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Abstract 

Physiological regulation in consumers has the potential to compensate dietary 
deficiencies and facilitate growth under non-optimal food conditions. In this study 
we investigated the nature, scope and limits of physiological regulations in 
copepods exposed to algae grown under different nutrient limitations. When food 
algae were phosphorous-limited, copepods increased their feeding rates to 
maximise phosphorus uptake rates (surplus feeding), but little regulation was 
observed in metabolism of biomolecules. Consequently, the digestibility of food 
particles defined the minimal gut transition time and thereby controlled maximum 
ingestion rates and the limit of physiological regulation to phosphorous deficiency. 
Nitrogen limitation in food algae led only to a slight increase in feeding rates but 
triggered major changes in consumers’ metabolism. Physiological processes 
linked to the compensation of nitrogen and amino acids (AA) deficiencies led to 
the doubling of structural fatty acids (FA) in copepods. The resulting higher 
requirements for FA caused a co-limitation of AA and highly unsaturated FA, 
turning the supply rate of essential FA into the limiting factor for physiological 
regulations to nitrogen deficiency. Overall, our results revealed that different 
forms of nutrient limitations can lead to similar negative impacts on growth but 
trigger contrasting physiological responses in consumers to mitigate dietary 
deficiencies. Thus, ecological determinants like nutrient recycling rates and 
predation pressure that shape predator-prey interactions are largely dependent on 
the type of nutrient limitation at the base of the food web.   
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Introduction 
Pelagic ecosystems are characterised by a large variability in the quantity and 

quality of food resources (Müller-Navarra 1995; Sommer et al. 2012). A high 
degree of patchiness in the distribution, composition and activity of plankton 
communities has been monitored at multiple spatial and temporal scales (Abraham 
1998; Calbet et al. 2015). The resulting dietary variability at the base of aquatic 
food webs is a major factor determining growth rates and efficiencies of 
consumers and has large effects on nutrient recycling (Turner et al. 1998), the 
shape of food-web pyramids (Gasol et al. 1997) and top-consumers biomass 
(Frederiksen et al. 2006). Pelagic consumers have developed a high flexibility in 
their feeding behaviour and digestive physiology to successfully cope with 
alterations in the quality and quantity of their prey (Relyea & Auld 2004; Clissold 
et al. 2010; Suzuki-Ohno et al. 2012). The mechanisms that govern responses in 
consumers are, however, not fully understood, calling for systematic investigations 
of the drivers, the scope and the limits of consumers’ responses to specific nutrient 
limitations and their impact on trophic interactions.   

Major challenges for the investigations of adjustments in consumers to 
different food environments are related to difficulties in the assessment of food 
quality. Ultimately, food quality can be measured by comparing the growth of a 
consumer fed with different diets of the same quantity. To gain further insight, 
however, not only the digestibility of food particles (DeMott et al. 2010), but also 
the large diversity of dietary requirements need to be considered. Nutrients of high 
physiological importance include elements such as carbon (C), nitrogen (N) and 
phosphorus (P; Sterner et al. 1993) and a large variety of biomolecular nutrients 
(for a definition of terms see box 6.1; Wacker & Martin-Creuzburg 2012; Taipale 
et al. 2014), turning food quality into a multi-dimensional variable.     

A classical frame-work for the investigation of food quality is elemental 
stoichiometry (Sterner & Elser 2002), an approach focusing on C:N:P ratios. 
While elemental stoichiometry has proven to be a very useful concept to elucidate 
various ecological processes (Hessen et al. 2004; Elser et al. 2009), an often 
voiced critique is that it fails to respect the diversity of C and N compounds, like 
essential fatty acids (FA) and amino acids (AA), which need to be taken up with 
food particles (Raubenheimer et al. 2009). 



CHAPTER 6 

 

 130 

 

FA can be separated into structural lipids, which are quantitatively dominated 
by phospholipids in cell-membranes (Mostofsky et al. 2001), and neutral lipids, 
mostly used for energy storage (Lee et al. 2006). Both, structural and storage lipids 
comprise essential FA, such as long-chained polyunsaturated fatty acids (PUFA) 
and non-essential FA, which can be produced in consumers. Limitations of PUFA 
like docosahexaenoic acid (DHA; 22:6ω3) and eicosapentaenoic acid (EPA; 
20:5ω3) belong to the most frequent FA deficiencies and are linked to detrimental 
consequences for survival and egg production in fish and zooplankton (Tocher 
2010; Taipale et al. 2014). Likewise, a low dietary concentration of essential AA 
also can have a strong negative effect on consumers’ growth (Guisande et al. 
2000). While at times the overall protein quantity can be limiting (Raubenheimer 
& Simpson 2004), single essential AA can also restrict growth if a mismatch 
between AA ratios of consumers and food particles exists (Lee 2007; Lin et al. 
2015). 
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Traditionally, the nutrient shortest in supply relative to demand is considered to 
limit consumers’ growth, following Liebig’s law of the minimum (Von Liebig 
1840). In contrast, nutrient-addition experiments have shown that growth rates of 
populations can also be simultaneously restricted by multiple nutrients, a status 
first described for primary producers and referred to as co-limitation (Arrigo 2005; 
Harpole et al. 2011). In aquatic consumers, co-limitation has been found for P and 
FA (Boersma 2000), P and energy (Plath & Boersma 2001) and for different 
combinations of molecular compounds like FA, AA and sterols (Sperfeld et al. 
2012; Wacker & Martin-Creuzburg 2012) suggesting that co-limitation is a wide-
spread phenomenon in aquatic communities and not just limited to primary 
producers (Arrigo 2005; Marleau et al. 2015; Sperfeld et al. 2016). 

The mechanisms causing co-limitation in consumers, however, are only partial 
understood. In consumers, the optimisation of feeding behaviour and digestive 
physiology to compensate deficiencies of a limiting nutrient could cause co-
limitation by a second nutrient. Accordingly, Plath and Boersma (2001) have 
suggested that P-limitation in Daphnia might trigger energy limitation due to 
increased filtration rates and higher associated energy costs. Moreover, nutrient 
absorption in the gut of consumers is related to the production of digestive 
enzymes (Briggs 1977; Clissold et al. 2010), structural requirements for 
peritrophic membranes (membranes around faeces; Hegedus et al. 2009) and fatty 
acid requirements for gut epithelia and digestive processes (Prahl et al. 1984). 
Depending on dietary deficiencies, investments in digestive processes can be up- 
or down-regulated (Caviedes-Vidal et al. 2000; Clissold et al. 2010). Increased 
enzyme production and surface areas of gut epithelia can increase absorption rates 
of a limiting nutrient, but are connected to higher structural costs. The down-
regulation of digestive processes could lead to lower structural requirements for 
scarce resources, but also lead to lower absorption rates of other nutrients. Both 
scenarios have the potential to trigger co-limitation. Consequently, co-limitation 
might not only emerge from the consumers’ response to changes in their food 
environment, but also may determine the limits of behavioural and physiological 
compensatory mechanisms.     

In this study, we investigated the nature and scope of behavioural and 
physiological adjustments to food-quality changes in Acartia tonsa, a model 
organism for marine copepods and a dominant herbivore in coastal waters. We fed 
copepods with 13C-labeled microalgae cultured under P-deficient (P-), N-deficient 
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(N-) and non-limiting (replete) conditions and related changes in the food 
environment to the biochemical composition of consumers, changes in growth 
rates and adjustments in physiology and feeding behaviour. Based on compound-
specific stable isotope measurements of FA and AA pools, we investigated 
whether a limitation of one nutrient would affect retention rates of other resources 
and result in physiological trade-offs that trigger co-limitation.  

 

Methods 

Culture conditions 

The aim in this study was to investigate the effect of biochemical food quality 
on consumer’s behaviour. We therefore chose the cryptomonad Rhodomonas 
salina as food alga, because nutrient limited cryptomonads show little changes in 
digestibility in contrast to many diatoms and green algae (Van Donk et al. 1997; 
Hutchins & Bruland 1998). Nutrient replete R. salina was cultured in full F-
medium (2.4 mg P L-1, 20.9 mg N L-1; Guillard & Ryther 1962) in 0.8 L 
chemostats with a dilution rate of 0.38 d-1 to ensure continuous and sufficient 
nutrient supply. For P and N limitation of algae, batch cultures were grown for 3 
and 4 days, respectively, with a starting concentration of 1.7 x 105 cells mL-1 and 
decreased concentrations of the limiting nutrient (P-: 0.55 mg P L-1; N-: 4.4 mg N 
L-1). Only a moderate level of P limitation was chosen, because developing 
copepods show high mortalities at higher C:P ratios (Breteler et al. 2005), 
complicating the production of sufficient adult biomass required for biochemical 
analyses. The copepod A. tonsa was cultured at densities < 300 copepods L-1 or < 
1000 nauplii L-1 and under dim light conditions (15 µmol m-2 s-1). All cultures 
were kept at 19°C, a salinity of 18 and a 13:11 hour day-night cycle. 

Growth, grazing and production measurements 

Triplicates of 3 L cultures of first-stage copepodites were fed with N-, P- or 
nutrient replete algae. Food was provided in excess, ensuring that food 
concentrations never decreased below the incipient limiting level of 1 mg C L-1 
(Kiorboe et al. 1985). We adjusted nutrient levels in copepod cultures to nutrient 
concentrations of algae growth media and transferred copepods daily to containers 
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with new food particles to prevent changes in the biochemical composition of food 
particles.  30 copepods from each culture were sampled every day to measure 
prosomen length and development stage. The approximately equal development 
time of copepodite stages in Acartia (Berggreen et al. 1988) allowed us to 
calculate average development times for each treatment.  

Egg production was measured in 6 replicates per treatment by placing one male 
and five female adult copepods in 250 mL containers with 140 µm sieves 1 cm 
above the bottom to prevent egg cannibalism. Copepods were fed excess of daily-
renewed algae cultured under respective nutrient treatments. After a four-day 
acclimatisation period, disposed eggs were counted daily for three consecutive 
days. Copepod mortality was checked daily. Egg production was not significantly 
different between days within treatments and data were pooled for statistical 
analysis. Specific female egg production (µg C µg C body mass-1 d-1), which 
represents due to the absence of somatic growth the biomass production of adult 
copepods, was calculated based on an egg mass of 46 ± 3 ng C (Kiorboe et al. 
1985). 

Grazing rates were determined by setting up 5 adult copepods in 12 ml 
containers in 6 replicates per treatment. Copepods fed for 24 h on algae densities 
above the incipient limiting level in order to assess maximum ingestion rates. Start 
and final concentrations of R. salina were measured by direct counts of at least 
400 cells with an inverted microscope (Nikon, Tokyo, Japan) following the 
Uthermöhl protocol (1958). Triplicates of control cultures without copepods were 
used to correct for algae growth during the experiment. Prosomen length of 
copepods were measured and grazing rates per copepod biomass were calculated 
after Frost (1972). 

Nutrient retention measurements 

Retention rates (for definition see box 6.1) of C and N as well as of individual 
AA and FA were measured based on incorporation of 13C and 15N labeled algae 
into copepods. In short, algae were incubated with 13C-sodium bicarbonate (99% 
13C) and Na15NO3 (99% 15N) under replete, P- and N- nutrient conditions for 24 h. 
Copepods were fed for 6 h on labeled algae in triplicates for each treatment and 
were subsequently exposed to non-labeled algae for 1 h to ensure gut transition of 
labeled material. Afterwards, copepods were sampled by sieving through a 40µm 
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net and frozen at -80 °C. As control, samples of unlabeled copepods were taken.  

True retention rates are methodologically difficult to measure. Too short 
incubations with labeled food items will lead to a composite measurement of 
absorption and retention (Chen et al. 2014; Lukas & Wacker 2014a; see Fig. S6.1) 
and high uncertainties of label-incorporation-based calculations, and too long 
incubations leads to loss of labeled biomass due to egg production. We conducted 
a trial experiment with variable label-incubation periods and determined that 6 h 
incubations provide an optimal trade-off for measuring nutrient retention in 
Acartia at 19°C (see Supplementary Information, Annex 1 for more details). 

Before biochemical analyses, copepods were lyophilized overnight and 
subsamples were taken for AA, FA and particulate organic C and N (POC/PON) 
measurements. POC and PON concentrations and 13C/15N labeling were measured 
using an elemental analyzer (EA) isotope ratio mass spectrometer (IRMS). 
Copepod sub-samples were packed into silver cups and acidified over fuming HCl 
to remove inorganic C. The analysis was performed on a Flash EA (1112 Series) 
coupled via a Conflo III interface to a Delta V advantage IRMS (all from Thermo 
Fisher Scientific, Bremen, Germany). AA and FA were extracted, purified and FA 
were fractionated into storage and structural FA following the protocol of Grosse 
et al (2015). Carbon isotopic ratios of single compounds were measured by a gas-
chromatography combustion IRMS for FA and liquid chromatography IRMS for 
AA (for details of compound specific isotope analysis see Supplementary 
Information, Annex 2).  

We followed the definition of essential and non-essential AA used in human 
nutrition (Young 1994; Furst & Stehle 2004), which treats arginine (Arg) as non-
essential and tyrosine (Tyr) as essential AA. Arg is essential for fish (Santiago & 
Lovell 1988) and probably also for decapods (Hird et al. 1986), but its status in 
copepods is not clarified. We, nevertheless, used the classification scheme for 
humans, because AA pathways in crustaceans are generally believed to be similar 
to those in mammals (Claybrook 1983).   

Specific retention rates (RR) were calculated by comparing the isotopic 
enrichment in copepods with the isotopic enrichment in algae. We used standard 
equation to calculate retention rates (Middelburg et al. 2000) but included growth 
of consumers into the calculation, because of its potential impact on retention rates 
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(Carleton & del Rio 2010), leading to the formula   

RR= 
(F13C Copepod T1 - F13C Copepod T0) 

* conc. cop * g * t-1   (1) 
(F13C Algae TL - F13C Algae TN) 

 

where F13C Copepod T0 and T1 represent the contribution [%] of 13C to total C in 
copepods before and after the label exposure, respectively, and F13C Algae TL and 
TN represent the contribution of 13C to total C in labeled and non-labeled algae. 
The copepod biomass production during the incubation period [µg POC µg POC-1] 
is expressed in the formula as g, the incubation time as t and relative compound 
concentration in copepods [ng C of compound per µg C POC] as conc. cop. Total 
RR of N was calculated according to formula 1, replacing F13C with F15N. 

Retention efficiencies (REff) were calculated by expressing retention rates as 
percentage of the product of grazing rates (GR) and the nutrient concentration in 
the food (conc. algae).  

REff = 
RR 

x 100  (2) GR x conc. algae 

  

Retention efficiencies of single compounds strongly depend on growth rates in 
the respective treatment. We, therefore, calculated also selective retention (see box 
6.1) by normalizing compound-specific retention efficiencies by bulk-carbon 
retention efficiencies to facilitate inter-treatment comparisons of single 
compounds. One-way ANOVAs followed by Tukey Post-hoc tests were used to 
test for significant differences between treatments. The homogeneity of variances 
was tested before the statistical analyses and data-transformations were applied 
whenever necessary. All statistical test were performed with the software-package 
R version 3.1.2 (R Development Core Team 2014). 

 

 

 



CHAPTER 6 

 

 136 

Results  
Biochemical conditions in algae 

Elemental stoichiometry in algae strongly reflected nutrient ratios in growth 
media, with C:P and C:N ratios being significantly higher in the P- and N- 
treatments, respectively (ANOVA, p < 0.001; Tab. 6.1). Algal AA concentrations 
were not significantly different between P-limited and replete treatments, but 
showed a substantial decrease under N-limitation (nested ANOVA, p < 0.001; Fig. 
6.1A). The relative concentrations of AA expressed as percent of total AA, 
however, only showed slight deviations between treatments. Algae FA 
concentration were similar under replete and P-limited conditions (Fig. 6.2A), 
whereas total FA in N-limited algae were more than 3 times higher than in the 
other treatments (one-way ANOVA, p < 0.001). Also, the relative concentration of 
different FA-groups changed substantially under N limitation, with saturated 
(SFA), mono-unsaturated (MUFA) and di-unsaturated (DUFA) FA increasing and 
PUFA (> 2 unsaturated carbon bonds) decreasing significantly in percentages 
(ANOVA, p < 0.001; Fig. 6.2A). The total increase of lipids and the decrease in 
relative concentration of PUFA led to contrasting pattern in absolute concentration 
of individual C20 PUFA. Whereas absolute EPA concentrations increased by 50% 
from replete to N- conditions, DHA concentrations stayed constant in N- algae 
when compared to other treatments (-6 %; ANOVA, p > 0.3). 

 
Figure 6.1: Absolute concentrations of AAs in phytoplankton (A) and copepods 
(B), and copepod retention efficiencies (C) and nutrient recycling rates (D) under 
replete, P deficient (P-) and N deficient (N-) nutrient conditions. Recycled 
nutrients represent the sum of egested AA and as ammonia excrete AA. 
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Table 6.1: Algal and copepod stoichiometry and retention rates and efficiencies 
for C and N of copepods fed with algae of different stoichiometry. 
Algae    C:P ratio  C:N ratio 
Replete 52 ±  9.8 5.1 ±  0.7 
P- 102 ±  3.4 4.5 ±  0.1 
N- 45 ±  7.5 10.9 ±  0.7 
Copepods       
Replete 95 ±  7.6 4.1 ±  0.1 
P- 87 ±  12.4 4.3 ±  0.1 
N- 91 ±  23.2 4.5 ±  0.4 

     
Carbon Retention rate 

 [µg C µg POC-1d-1] 
Retention 

efficiency [%] 
Replete 0.46 ±  0.03 51.7 ±  9.9 
P- 0.27 ±  0.04 18.6 ±  6.3 
N- 0.28 ±  0.05 25.1 ±  10.0 

     
Nitrogen Retention rate  

[µg N µg PON-1d-1] 
Retention 

efficiency [%] 
Replete 0.34 ±  0.02 47.6 ±  6.8 
P- 0.21 ±  0.03 17.1 ±  4.7 
N- 0.21 ±  0.05 59.0 ±  23.3 
 

Production, feeding and stoichiometry in copepods 

Copepod egg production was generally high, but varied between 20 and 44% of 
female body mass d-1 between treatments with replete food supporting 
significantly higher production than nutrient limited treatments (nested ANOVA, p 
< 0.05, Fig. 6.3A). Development of juvenile copepods took significantly longer 
under N-limitation and the average duration between two molts was 0.95 d 

compared to 0.67 – 0.70 d in replete and P-limited treatments (ANOVA, p < 0.01; 
Fig. 6.3C). The highest maximum ingestion rates of copepods were found under P-
limitation, with ingestion rates (145% of BM d-1) being significantly higher than in 
the replete treatment (85% of BM d-1; ANOVA, p = 0.039; Fig. 6.3B). Under N-
limitation, copepods ingested 109% of their own body mass d-1, but differences to 
other treatments were not significant (p > 0.19). 
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Elemental stoichiometry was relatively constant in copepods reared under 
different food environments and no significant changes in C:N:P ratios were found 
between treatments (ANOVA, p > 0.16, Tab. 6.1). C and N retention rates in 
copepods mirrored growth rates, with significantly higher values measured in the 
replete treatment than in nutrient limited treatments (ANOVA, p < 0.01, Tab. 6.1). 
Likewise, retention efficiencies for C were highest when replete food was 
provided. Retention efficiencies for N, however, were highest during N-limitation, 
indicating a more efficient utilization of N as a consequence of the scarcity of this 
resource.  

 
Figure 6.2: Absolute concentrations of FA in phytoplankton (A) and copepods (B) 
and relative concentrations of structural FA (C) and storage FA (D) in copepods 
cultured under different nutrient conditions. Error bars in A and B represent 
standard deviations of total FA. 
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FA and AA metabolism  

AA concentrations in copepods were relatively homeostatic, although absolute 
concentrations were slightly but significantly lower under P limitation (Fig. 6.1B; 
nested ANOVA, p < 0.01). We calculated the difference between the relative 
concentrations of AA in copepods and algae and found that non-essential AAs 
showed a higher percentage in algae whereas essential AA were in relative surplus 
in copepods (Supplementary Information, Tab. S6.2). AA retention rates were 
lowest under P-limitation (nested ANOVA, p < 0.01; Fig. S6.2), but no significant 
differences were found between replete and N-limited treatments. Equal retention 
but lower growth rates in the N-limited treatment inferred higher AA turn-over 
rates in somatic tissues of copepods feeding N-deficient algae (Fig. S6.2). AA 
retention efficiencies showed large differences between treatments and were 
significantly higher for essential AA in copepods in the N- treatment (nested 
ANOVA, p < 0.001). We did not test for significant differences in retention 
efficiencies of non-essential AA, because the retention efficiencies of arginine and 
proline exceeded 100% under N-limitation (Fig. 6.1C). Such high retention 
efficiencies are an indicator of bioconversion of highly-labeled compounds to 
arginine and proline, which were the only two non-essential AA that were 
relatively depleted when comparing algae with copepods (Tab. S6.2). However, 
bioconversion makes calculations of retention efficiencies unreliable. AA 
recycling rates, which represent the sum of egested and excreted AA, showed 
highly significant differences between treatments (nested ANOVA, p < 0.001; Fig. 
6.1D). Whereas P-limitation induced high recycling rates, elevated retention 
efficiencies in copepods and low AA concentrations in food algae led to very low 
recycling rates in the N- treatment. 

Total FA concentrations in copepods followed absolute concentrations of FA in 
algae and were inversely related to copepod growth (Fig. 6.2B and Fig. 6.3B). 
Under N-limitation, total FA in copepods increased by 230% of total FA in the 
replete treatment. This increase was driven by higher concentrations of storage 
FA, but also structural FA increased significantly from 13 to 22 µg FA mg POC-1 
(ANOVA, p < 0.001). The relative contributions of different FA groups to 
structural lipids, however, remained constant across treatments (Fig. 6.2C), 
indicating nearly to a doubling of structural FA requirements for essential and 
potentially limiting C20 PUFAs under N-limitation.  
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Figure 6.3: Specific grazing (A), growth (B) and juvenile development (C) rates 
of copepods feeding on algae cultivated under replete, P deficient (P-) and N 
deficient (N-) nutrient conditions. Letters indicate statistically significant 
differences between treatments. 

 

These higher structural requirements influenced the relative contribution of FA 
to storage lipids in N-limited copepods. Whereas C20 PUFA were available in 
surplus under replete and P-limited conditions and contributed with >10% to 
storage lipids, N-limitation caused a significant drop of C20 PUFA concentrations 
in storage lipids and a decline of DHA contributions to below 1% (ANOVA, p < 
0.001; Fig. 6.2D). 

A scarcity of EPA and especially DHA in copepods fed with N- algae was also 
revealed by the isotopic labeling experiment. The retention efficiencies of FA 
were in general lower than the retention efficiencies of bulk carbon in all 
treatments (Fig. 6.4). An exception to this trend were DHA and EPA under N-
limitation, which showed a positive and significantly higher selective retention 
than other FAs, indicating a more efficient utilization of these resources. 
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Figure 6.4: Selective retention of (A) FA (SFA = saturated fatty acids, MUFA = 
monounsaturated fatty acids, DUFA = di-unsaturated fatty acids, C18 PUFA = 
fatty acids with 18 C-atoms and > 2 double bounds, 20:5ω3 = EPA, 22:6ω3 = 
DHA) and (B) essential AA in copepods grown on different algae treatments. 
Selective retention is expressed as the retention 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. 

 

Discussion 
Large mismatches between the biochemical composition of primary producers 

and herbivores turn food quality into an important factor defining species 
interactions at the plant-animal interface (Hessen et al. 2004; Lukas et al. 2011). 
Herbivorous zooplankton shows a relatively strict biochemical homeostasis (Frost 
et al. 2005), which creates the need to mitigate dietary deficiencies with behavioral 
and physiological adjustments (Mitra & Flynn 2007; Clissold et al. 2010). In this 
study, we experimentally verified a high flexibility in ingestion and nutrient 
utilization of copepods and revealed strongly diverging responses of consumers to 
different forms of nutrient limitation. Consequently, ecological determinants like 
nutrient recycling rates and predation pressure that shape predator-prey 
interactions are largely dependent on the type of nutrient limitation at the base of 
the food web. 

The response to N limitation 

The major response of copepods feeding on N-limited algae was to facilitate a 
more efficient resource utilization and high retention efficiencies for AA and total 
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N. Deficiencies in food particles were compensated by minimizing recycling rates 
and increasing the selective retention of AA in copepods (Fig. 6.4B). Further, 
dietary imbalances between relative concentrations of AA in algae and consumers 
were balanced by the biosynthesis of deficient non-essential AA. However, such 
investments in biosynthesis and the increase of utilisation efficiencies by 
improving digestion and absorption of food particles are connected to substantial 
metabolic costs (Secor 2009; Perhar et al. 2013).  

 Metabolic costs of compensatory mechanisms to outbalance low dietary AA 
concentration were reflected by the doubling of structural FA concentrations in 
copepods. This increase of structural lipids could either be driven by higher 
cellular requirements or by an increase of the gut surface area in copepods. 
Increases in the size and/or surface area of consumers facilitate higher absorption 
efficiencies and thus a more efficient utilization of dietary resources (Cant et al. 
1996). Although, evolutionary history and the predation pressure on populations 
also affect the gut-size of consumers, food quality is a major determinant of 
structural investments in prey digestion (Relyea & Auld 2004; Sullam et al. 2015). 
Hence, changes in gut morphology may explain increased structural FA and higher 
retention efficiencies of AA in N-limited copepods (Fig. 6.1D). 

Alternatively, changes in cell metabolism could have caused higher structural 
requirements. Our compound-specific stable isotope analysis indicated that N-
limited copepods synthesized arginine and proline, the only two non-essential AA 
that showed lower relative concentration in algae than in copepods. Further, turn-
over rates of AA in body tissues were highest in N-limited copepods (Fig. S6.2), 
an observation also made for fish feeding on low protein-quality diets (de la 
Higuera et al. 1999; Martin et al. 2003) and that partially could be explained by 
increased production of digestive enzymes in gut epithelium cells (Cant et al. 
1996; Kreibich et al. 2011). AA bioconversion and higher protein turn-over may 
have led together to higher densities of cell organelles and thereby raised structural 
FA requirements.  

Regardless of the identity of physiological drivers, the higher structural 
requirements for FA triggered a co-limitation of essential C20 PUFA and AA. The 
limitation of DHA and EPA was supported by two independent lines of evidence: 
First, the isotope labeling experiment demonstrated a positive selective retention 
and thus a more efficient utilization of DHA and EPA under N-limitation (Fig. 
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6.4A). Moreover, C20 PUFA decreased strongly in storage lipids and DHA nearly 
disappeared despite the necessity of maintaining PUFA in FA storage to guarantee 
the accessibility of stored lipids (Reuss & Chamberlain 2010). Consequently, the 
supply of EPA and especially DHA determined the scope of the physiological 
response to N-limitation. The fact that co-limitation of essential FA and AA 
emerged despite high concentrations of essential FAs in food algae demonstrates 
that nutrient deficiencies not only depend on dietary resources but also may result 
from metabolic and physiological adjustments in consumers.  

The response to P limitation 

The main physiological adjustment of copepods in the P- treatment was the 
adjustment in feeding rates. Although food algae were only moderately P-limited 
to avoid too high copepod mortalities in experiments (Berteler et al. 2005), the 
maximum ingestion rates in copepods increased from 89 to 145% of BM d-1, a 
behavior referred to as surplus feeding. A mechanism driving surplus feeding at 
low food qualities is the ability of copepods to selectively increase the uptake of 
single nutrients or nutrient groups in their gut (Cowie & Hedges 1996; Clissold et 
al. 2010). Increased feeding activities generally lead to a trade-off between 
ingestion rates and absorption efficiencies as high ingestion rates are automatically 
linked to lower gut transition times (GTT, Mitra & Flynn 2007) and thereby to a 
less efficient utilization of dietary resources (Schindler 1968). Accordingly, 
DeMott et al. (1998) showed that with increasing P limitation in food algae, 
carbon assimilation efficiencies in Daphnia decreased from 90 to 50%. The 
increased ingestion rates had, however, no negative impact on P assimilation 
efficiencies, indicating post-ingestive regulation such as adjustments in the 
production of digestive enzymes (Mayzaud et al. 1992; Clissold et al. 2010) and 
nutrient transporters in the gut epithelia (Cant et al. 1996), leading to more 
favorable C:P ratio of assimilated resources (DeMott et al. 1998).  

Whereas increased feeding rates at low dietary P concentrations are a common 
response (Plath & Boersma 2001; Suzuki-Ohno et al. 2012), it has not fully been 
resolved what limits the scope of physiological regulation to P-limitation. There 
are two alternative hypotheses suggesting either a co-limitation between energy 
and P or the digestive time necessary to break up algae cell-walls in consumers’ 
guts to limit the increase of maximum ingestion rates.  
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 DeMott (DeMott et al. 2010) demonstrated in juvenile daphnids that 
absorption rates drop substantially when the GTT falls below a critical level. This 
can be explained by describing the uptake of ingested nutrients as a 2-step process 
(Briggs 1977; Secor 2009) including (i) the chemical break-up of algae cells in the 
midgut and (ii) the absorption of nutrients via the gut epithelium in the hindgut. If 
ingestion rates increase above a certain threshold, the GTT declines below the 
cell-decomposition time, which is required to break up algae cells, and absorption 
drops close to 0 (Fig. 6.5A). The cell decomposition time consequently defines a 
minimal GTT and because of the close coupling between GTT and ingestion rates, 
the maximum ingestion is not further increased (Fig. 6.5B).  

 

 

 
Figure 6.5: A: Change of resource assimilation from one food package over time 
in the gut of a consumer. Assimilation rates are close to 0 until algae cell walls are 
digested (cell decomposition time). After a concomitant peak, the uptake of 
nutrients decreases with the depletion of nutrients in the food. B: Gut transition 
time (GTT) of food packages in the consumer decrease logarithmically with 
increased ingestion rates. Assimilation rates drop close to 0 once the GTT declines 
below the cell composition time (point M), limiting the regulation of maximum 
ingestion rates in consumers. C: Mechanism of co-limitation of energy and 
phosphorus (P) in P limited consumers, modified after Plath and Boersma (2001). 
Up-regulation of feeding rates and assimilation efforts can facilitate a behavioral 
substitution of the normally non-substitutable element P until energy becomes a 
scarce resource. 

 

 



NUTRIENT LIMITATION IN COPEPODS 

 

 145 

Alternatively, a co-limitation between energy (availability of C-rich 
compounds) and P could restrict a further increase in maximum ingestion rates 
(Plath & Boersma 2001). There are two processes potentially leading to energy 
scarcity during high P-limitation. First, lower GTT during can lead to lower C 
uptake rates because of lower absorption efficiencies for C-rich compounds during 
P-limitation (DeMott et al. 1998) turning energy uptake into a bottle-neck for 
growth. Alternatively, increased investments in enzyme production for selective 
retention of nutrients and higher filtration rates lead to higher energy costs 
(Svetlichny & Hubareva 2005; Hessen & Anderson 2008), especially when an 
exponential relationship between filtration rates and kinetic energy requirements is 
assumed (Lehman 1976; Plath & Boersma 2001). Consequently, the net energy 
uptake decreases and higher ingestion rates will eventually lead to a scarcity of 
energy and a co-limitation of C and P (Fig. 6.5C).  

In our study, however, a co-limitation between energy and P can be excluded 
because of increased storage lipids in P-limited copepods (Fig. 6.2B). Thus, the 
cell decomposition time was likely limiting maximum ingestion rates and thereby 
the scope of behavioral adaptations to P-limitation. However, evidence from other 
studies suggests that energy can become a co-limiting factor during P-limitation. 
Contrarily to our results, DeMott and Van Donk (DeMott & Van Donk 2013) 
showed a depletion of lipid reserves in Daphnia fed with strongly P-limited green-
algae and growth-essays with P-limited Daphnia field-populations revealed that 
the digestibility and not P concentrations in food particles had the greatest impact 
on consumers’ growth (DeMott & Tessier 2002). These diverging results may be 
explained by difference in the digestibility of algae used to feed consumers. In 
contrast to the cryptophytes used in our study, green algae and diatoms show a 
strongly increased digestion resistance in response to elemental limitations (Van 
Donk et al. 1997; Hutchins & Bruland 1998; Hamm et al. 2003). A much lower 
digestibility of algae leads to generally decreased nutrient uptake in consumers 
and, therefore, might make energy-intensive adjustments to P-limitation more 
likely to cause C and P co-limitation at higher trophic levels. Thus, the good 
digestibility of cryptomonads used in our experiments seems to have prevented 
energy limitation. Moreover, good digestibility might also allow higher flexibility 
in feeding rates and could explain the higher relative increase of maximum 
ingestion rates in our study compared to experiments using P-limited green-algae 
as food (e. g. Plath & Boersma 2001). Hence, the digestibility of prey items seems 
to be a key-factor defining not only the scope of behavioral adjustments to P-
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limitation, but also determining whether a co-limitation between energy and P 
emerges in consumers. 

Strength of homeostasis in consumers 

The high constancy of C:N:P ratios and of absolute and relative AA 
concentrations in copepods fed with algae cultured under different nutrient 
conditions confirms the relative strength of homeostasis in metazoan consumers 
compared to unicellular autotrophic and heterotrophic plankton (Golz et al. 2015). 
However, the finding that zooplankton FA profiles match closely the FA profiles 
of their food (Brett et al. 2006), a prerequisite for the application of FA biomarkers 
as tracers in food-web ecology, was only partly confirmed. While total FA profiles 
in copepods mirrored fatty acid concentrations in algae, the relative concentrations 
in structural FA were relatively homeostatic and indicated selective transfer of 
PUFA (Persson & Vrede 2006; Strandberg et al. 2015). Therefore, FA will only be 
reliable quantitative biomarkers when storage FA dominate over structural FA in 
consumers and interpretations of trophic interactions based on FA profiles from 
environments with a large potential for food limitation should be handled with 
care. 

 

Conclusion 

We demonstrated the large behavioral and physiological flexibility of an 
aquatic herbivore in its response to different food qualities. A result of 
physiological adjustments in N-limited copepods was the emergence of co-
limitation driven by the use of originally in surplus available FA to compensate 
dietary deficiencies of AA. On the contrary, the extent of surplus feeding in P-
limited copepods was determined by the cell decomposition time of algae rather 
than the availability of a second resource. Thus, compensatory mechanisms 
minimizing nutritional deficiencies had the potential to trigger co-limitation in 
consumers, but the emergence of co-limitation could be prevented by other 
physiological restrictions. 

Depending on the form of nutrient limitation, changes in food quality triggered 
a >50% increase in maximum feeding rates, the bioconversion of AAs, a doubling 
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of the structural FA pool and improved utilization efficiency of limited resources. 
The largely different response of consumers to N and P-limitation at the base of 
the food web can not only affect top-down control of primary producers and 
nutrient recycling rates but may also result in systematic differences between 
primarily P-limited freshwater and often N-limited marine ecosystems. Therefore, 
the flexible reaction of consumers to changes in their food environment is an 
essential aspect of predator-prey interactions and is one of the factors determining 
the structure and temporal dynamics in aquatic food webs.  
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Supplementary Information 
Annex 1: Trial experiment on incubation times for biomass retention 
experiments 

In labeling experiments, the length of exposure of consumers to labeled food is 
defining which physiological rate is measured. Short incubations of several 
minutes are used to measure absorption rates (Lukas & Wacker 2014b). The 
longer the incubation period, the more of the absorbed nutrients will be respired to 
cover metabolic needs for feeding, maintenance and growth and the remaining 
isotopic label will represent prey components that have been structurally 
incorporated into consumer’s biomass. Chen et al. (2014) and Lukas and Wacker 
(2014a, see Fig. S6.1) showed that during good feeding conditions most 
respirational needs are covered from prey-biomass that has been absorbed within 
one hour and that after 2-3 h isotopic label in zooplankton mainly represents 
structurally retained material.  

We conducted a trial experiment to test the effect of incubation time on 13C 
label retention in copepods. 10 adult individuals of A. tonsa were kept in 50 mL 
containers and exposed to labeled R. salina cultured under nutrient replete 
conditions. Duplicates were exposed to labeled food for 0, 6, 12, 16, 20, 24, 28 
and 36 h. After incubations with labeled food, copepods were allowed to excrete 
labeled food for 30 minutes before being flushed with distilled water, freeze-dried 
and stored until isotopic measurements. The results are displayed in Fig. S6.1 and 
show a strong label increase within the first 12 h. After that isotopic enrichment 
increased further, but at lower rates. We interpreted this break-point in 13C 
enrichment rates as the time when highly labeled eggs start to be released, leading 
to lower apparent biomass retention rates. Consequently an incubation time of 6 h 
seemed to represent a good trade-off between incorporation of sufficient label and 
preventing the loss of incorporated material. 
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Figure S6.1: Isotopic enrichment in 13C in copepods incubated with isotopically 
labeled R. salina. 

 

Annex 2: Detailed set-up of nutrient retention experiments and analytical 
procedures 

We measured nutrient retention in copepods by measuring the compound 
specific incorporation of 13C and 15N labeled algae in consumers. Replete, N and 
P-limited algae were each incubated for 24 h in two sets of triplicate batch cultures 
enriched with 13C-sodium bicarbonate (99% 13C) and Na15NO3 (99% 15N). The 
growth status of algae batch cultures was chosen in a way that C:N:P ratios and 
cell densities after incubations were similar to those of non-labeled algae used for 
feeding copepods in different treatments. Two incubations with different 13C 
concentrations were necessary for technical reasons: Highly labeled algae 
incubated under 13C concentrations of close to 20% of the ambient dissolved 
inorganic carbon (DIC) were used as food to reach sufficient isotopic labeling in 
copepods. However, those high 13C concentrations in algae would have caused 
problems with the analysis by compound specific IRMS techniques and, therefore, 
algae batch cultures incubated under 4-times lower 13C concentrations were used 
to determine macromolecule composition and biosynthesis rates in algae. Algal 
Samples were obtained by filtering cultures onto pre-combusted GF/F filters 
(Whatman, 4 h at 450°C). 

Copepods were reared in 8 L containers under the same protocol as for growth 
and grazing experiments. We used chemostats for culturing of non-labeled replete 



CHAPTER 6 

 

 150 

algae to ensure constant growth conditions. Nutrient limited algae chemostats 
would have resulted in much lower yield and a set of batch cultures as described in 
the main manuscript was technically much more feasible. Experiments started 2-4 
days after the majority of copepods reached adulthood. Before copepods were 
exposed to labeled algae, copepod cultures were split in two. One half was sieved 
through a 100 µm net, washed with distilled water and stored at -80 °C for further 
biochemical analyses as controls for baseline isotopic values. The other half was 
allowed to graze on non-limiting concentrations of labeled R. salina for 6 h. 
Thereafter, the labeled copepods were transferred to food suspension of non-
labeled algae to facilitate the removal of labeled algae in the gut. After one hour of 
feeding ensuring egestion of labeled algae, copepods were sieved, washed with 
distilled water and stored at -80 °C. Labeled copepods contained therefore a full 
gut of non-labeled, which was corrected for in retention rate calculations by 
assuming that gut volume represented 10% of body volume of copepods 
(Stemberger 1986; Billones et al. 1999). We let copepods feed on non-labeled 
algae and did not let them clear their gut in particle free medium, because low 
food concentrations or starvation conditions can lead to gut transition times of 
several hours (Besiktepe & Dam 2002) and remaining labeled material in the gut 
would have caused much higher proportional calculation errors.  

Frozen algae POC/PON filters were lyophilized overnight, and a section of the 
filter (1/4 or less, depending on the amount of material on the filter) was acidified 
over fuming HCl to remove inorganic carbon, and subsequently packed into tin 
cups and analyzed at the same EA-IRMS system as copepods. Detailed 
descriptions of extraction protocols for AA and FA, the LC- and GC/C-IRMS 
systems as well as compound separation protocols and conditions were published 
by (Grosse, et al. 2015) and references therein. Briefly, AA samples were acid 
hydrolyzed and after an ion-exchange clean-up step analyzed by LC-IRMS using a 
Primsep A column, which separated a total of 17 individual AA  (McCullagh, et 
al. 2006). Due to the analytical procedures glutamate and glutamine (Glu) as well 
as aspartate/asparagine (Asp) co-elute and formed one peak, respectively.  

FA samples were extracted following the protocol of Bligh and Dyer (1959) 
and subsequently separated into storage lipids, glycolipids and phospholipids by 
silicate column chromatography. All three fractions were dried down and the 
glycolipid- and phospholipid fraction were combined and are further referred to as 
structural lipids. After derivatization to fatty acid methyl esters (FAMEs), FAME 
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from both storage and structural lipids were separated by GC/C-IRMS using the 
polar BPX-70 column. Fatty acids were notated A:BωC, where A is the number of 
carbon molecules in the fatty acid, B the number of double bonds and C the 
position of the first double bond relative to the aliphatic end.  

 

 

Figure S6.2: Retention rates (A) and turn-over rates (B) of single AA in copepods 
fed with R. salina cultured under replete, P deficient (P-) and N deficient (N-) 
nutrient conditions. Turn-over rates need to be handled with care, because values 
of the P- treatment are partly negative. Turn-over rates were calculated by 
subtracting growth rates from retention rates and a combination of multiple 
measurements (retention rates are based on isotopic measurements and compound 
concentrations in consumers; growth rates) increases the uncertainty of individual 
values. Consequently only relative differences between treatments and not 
individual values should be used for interpretations.  
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Table S6.1: Relative contribution of individual AA to total AA in copepods fed 
with algae cultured under replete, N- and P- conditions. 
  AA Identity Replete [%] P- [%] N- [%] 

N
on

 e
ss

en
tia

l 

Alanine  6.22 6.09 6.45 
Arginine 4.68 4.76 4.31 
Asparagine 1.59 1.69 1.69 
Glutamine 5.46 5.85 5.87 
Glycine  5.11 4.21 4.09 
Proline 5.98 5.81 5.86 
Serine 2.02 1.84 1.89 

Es
se

nt
ia

l 

Histedine 2.01 1.97 2.00 
Isoleucine 8.30 7.46 6.11 
Leucine 18.78 19.53 20.77 
Lysine 9.38 8.96 9.22 
Methionine  1.23 1.83 1.76 
Phenylalanine 9.25 9.53 9.30 
Threonine 3.25 3.41 3.51 
Tyrosine 8.86 9.39 9.18 
Valine 7.88 7.68 7.99 
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Table S6.2: Difference in percent contribution to total AA in copepods and algae 
for respective AA. Positive values marked with blue fields indicate a surplus in 
relative concentration in food, negative values and red fields indicate a relative 
deficiency in the food. 

 
AA Identity Replete [%] P- [%] N- [%] 

N
on

 e
ss

en
tia

l 

Alanine  3.60 2.85 2.55 
Arginine -2.45 -1.46 -0.86 
Asparagine 3.31 1.75 0.80 
Glutamine 4.23 1.50 0.38 
Glycine  0.82 0.29 1.43 
Proline -0.97 -0.82 -0.35 
Serine 2.42 4.01 1.82 

Es
se

nt
ia

l 

Histedine -1.29 -0.89 -0.82 
Isoleucine -1.34 -1.15 0.46 
Leucine -2.73 -4.02 -4.53 
Lysine -4.38 -2.66 -3.29 
Methionine  0.04 -0.20 -0.62 
Phenylalanine -1.76 0.07 1.11 
Threonine 2.04 0.87 1.69 
Tyrosine -2.59 -0.73 -0.10 
Valine 1.05 0.60 0.32 

  Sum Non ess 10.97 8.11 5.77 
  


