area & species: Population dynamics of the three dominating rotifer 

species in African soda-lakes were measured. Adult rotifers and rotifer eggs 
(attached to adults) were counted separately, allowing the calculations of 
birth rates, death rates and population growth rates.   

 Inclusion of literature values: Data from a 9 months field campaign with 
weekly sampling interval was combined with a meta-analysis of literature 
data from soda-lakes across Central and East Africa.  

 Data analysis: The meta-analysis was performed by a log regression be-
tween occurrence of rotifer peeks and available environmental data. The 
field data (containing a larger set of environmental variables was analyzed 
with a partial redundancy analysis (equivalent to partial regression, just for 
multivariate data sets).  
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observation of negative death rates during onsets of rotifer blooms, which indicate an 
emergence of non-pelagic individuals. 

Rotifer blooms showed a large structuring impact on the composition and preva-
lence of other functional groups in African soda-lakes (Fig. 9). Rotifer blooms were 
triggered independently from phytoplankton communities, but their impact on the 
food web of tropical soda-lakes depended on the structure of phytoplankton commu-
nities at the onset of rotifer blooms. If phytoplankton was dominated by single-celled 
cryptomonads and green algae, the large grazing pressure during rotifer blooms led to 
a decrease of algae populations and facilitated the swift establishment of the filamen-
tous cyanobacterium Arthrospira fusiformis (common name: Spirulina; Fig. 10). Like-
wise, the effect of rotifer blooms on protozoan communities was dependent on the 
size-range of dominant ciliate species. 

Finally, we showed that the reestablishment of filamentous cyanobacteria during 
our field campaign was linked to the return of filamentous-algae feeding lesser fla-
mingos to the lake. Consequently, rotifer blooms emerged independently of the food 
environment, but had a strong selective impact on phytoplankton communities. Alt-
hough our samples size is low, the resulting shifts in the food web-structure of African 

Fig. 9: Dynamics of the most abundant rotifer species and particulate matter (A) and of 
available food particles (B) in Lake Nakuru from January to July 2009. In B, periods of 
rotifer blooms and monthly flamingo densities are represented by grey bars and pink cir-
cles, respectively. PM = particulate matter; ESD = equivalent spherical diameter. 
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soda-lakes can drive the return of filter feeding flamingos and thus strongly affect 
nutrient flows between aquatic and terrestrial ecosystems (Vareschi 1978).  
 

 
Conclusion and further perspectives 

In this thesis, my target was to analyse adjustments in the feeding behaviour and 
physiology of consumers to changes in food quality. The first study was an investiga-
tion of the degree of elemental homeostasis across diverse taxonomic groups of con-
sumers. Earlier studies of elemental stoichiometry have shown that changes in the 
availability of N and P can lead to changes in the zooplankton community composition 
due to specific nutrient requirements of copepods and daphnids. We found that lower 
taxonomic groups like heterotrophic dinoflagellates are less rigid in their elemental 
composition. This grants heterotrophic flagellates likely a competitive advantage 
when facing strong and variable nutrient limitation in primary producers. 

Protozoan zooplankton, however, have a less complex digestive system than met-
azoans. In fact, the continuous digestive system in form of a gut in metazoans could 
facilitate adjustments in feeding and digestion, the main regulatory mechanisms to 
changes in food quality in metazoan zooplankton.  

Fig. 10: Blooms of the filamentous cyanobacterium Arthrospira fusiformis (commonly 
named Spirulina) in the African soda-lake Bogoria in 2009. Dense cyanobacterial mats 
accumulate at the surface as a result of high population densities. 
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In paper II we investigated these regulatory mechanism in more detail and showed 
that the feeding behaviour and the digestive physiology of consumers are governed 
by trade-offs between the gains and costs of investments in feeding and digestion. 
Further, we revealed the large impact of flexibility in consumers on the fitness of in-
dividuals, composition of consumer populations and ecosystem-scale processes like 
nutrient cycling and trophic transfer. A major conclusion of our study is that the bio-
chemical food quality comprises different aspects such as the mismatch between nu-
trient ratios in consumers and prey species or the contribution of non-digestive bio-
mass to prey particles. These different aspects of food quality have differential im-
pacts on consumers and need to be distinguished conceptually. 

In paper III, we showed in controlled laboratory experiments that the responses of 
consumers to changes in food quality strongly depend on the type of nutrient limita-
tion in primary producers. Further, we demonstrated that a co-limitation of several 
nutrients can arise as a consequence of physiological adjustments in consumers. The 
deficiency of more than one nutrient at the individual and at the community level can 
have large consequences for trophic transfer and the recycling of nutrients. 

Finally, in paper IV, we wanted to investigate the effect of food quality under field 
conditions. However, hatching of resting eggs, instead of the food environment, de-
termined the onset of rotifer blooms in African soda-lakes. Food quality mostly af-
fected weekly changes in population densities. Dynamics of rotifer populations were 
very large and densities often differed strongly between different weeks. An important 
implication for future field studies is that even shorter than weekly sampling periods 
might be required to get a meaningful insight into the effects of food quality on the 
dynamics of plankton communities. 

Overall, food quality is a complex topic with many implications for the functional 
and numeric responses of populations (Mitra and Flynn 2007). Already small changes 
in the relationship between the food environment, ingestion and growth rates can trig-
ger large changes in predator-prey dynamics (Fussmann and Blasius 2005, Yang et al. 
2013). In future research, a systematic approach is therefore necessary to clearly dis-
tinguish different aspects of food quality and investigate their effects on the perfor-
mance of consumers separately.  

Further, I focused in the experimental part of this study on investigations of con-
sumers exposed to unlimited food resources. Measurements of consumers’ responses 
at low food quantities are experimentally more difficult because food quantities can 
never kept exactly stable. Nevertheless, food quantity-quality interactions are highly 
relevant and need to be considered more often in future studies.  

An increase in the resolution of biochemical analysis has a large potential to further 
our understanding of the links between consumers and their food environment. Meas-
urements of structural and storage FA instead of total FA or of DNA and RNA con-
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centration and P in phospholipids additionally to the assessment of total P in consum-
ers provides further biochemical insight, which would be useful for many different 
investigations in nutritional ecology. 

Despite of recent advances, there is still a long way ahead until we will be able to 
fully understand and predict the impact of food quality on field populations. It might 
also turn out that population dynamics are ruled by deterministic chaos and their over-
all predictability is low. The extremely sensitive reaction of predator-prey cycles to 
changes in consumer behaviour would provide evidence for this hypothesis. Never-
theless, an important step to evaluate large-scale impacts of food quality on aquatic 
ecosystems is the incorporation of flexibility in behaviour and physiology of consum-
ers. The results presented in this thesis hopefully contribute to reach this goal.        
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