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ABSTRACT 

 

THE EFFECTS OF HYDRODYNAMICS ON THE FEEDING OF A 

FRESHWATER GRAZER (DAPHNIA MAGNA): THE INFLUENCE OF 

PARTICLE SIZE AND SHAPE 

 

Luc Goulet Advisor: 

University of Guelph, 2022 Dr. J. D. Ackerman 

 

The transfer of energy through the consumption of phytoplankton producers by zooplankton 

grazers is one of the most important interactions in aquatic ecosystems. There are many factors 

influencing these interactions such as the size and shape of the algae.  Physical interactions 

between grazer and algae are dictated by hydrodynamic forces, and a unimodal relationship has 

been established for grazer clearance rates (CR) as turbulence increases. The goal of this study 

was to determine the effect of algae size and shape on the relationship between CR and 

turbulence by generating vorticity in a rotational cylinder to simulate increasing turbulence. The 

CR of Daphnia magna was examined for two algae species; the small, spherical Chlorella 

vulgaris and the larger, elongated and colonial Scenedesmus quadricauda. The CR of D. magna 

followed the unimodal trend as expected, with overall CR being higher on C. vulgaris likely due 

to lower handling time and higher concentration in the feeding radius. Importantly, the unimodal 

trend was best described by vorticity rather than Reynolds number. These results help further the 

understanding of grazer feeding interactions in ecologically relevant hydrodynamic conditions. 

 

 



iii 
 

ACKNOWLEDGEMENTS 

Although these last few years have been difficult in many ways, I have had great people who 

have helped me through it. This project would not be what it is without the valuable 

contributions of my advisor, Dr. Josef Ackerman, who has always been there to encourage and 

guide me through my program. Further, I would like to sincerely thank my advisory committee 

members, Dr. Andreas Heyland and Dr. Warren Currie, for their contributions, feedback, and 

support throughout this process, and for providing unique perspectives which have taught me to 

be a better scientist.  

 I would also like to thank the incredible members (and friends) of the Ackerman Lab. 

First and foremost, Chris Farrow deserves so much recognition for all he contributes to the lab, 

and specifically to my project with great ideas and statistical assistance. I would also like to 

thank Stephanie Smodis for keeping me company in the lab at the start of the Covid-19 pandemic 

when no one else was around, and for always being there to talk. I would also like to 

acknowledge and thank all the past and present Ackerman Lab members who have either directly 

or indirectly assisted me through the past few years.  

 Apart from the Ackerman Lab, I would like to extend thanks to Steve Wilson from the 

Physics Machine Shop for all of his help with the development and troubleshooting of the 

equipment I used. Also, thank you to the members of the Heyland Lab who helped with my algae 

and zooplankton cultures. Further, I am extremely grateful to the department of Integrative 

Biology for providing such a wonderful work environment, especially through the tough years of 

the pandemic. 



iv 
 

 Finally, I want to thank my friends, my wonderful girlfriend, my intramural volleyball 

teammates, and my family for supporting me throughout this process in so many different ways. 

Whether it was just to talk and game, or keeping me active on the court, all of your help was 

equally valuable and very much appreciated. 

  



v 
 

TABLE OF CONTENTS 

 
ABSTRACT .................................................................................................................................... ii 

ACKNOWLEDGEMENTS ........................................................................................................... iii 

TABLE OF CONTENTS ................................................................................................................ v 

LIST OF FIGURES ....................................................................................................................... vi 

LIST OF TABLES ....................................................................................................................... viii 

INTRODUCTION .......................................................................................................................... 1 

METHODS ................................................................................................................................... 15 

Study Organisms ....................................................................................................................... 15 

Rotating Cylinder ...................................................................................................................... 17 

Half-Saturation Concentration .................................................................................................. 20 

Clearance Rate Experiment ....................................................................................................... 21 

Feeding Electivity ..................................................................................................................... 22 

Effect of Algal Size and Shape ................................................................................................. 23 

Daphnia Behaviour in Vorticity ................................................................................................ 23 

Statistical Analysis .................................................................................................................... 24 

RESULTS ..................................................................................................................................... 24 

Clearance Rates ......................................................................................................................... 24 

Observations of D. magna ......................................................................................................... 27 

Feeding Electivity ..................................................................................................................... 28 

DISCUSSION ............................................................................................................................... 29 

Effects of Size and Shape .......................................................................................................... 33 

Factors Affecting Vorticity in the Field .................................................................................... 36 

Implications and Future Research Directions ........................................................................... 38 

CONCLUSION ............................................................................................................................. 41 

LITERATURE CITED ................................................................................................................. 43 

APPENDIX I ................................................................................................................................ 50 

 

  



vi 
 

LIST OF FIGURES 

Figure 1. Diagram indicating different factors influencing Daphnia feeding rate. In no-flow (A) 

most particles in the feeding radius are captured, unless rejected by the Daphnia, whereas under 

flow conditions (B) more particles are brought to Daphnia, but the feeding radius is smaller and 

some larger particles are swept away before consumption. Particles can also be rejected due to 

low palatability or potential toxicity (bacteria). .............................................................................. 4 

Figure 2. Summary of advective flow components generated by different devices used to 

analyze zooplankton interactions in flow. Different arrows indicate the direction and magnitude 

of flow and silhouettes of copepods are indicated. From Kiørboe et al. 1999 and Fuchs et al. 

2013............................................................................................................................................... 12 

Figure 3. Image of a typical Daphnia magna individual from the cultures that was used in 

experiments. .................................................................................................................................. 15 

Figure 4. Images of Chlorella vulgaris (right- From University of Texas, Austin) and 

Scenedesmus quadricauda (left – From Gert Hansen), which were used in the feeding 

experiments. .................................................................................................................................. 16 

Figure 5. Image of the multi-chambered solid body rotational device used in this study. Each 

chamber is driven by an individual motor, which are programmed to different frequencies 

allowing for multiple samples to be conducted simultaneously. .................................................. 19 

Figure 6. Initial concentration (dotted line) of S. quadricauda (20,000 colonies/mL) and C. 

vulgaris (250,000 cells/mL) used in the feeding experiments based on the half-saturation 

concentration, determined experimentally and by using known values. ...................................... 20 

Figure 8. Percent change in the clearance rate of the two algal species tested at different 

vorticities compared to the clearance rate at zero vorticity (no flow). Clearance rates under 2 s-1 

were higher than those observed at 0 s-1 (~40-60% higher for Scenedesmus quadricauda, ~20-

30% higher for Chlorella vulgaris), and clearance rates over 3 s-1 were lower than those at 0 s-1, 

decreasing as vorticity increased (~20-90% lower for Scenedesmus quadricauda, ~10-100% 

lower for Chlorella vulgaris). ....................................................................................................... 25 

Figure 7. Relationship of the clearance rate of Daphnia magna on the two algae species 

(Chlorella vulgaris and Scenedesmus quadricauda) to increasing vorticity (mean ± SEM). Algal 

species had a significant affect on the clearance rate and vorticity was a significant covariate in 

the quadratic ANCOVA. ............................................................................................................... 25 

Figure 9. Relationship between the clearance rate of D. magna on the two algae species  

(Chlorella vulgaris and Scenedesmus quadricauda) to increasing vorticities for values above 2 s-

1 (mean ± SEM). Above this vorticity, clearance rate of both algal species declined linearly. .... 26 

Figure 10. The effect of vorticity on Daphnia magna feeding electivity based on cell 

concentration (a – cells/mL) and biovolume (b - µm3) when fed on a mixture of the two algal 

species used in the current study. Jacobs modified electivity index was used, with D = 0 

indicating random feeding, D > 0 indicating feeding selectivity, and D < 0 indicating feeding 

avoidance (mean ± SEM). ............................................................................................................. 29 

file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609495
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609495
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609495
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609495
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609495
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609500
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609500
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609500
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609500
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609502
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609502
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609504
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609504
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609504
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609507
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609507
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609507
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609509
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609509
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609509
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609511
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609511
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609511
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609511
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609511
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609511
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609512
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609512
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609512
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609512
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609514
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609514
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609514
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609518
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609518
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609518
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609518
file:///C:/Users/lsgou/Downloads/Goulet_Luc_202205_MSc.docx%23_Toc103609518


vii 
 

Figure 11. Comparison of the mean clearance rate of Daphnia magna to vorticity (a) measured 

in different experimental chambers (Rotating cylinder, Couette cell, Oscillating grid). Dashed 

lines represent the critical feeding vorticity (ωf
*), which is the vorticity where the highest CR is 

measured, with CR declining rapidly after this point. Solid lines represent the critical orientation 

vorticity (ω* - equation (7)), which is the vorticity that causes the Daphnia to tumble and it 

cannot sustain a steady orientation. Values circled for the oscillating grid are the same as those in 

(b) which is the comparison of the mean clearance rate of Daphnia magna to Reynolds number 

(Re) measured in different experimental chambers. The dashed line represents the Re where 

turbulence begins in a Couette chamber, with values under this representing laminar flow........ 32 

Figure 12. The effect of Daphnia size on clearance rate summarized from 12 studies (a), 

including the current study. Data points in squares indicate CR measured in flowing conditions, 

with data points in circles representing data collected from those studies highlighting the 

difference between CR in flowing conditions versus no-flow conditions. Further, (b) the 

difference in CR between algae grouped as spherical or elongate from 7 of the aforementioned 

studies using data only for Daphnia above 2 mm in size (mean +/- SEM) was found to be 

significantly different. Algal groups are shown in (a) and in Appendix I. ................................... 35 
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INTRODUCTION 

Plankton are an integral component of most aquatic ecosystems (Azam et al. 1983). They live 

within a realm of low to intermediate Reynold numbers, which is the ratio of inertial to viscous 

forces, and therefore the physical processes dictating their lives are mostly viscous (Purcell 1977; 

Kiørboe 2008; Guasto et al. 2012). This has implications for the ecology of these organisms by 

influencing everything from locomotion to feeding (Kiørboe 2011; Fuchs et al. 2015; Serra et al. 

2018). One of the most important ecological interactions in aquatic ecosystems is the transfer of 

energy between phytoplankton producers and zooplankton grazers that consume them (Steinberg 

and Landry 2017). Generally, alterations to the top of the food chain (i.e., predators consuming 

zooplankton grazers and grazers consuming algae) can lead to changes in the quantity and 

composition of algae, and therefore the water quality (Elser and Goldman 1991).  

The concept of encounters is often used to examine the interactions between zooplankton 

and phytoplankton under the influence of hydrodynamics (Kiørboe 2008). This concept 

incorporates the physical and biological processes that are used to predict the probability of an 

encounter between two objects – i.e., between reproductive male and female zooplankton or 

between zooplankton grazers and phytoplankton upon which they graze. Ultimately, the 

encounters between zooplankton grazers and phytoplankton result in the transfer of energy from 

producer to consumer, leading to the cycling and export of energy in the aquatic ecosystem, 

which is fundamental for the existence of all life at higher trophic levels (Redden et al. 2009; 

Steinberg and Landry 2017). There are, however, limitations to this interaction; for example, 

grazing can become saturated (reach a biological limit on the rate a consumer can ingest prey) in 

water with high phytoplankton concentrations (Frost 1972; Kiørboe 2011). Below saturation, 

grazers must first find, then capture and consume phytoplankton, indicating a physical limitation 
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in the handling time needed to ingest the food item (Hartmann and Kunkel 1991; Vogel 1996). 

Swimming can increase the rate of encounters, but the time required for ingestion remains 

(Kobayashi et al. 2009). Swimming, however, causes hydrodynamic disturbance, which attracts 

predators, raising the likelihood of a zooplankton grazer being eaten (Visser et al. 2009). 

Consequently, the growth and survival of a grazer depends on the balance between increasing 

feeding rates and minimizing the risk of predation.   

The feeding interaction between grazers and their food involves both biological and 

physical components (Figure 1; Prairie et al. 2012). This presents unique challenges to 

understanding of feeding interactions, which are influenced by biological components such as 

food particle size, shape, density and palatability (McMahon and Rigler 1963; Kobayashi et al. 

2009), as well as the hydrodynamic conditions generated by both grazer and phytoplankton 

(Humphries 2009). For example, most Daphnia generate a feeding current with a radius that is 

defined by the strength of the current and the strength of the ambient flow in the water they 

occupy (Ramcharan et al. 1992; Humphries 2009). If the water is calm, the feeding radius will be 

larger than when the water is flowing fast and irregularly, conditions which can be described as 

turbulent; in which case the feeding radius will be very small. Turbulence can also increase 

encounters with food particles because there is greater advective transport of particles to the 

feeding radius of the Daphnia (Alcaraz et al. 2007). This indicates that more food particles will 

be encountered over time as advective conditions increase. Thus, there is a balance between the 

ability of the Daphnia to generate a strong enough current to bring particles into their area of 

capture, and the hydrodynamic conditions that influence the addition and removal of food 

particles within this area (Mann and Lazier 2005).  
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Daphnia are a good model system to examine the influence of particle size and shape on 

the hydrodynamics of their feeding since they only employ one feeding behaviour: suspension 

feeding (Gerritsen et al 1988; Watling 2013). Therefore, the size and shape of the particle will 

determine the diffusivity across the velocity gradient between ambient flow and the generated 

feeding current, assuming the particles have equal density and concentration (Kiørboe 2011). 

Advective forces also influence particle transfer at a larger scale (Prairie et al 2012). Whereas 

diffusion dominates at the feeding current interface, the ambient flow can increase or decrease 

particle advection into the velocity gradient. For instance, water flow can enhance uptake at the 

feeding current surface by steepening the concentration gradient relative to the ambient 

conditions (Kiørboe 1993). If the flow is highly turbulent, however, it can cause a break down of 

the gradient and negatively affect particle transfer to the zooplankton. Further, larger and 

elongate cells are associated with increased food handling times for Daphnia and have a higher 

likelihood to escape capture compared to spherical cells (Hartmann and Kunkel 1991). It is 

evident that particle size and shape influences the advective and diffusive properties of a feeding 

Daphnia.   

In this study, I examined how food particle size and shape influence freshwater Daphnia 

feeding rates as the magnitude of one aspect of turbulence in the water increases. The findings of 

this study determined how Daphnia feeding rates change with hydrodynamic factors, and 

generally how phytoplankton-Daphnia feeding interactions are affected  by the size and shape of 

the algae.  
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The Effects of Hydrodynamics on Daphnia Feeding 

Generally, water flow in a large water body like a lake varies depending on two major factors: 

physical parameters of the lake (depth, surface area, stratification, currents), and atmospheric 

conditions (wind, light, temperature) (Imboden and Wuest 1995). Many of these factors are 

difficult to predict, having differential affects across spatial and temporal scales, with climate 

change adding further complication (IPCC 2014). Hydrodynamics constantly fluctuate, and this is 

an integral component of aquatic life, especially life at low Reynolds number where viscous forces 

Figure 1. Diagram indicating different factors influencing Daphnia feeding rate. In no-

flow (A) most particles in the feeding radius are captured, unless rejected by the Daphnia, 

whereas under flow conditions (B) more particles are brought to Daphnia, but the feeding 

radius is smaller and some larger particles are swept away before consumption. Particles 

can also be rejected due to low palatability or potential toxicity (bacteria). 

 

 

Table 1Figure 1. Diagram indicating different factors influencing Daphnia feeding rate. In 

no-flow (A) most particles in the feeding radius are captured, unless rejected by the 

Daphnia, whereas under flow conditions (B) more particles are brought to Daphnia, but 

the feeding radius is smaller and some larger particles are swept away before consumption. 

Particles can also be rejected due to low palatability or potential toxicity (bacteria). 

 

Small, spherical 

phytoplankton 

(high palatability) 

 

Small, spherical 
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palatability, 

potential toxicity 

 

Large, irregular 

shaped 
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dominate (Purcell 1977). Therefore, it is important to understand the role of ecologically relevant 

hydrodynamic fluctuations in the life history of aquatic organisms. 

 Hydrodynamics refer to the flow of water, which is dictated by kinetic energy, and is 

categorized as either laminar or turbulent (Vogel 1996). In laminar flow, viscous forces dominate, 

and particles flow along linear paths that never cross. Conversely, when inertial force dominates 

and individual water particles are highly kinetic, flow appears erratic in both direction and 

magnitude, which is described as turbulent flow (Vogel 1996). Turbulence, in quantitative terms, 

is the fluctuation of velocity about the mean of the ambient flow (Mann and Lazier 2005) and is a 

function of time and space. Small-scale turbulent fluctuations occur over a period of seconds at 

scales of a few millimetres, while the largest fluctuations occur over scales of meters and several 

minutes. The Reynolds Number (Re), which considers the ratio of inertial (kinetic) to viscous 

forces (Purcell 1977; Vogel 1996), is used to classify flow regimes as either laminar or turbulent. 

While laminar flow is mostly defined by unidirectional velocity, turbulent flow has multiple 

advective parameters (shear deformation, acceleration, and vorticity) that must be considered 

(Kiørboe et al. 1999). This makes it difficult to quantify turbulence in field and lab settings, so 

often these components are isolated using different flow-generating devices or sophisticated 

devices like an ADCP (acoustic Doppler current profiler – Arnott et al. 2021) or PIV (Particle 

Image Velocimetry –Wang et al. 2013). It is important to consider a range of laminar and turbulent 

conditions across spatial and temporal scales relevant to what organisms might encounter in nature 

due to the differing effects of flow regimes on a multitude of biological interactions, including 

reproduction, feeding, and dispersion (Prairie et al. 2012).  

Grazing Daphnia can capture most particles in their feeding radius (Hartmann and 

Kunkel 1991). Particles must first diffuse across a velocity gradient generated between the 
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ambient flow and the feeding current of the Daphnia (Mann and Lazier 2005). Once in the 

feeding current, the particle continues towards the grazer where the organism uses its appendages 

to direct the particles into the digestive tract (Humphries 2009; Guasto et al. 2012). 

Consequently, Daphnia must spend time handling the particle in the feeding radius. The 

efficiency of grazing will be a function of the time it takes the food particle to complete both 

entry in the feeding radius and be directed to the mouth. 

It is likely that this sequence of feeding events indicates that feeding efficiency will be 

maximized when the time to move across the velocity gradient and into the feeding appendages 

is balanced so that food particles entering the feeding radius should be equal to the particles that 

are ingested. Further, the ambient flow conditions must be such that the radius of the feeding 

current and particle retention time allow for the maximum number of particles to be ingested by 

the Daphnia. Confounding variables such as particle density and morphological diversity, and 

even risk of predation can influence the maximum efficiency at any time during feeding 

(McMahon and Rigler 1963; Visser et al. 2009). These variables are controlled and 

experimentally manipulated to isolate the physical components of feeding efficiency and thus 

examine the affect of advective flow properties on feeding encounters between Daphnia grazers 

and phytoplankton of different size and shape. 

 

The Influence of Plankton Size and Shape on Feeding 

The influence of phytoplankton size and shape on zooplankton grazing has been an area of 

interest for some time. For example, Brooks and Dodson (1965) introduced the Size-Efficiency 

Hypothesis which posits that herbivorous zooplankton compete for particulates, and that larger 
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species do so more efficiently. This also applied to predators because they control the 

zooplankton grazer community by selective feeding on larger grazer species, thus resulting in 

communities of smaller sized ones (Johansson and Bowen 2012; Ensign et al. 2014). However, 

bottom-up influences have also been identified. For example, Daphnia adjust their feeding rates 

according to the nutrient availability (DeMott 1982; Chow-Fraser and Sprules 1992; Sarnelle and 

Wilson 2008) and composition, given by the carbon and phosphorus ratio of food particles (Guo 

et al. 2019). Further, resource competition among zooplankton grazers can be driven by the 

efficiency of different grazer feeding mechanisms based on food particle size, shape and 

nutritional quality (DeMott 1986). For instance, the smaller cladoceran Bosmina maintain 

competitively viable populations sympatrically with Daphnia among a shared resource pool 

because they utilize a specialized foraging mode allowing for efficient feeding on edible 

flagellates (DeMott and Kerfoot 1982). Although Daphnia outcompete Bosmina in suspension 

feeding efficiency, the selective foraging mode employed by Bosmina allows them to coexist. 

Further, this highlights the generalist feeding of Daphnia that consume a wide range of prey 

types, which is one of the traits that also make Daphnia an ideal model for feeding experiments. 

Other behavioural adaptations to feeding within zooplankton have been examined, both 

for top-down and bottom-up influences on grazing. For example, marine copepods utilize 

mechanical and chemical signals from predator and prey to adjust their behaviour (Jørgensen 

1975; Kiørboe and Visser 1999). Since grazing copepods employ two feeding techniques 

(ambush and suspension feeding), they can behaviourally adapt their hydromechanical signal to 

predators when searching and consuming food (Kiørboe et al. 2018). They thus converge on an 

optimum balance between feeding and predator evasion depending on the hydrodynamics of the 

ambient environment (Kiørboe and Jiang 2013). Conversely, Daphnia are suspension feeders. 
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This means that particles they encounter will be consumed, if possible, but also the rates of 

clearance are usually lower than calanoid copepods (Hansen et al. 1997). It has proven difficult, 

however, to summarize the influence of size and shape on feeding encounters, mostly due to the 

diverse array of marine and freshwater phytoplankton that can be grazed by zooplankton (Colina 

et al. 2016).  

 

Feeding by Cladocerans 

Whereas calanoid copepods are often used as a model for feeding experiments in marine 

systems, Daphnia are a more common and perhaps more representative model for freshwater, 

being utilized across disciplinary lines (Stollewerk 2010; Altshuler et al. 2011). As indicated 

above, unlike copepods, Daphnia grazers employ one feeding mode, suspension feeding 

(Watling 2013). Consequently, one can assume particles under a certain size that enter the 

feeding current can be captured (Hartmann and Kunkel 1991). The major process to consider is, 

therefore, how particles enter the feeding current. Previous studies of Daphniidae have examined 

clearance rates (CR) using various species of algae, and comparing characteristics like algal size, 

concentration, nutrient quality, and turbulence (Table 1). The interaction of increasing turbulent 

flow on Daphnia CR with differing sized algal species is unknown. Further, the methodologies 

used in feeding experiments differ, and few include hydrodynamic factors.  
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Species 

(Size in mm) 
Algae Species 

Clearance Rate (µL 

ind-1 h-1) 
Source 

Moina micrura  

(adult female – 0.5-1.2) 

Natural water from 

Lake Dakar, Bango  

Reservoir (DBR) 

67.6 ± 17.9 

Kâ et al. 2012 

Anabaena solitaria 99.2 ± 49.9 

Cylindrospermopsis 

raciborskii 
24.9 ± 10.2 

Ceriodaphnia cornuta  

(adult females – ??) 

Anabaena flos-aquae 16.3 ± 16.3 

Anabaena solitaria 47.4 ± 33.3 

Cylindrospermopsis 

raciborskii 
3.8 ± 3.8 

Daphnia pulex  

(adults ~ 2.0) 

Scenedesmus obliquus 

(S) 

145 (P-rich) 

250 (P-poor)  

 

Guo et al. 2019 

 

 

 
Max CRs included for high and 
low carbon:phosphorus ratios 

(P-poor and P-rich respectively) 

Microcystis sp. (M) 
175 (P-rich) 

295 (P-poor) 

A. flos-aquae (A) 
100 (P-rich) 

140 (P-poor) 

Mix S+M 
70 (P-rich) 

68 (P-poor) 

Mix S+A 
70 (P-rich) 

60 (P-poor) 

Chlamydomonas sp. 
300-2500 (low) 

700-3500 (high 

Ramcharan et al. 1992  

 
CR dependant on predator 
chemical presence, alga 

concentration (low – 5x103 

cells/mL, high – 5x104 

cells/mL), and Daphnia 

genotype (spine vs. no spine) 

Daphnia galeata 

(adults – 1.3-2.0) 

Natural phytoplankton 

community (Bautzen 

reservoir, Germany) 

50-920 (seasonal) Kamjunke et al. 1999 

Daphnia pulicaria 

(Juveniles – 0.6-1.5, 

Adults – 1.5-3.5) 

Ankistrodesmus 

falcatus 

1550 ± 270 (max) 

840 ± 200 (min) 

Sarnelle and Wilson 

2008 

 
CRs reported at max and min 

based on algae concentration (95 

µg C/L and 15 µg C/L) 

S. obliquus 

5000 ± 300 (20oC) 

3000 ± 300 

(12oC) 

Reichwaldt and 

Abrusan 2007 

Daphnia magna 

(Adults – 1.6 ± 0.3) 
Commercial Spirulina  

1000-2500 (Laminar) 

800-2100 (Transition) 

0-100 (Turbulent) 

Serra et al. 2018 

 
Data extracted from graphic, CR 

range included for each flow 

regime tested (Laminar: 1-1700 

Re, Transition: 1700-2600, 
Turbulent: 2600+) 

Table 1. Summary of the clearance rate of multiple freshwater Cladocerans using different 

experimental factors such as algal species and concentration, nutrient availability, presence 

of predators, and water flow. 

 

Table 1. Summary of the clearance rate of multiple freshwater Cladocerans using different 

experimental factors such as algal species and concentration, nutrient availability, presence 

of predators, and water flow. 
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Since Daphnia can feed on a wide range of foods (DeMott and Kerfoot 1982), it should 

be possible to examine the rate of feeding on different algae, and how hydrodynamics influences 

these rates. The primary food of Daphnia are phytoplankton (i.e., algae; Kobayashi et al. 2009), 

which exist in a diverse array of shapes and size, from the small and spherical species like 

Chlorella vulgaris (Chlorophyta), to the siliceous, irregularly shaped bodies of diatoms 

(Bacillariophyceae). Algae can also be filamentous or colonial, which increases their effective 

size, alters their shape and settling rate (Bowling 2009). Some algae are motile, but those will not 

be considered here due to the added complexity of the hydrodynamics associated with swimming 

particles (Guasto et al. 2012). This study examined different algal species within the phylum 

Chlorophyta that differ in size and shape but are assumed to be of similar palatability, to examine 

the effect of algae size and shape, and ecologically relevant hydrodynamic conditions, on 

clearance rates of Daphnia.  

 

 

 

Daphnia pulicaria 

(0.9-2.4) 

Stephanodiscus 

hantzchii 

60 (Small) 

1220 (Large) 
Hartmann and Kunkel 

1991 

 
Small and large refer to the size 

of the Daphnia (in mm) 

corresponding to these CR 

values 

Monoraphidium 

setiforme 

20 (Small) 

940 (Large) 

Oscillatoria aghardii 

(Strands) 

560 (Small) 

100 (Large) 

Daphnia rosea 

(0.6-1.9) 

Chlamydomonas 

reinhardi 

700 (Small) 

1200 (Large) 
DeMott 1982 

 
Data extracted from graphic, 

representing CR for the smallest 

and largest individuals 
Aerobacter aerogenes 

500 (Small) 

750 (Large) 
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Experimental Devices used to Examine the Effect of Hydrodynamics on 

Zooplankton Feeding 

A number of experimental devices have been used to examine the effect of hydrodynamics on 

zooplankton feeding (Figure 2; review in Kiørboe et al. 1999 and Arnott et al. 2021). These 

devices are designed to isolate aspects of turbulent flow, and not reproduce the turbulence itself. 

For example, rotating cylinders rotate to affect the flow conditions in which feeding rates are 

measured. These cylinders rotate on a motor around a central axis and are used to simulate 

flowing conditions (solid-body rotation) and to isolate advective parameters of the flow, which 

are analogous to rotational forces experienced by plankton within an eddy; specifically, vorticity 

and acceleration. Recent studies have analyzed Daphnia feeding in Couette chambers, which 

isolate shear deformation, vorticity, and acceleration (Serra et al. 2018), and in oscillating grid, 

which isolates acceleration, horizontal vorticity, strain rate, and dissipation rate (Fuchs et al. 

2013; Serra et al. 2019). The feeding of Daphnia has not, to the best of my knowledge, been 

examined in a rotating cylinder, which is part of the motivation for the present research.  
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Grazer Clearance Rate Relationship to Increasing Flow 

The general relationship between the CR of grazing zooplankton and hydrodynamics has been 

recognized for some time. For example, Saiz and Kiørboe (1995) suggested that the CR of 

zooplankton feeding on a single alga would exhibit an unimodal shape when plotted against 

increasing turbulence (i.e., shear deformation). In this case, CR was enhanced by low levels of 

turbulence that increased encounter rates between grazers and algae, however higher levels of 

turbulence reduced feeding via difficulties related to particle capture and/or increased particle 

handling times (Kiørboe and Visser 1999; Visser et al. 2009). Evidence supports that freshwater 

Daphnia exhibit similar trends, but they have a higher CR on smaller algae compared to copepod 

grazers, which selectively feed on larger algae (Sommer and Sommer 2006). Toth et al. (2011) 

Figure 2. Summary of advective flow components generated by different devices used to 

analyze zooplankton interactions in flow. Different arrows indicate the direction and 

magnitude of flow and silhouettes of copepods are indicated. From Kiørboe et al. 1999 and 

Fuchs et al. 2013.   

 

 

Figure 3Figure 2. Summary of advective flow components generated by different devices 

used to analyze zooplankton interactions in flow. Different arrows indicate the direction 

and magnitude of flow and silhouettes of copepods are indicated. From Kiørboe et al. 1999 

and Fuchs et al. 2013.   

 

Siphon Flow 

• Longitudinal 

deformation 

• Acceleration 

Couette Cell 

• Shear 

deformation 

• Acceleration 

• Vorticity 

Re = ro(ro-ri)Ωv-1 

 

Rotating 
Cylinder 

• Vorticity 

• Acceleration 

Re = r2Ω 4v-1  

 

 

Oscillating 
Chamber 

• Acceleration 

 

 

Oscillating Grid 

• Acceleration 

• Horizontal Vorticity 

• Strain and 

Dissipation Rate 

Re = ρf(2S)2µ-1 
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investigated the effect of increased turbulence dissipation rate in shallow Lake Balaton 

(Hungary) during drought conditions on zooplankton grazers using an oscillating grid system. 

They identified a similar dome-shaped feeding response. In addition, the survival of many 

species including several Daphnia species was suppressed over the period of drought (from 

2000-2003) likely due to the long-term increase in turbulence caused by the low water levels due 

to the drought. Serra et al. (2018) used a Couette chamber to examine the potential use of 

Daphnia magna in tertiary wastewater treatment. They found similar feeding enhancement with 

shear compared to no-flow conditions, and feeding inhibition was found at higher shear. A 

subsequent study by Serra et al. (2019) using an oscillating grid found a similar relationship with 

CR, which they associated with turbulence intensity indicated by the turbulent kinetic energy 

dissipation rate. 

The dome-shaped feeding response seems to be common among grazer species when 

plotted against different advective parameters used to indicate turbulence (i.e., shear deformation 

and turbulent dissipation).  However, it is not clear how the dome-shaped feeding response of 

Daphnia may differ between various shaped algal species in increasing turbulence. Different 

flow generation devices isolate different components of fluid disturbance (Figure 2), and because 

the present study uses the rotating cylinder, the isolated components examined are fluid vorticity 

and acceleration. Therefore, the goal of this study was to determine how Daphnia feeding is 

influenced by the size and shape of algae as these advective parameters increase.   
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Research Question  

Does the size and shape of algae affect the clearance rate response of Daphnia with increased 

turbulence? 

Hypothesis   

The unimodal response of Daphnia magna clearance rate to turbulence will depend on algal 

morphology due to the difference in particle retention and handling time associated with these 

shapes. 

Prediction 1 

If the hypothesis is true, then I predict that the clearance rate of D. magna will be higher on 

Chlorella vulgaris due to lower handling times and higher particle retention as this species is 

small and spherical. 

Prediction 2 

If the hypothesis is true, then the clearance rate of D. magna on Scenedesmus quadricauda will 

be lower due to higher handling times and lower particle retention as this species is large and 

irregularly shaped. 
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METHODS 

Study Organisms 

The freshwater Cladoceran, Daphnia magna (Figure 3), was used in this research because of 

their important role in many freshwater systems, their wide ranging diet (Stollewerk 2010), and 

their availability and ease of care as a study organism. Daphnia magna were obtained from the 

Heyland Lab, University of Guelph, and cultured in an incubator with a 12:12h light cycle, and a 

constant temperature of 18oC. They fed on brewer yeast added to a 5 L aquarium filled to ~3.5 L, 

with roughly 10% of the water being changed weekly. The typical number of D. magna used 

weekly was ~75 individuals (i.e., 3 experimental replicates, see below), which were placed back 

into the culture ~2 h after the experiments concluded. Cladocerans primarily reproduce 

parthenogenically, so only adult female D. magna were used in experiments within a size range 

of 2-2.5 mm. Most individuals used in experiments did not have eggs, however some egg 

carrying individuals were included due to the size restrictions and the number of individuals 

needed for each experiment.  

 

 

  

Figure 3. Image of a typical Daphnia magna individual from the cultures that was used in 

experiments.  

 

Figure 4. Figure 3. Image of a typical Daphnia magna individual from the cultures that 

was used in experiments.  
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Algal species were  obtained from the Canadian Phycological Culture Centre at the 

University of Waterloo. Chlorella vulgaris (Figure 4) is a small and spherical green alga (7.2 µm 

diameter; and cell volume [V] = 193.51 µm3) (Culture #90) and Scenedesmus quadricauda is a 

larger, spiny, and elongated (18.72 µm long, 8.18 µm wide; and V = 656.1 µm3) green alga made 

up of colonies of 2, 4, or 8 individual cells (Culture #158). Algal cultures were grown in batch 

cultures in an incubator with a 12:12 h light cycle, and a constant temperature of 18oC. Both 

cultures were maintained with COMBO (Kilham et al. 1998) nutrients added weekly, with 

multiple cultures being maintained to allow for a week between use for experiments. The algal 

cultures were grown in 1 L Erlenmeyer Flasks on a stir plate, filled to a volume of 500 mL. One 

hundred and fifty mL was removed from the culture and replaced with COMBO on a weekly 

basis to ensure consistency in the growth-phase of the algae used in experiments. 

 

 

 

 

 

 

 

 

 

 

Figure 4. Images of Chlorella vulgaris (right- From University of Texas, Austin) and 

Scenedesmus quadricauda (left – From Gert Hansen), which were used in the feeding 

experiments. 

 

Table 2Figure 4. Images of Chlorella vulgaris (right- From University of Texas, Austin) 

and Scenedesmus quadricauda (left – From Gert Hansen), which were used in the feeding 

experiments. 
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Rotating Cylinder 

Turbulence was simulated using a solid-body rotating cylinder system (Figure 5), with multi-

chambers to facilitate simultaneous operations of chambers at different speeds. The volume of 

each cylinder was ~250 mL, with a radius, r = 3.35 ± 0.05 cm and length of 7 cm. There were 5 

cylinders in tandem, connected to individual motors that rotated each chamber at different 

frequencies, which could be adjusted using Arduino® programming software. In total, 9 

frequencies (including 0 – no flow) were used, with a maximum frequency of 0.6 s-1 (i.e., 36 rpm 

= revolutions per minute). The no-flow control allows for a baseline to compare to the effects of 

turbulence on CR and also to compare with CR from traditional, unstirred chamber experiments. 

Since the fluid rotates as a solid body within the cylinder, vorticity and acceleration at the 

periphery are constant within the flow field, and so these were the principal advective metrics of 

flow used to relate to CR (Table 2). Specifically, vorticity can cause the Daphnia to rotate in the 

fluid, and therefore can negatively affect handling times, while acceleration can decrease the 

particles retention time in the flow field generated and also causes resuspension into the ambient 

fluid environment.  

Nine rotational frequencies were used including 0, 0.08, 0.17, 0.25, 0.3, 0.33, 0.42, 0.5, 

and 0.6 s-1 (Table 2). A total of 7 replicates were obtained for rotational frequencies of 0.08, 

0.17, 0.25, and 0.33 s-1, 5 replicates were obtained for frequencies of 0.42 and 0.5 s-1, and 3 

replicates were obtained for frequencies of 0.3 and 0.6 s-1. Each replicate was run for 1 hour. 

Temperature was kept constant at 20oC because the metabolic rate of zooplankton is directly 

related to temperature, with higher temperature increasing heart rate and therefore would 

increase feeding rates (Kobayashi et al. 2009). All experiments were done in dim light by folding 

a sheet of black poster paper over the rotating cylinders to inhibit the growth of the algae. 
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For each motor frequency f, the rotational velocity Ω (radians s-1), vorticity (ω) in the 

axial direction z (s-1), and maximum rotational acceleration a (cm s-1) at the periphery of the 

cylindrical container was calculated (Kiørboe et al. 1999):  

𝛺 =  2𝜋𝑓  (1) 

𝜔𝑧  =  2𝛺  (2) 

𝑎 =  𝑟2𝛺  (3) 

The flow regime within the experimental chambers at a given speed was determined using the 

rotational Reynolds number (Re) (Fuchs et al. 2015):  

𝑅𝑒 =  𝑟2𝛺 4𝑣−1  (4) 

where v is the kinematic viscosity of water at 20ºC. Re is the ratio of inertial to viscous forces 

used to quantify the flow regime as creeping (viscous dominant, i.e., Re < 1), laminar (uniform 

flow, i.e., Re = 1-2000) or turbulent (inertial dominant, i.e., Re > 2000). Since Re < 2000, the 

flow within the chamber was considered laminar at all frequencies used. However, it should be 

noted that the rotating cylinder is designed to isolate a specific advective property experienced in 

turbulent flows (i.e., vorticity in eddies in this case). 
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Frequency     

(f – s-1) 
0 0.08 0.17 0.25 0.3 0.33 0.42 0.5 0.6 

Vorticity      

(ω
z  

-  s-1) 0 1.05 2.09 3.14 3.77 4.19 5.24 6.28 7.54 

Acceleration 

(a – cm/s2) 
0 6.41 12.83 19.24 23.09 25.66 32.07 38.48 46.18 

Reynolds 

Number 
0 160 320 480 575 640 800 959 1150 

Figure 5. Image of the multi-chambered solid body rotational device used in this study. 

Each chamber is driven by an individual motor, which are programmed to different 

frequencies allowing for multiple samples to be conducted simultaneously.  

 

Figure 6. Figure 5. Image of the multi-chambered solid body rotational device used in this 

study. Each chamber is driven by an individual motor, which are programmed to different 

frequencies allowing for multiple samples to be conducted simultaneously.  

 

Figure 6. Initial concentration (dotted line) of S. quadricauda (20,000 colonies/mL) and C. 

Table 2. Summary of the flow properties in the chamber at each frequency of rotation used 

in the experiments, including the equations used to determine these values. 

 

Figure 5Table 2. Summary of the flow properties in the chamber at each frequency of 

rotation used in the experiments, including the equations used to determine these values. 

 

Figure 5. Image of the multi-chambered solid body rotational device used in this study. 

Each chamber is driven by an individual motor, which are programmed to different 

frequencies allowing for multiple samples to be conducted simultaneously.  

 

Figure 6. Figure 5Table 2. Summary of the flow properties in the chamber at each 

frequency of rotation used in the experiments, including the equations used to determine 

these values. 

 

Figure 5Table 2. Summary of the flow properties in the chamber at each frequency of 

rotation used in the experiments, including the equations used to determine these values. 
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Half-Saturation Concentration 

The half-saturation concentration was used as the initial concentration of algae in the feeding 

experiments (Hansen et al. 1997) because ingestion rates saturate at high concentrations (Frost 

1972) making it difficult to determine effects upon feeding. In other words, this ensured that 

changes in CR were due to flow conditions in the chambers and were not due to the 

concentration of algae. The half-saturation concentration was determined from CR experiments 

undertaken using 5 D. magna allowed to feed for one hour in the 250 mL containers (from the 

rotating cylinder) using one of the two algal species (Figure 6) and compared to known values 

from reports by Ryther (1954) and Rigler (1961). The concentrations used for the feeding 

experiments were ~20,000 colonies/mL for S. quadricauda and ~250,000 cells/mL for C. 

vulgaris.  

 

 

  

 

Figure 6. Initial concentration (dotted line) of S. quadricauda (20,000 colonies/mL) and C. 

vulgaris (250,000 cells/mL) used in the feeding experiments based on the half-saturation 

concentration, determined experimentally and by using known values. 

 

Figure 7Figure 6. Initial concentration (dotted line) of S. quadricauda (20,000 

colonies/mL) and C. vulgaris (250,000 cells/mL) used in the feeding experiments based on 

the half-saturation concentration, determined experimentally and by using known values. 

 

Figure 7. Relationship of the clearance rate of Daphnia magna on the two algae species 

(Chlorella vulgaris and Scenedesmus quadricauda) to increasing vorticity (mean ± SEM). 

Algal species had a significant affect on the clearance rate and vorticity was a significant 

covariate in the quadratic ANCOVA. 
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Clearance Rate Experiment 

The clearance rate of D. magna was calculated to analyze the response of feeding rate to  

turbulence generated in the rotational chamber. Clearance rate (CR) was determined using the 

modified Coughlan (1969) equation:  

𝐶𝑅 =  
𝑉𝑜𝑙

𝑛𝑡
(ln (

𝐶0

𝐶𝑡
) − ln (

𝐶0
′

𝐶𝑡
′)) (5) 

where 𝐶0 and 𝐶𝑡  are the initial (t = 0 h) and final (t = 1 h) algal concentrations in the experiments 

and in the no-grazer controls, indicated by the prime superscript, and n is the number of D. 

magna in the chamber. Whereas CR is a good indication of feeding, there are some limitations 

regarding the assumptions of the CR model: (1) The decline in concentration due to feeding is 

exponential; (2) Feeding is constant throughout the allotted feeding time (t); (3) Individuals (n) 

are feeding at the same rate; and (4) The suspension of food particles is homogenous at all times. 

Care was taken to control for most of these assumptions. 

The number of D. magna in each chamber was 5 individuals (~2-2.5 mm) or a density of 

20 ind/L. This is within the range of densities observed in freshwater habitats (10-1000 ind/L), 

and low enough to avoid overcrowding that can influence feeding rates (Barker and Herbert 

1990; Stevčić et al. 2020), and other life-history traits (Ban et al. 2009). Daphnia were removed 

from the culture 2 hours prior to the experiment to allow for acclimatization to the 20oC 

experimental conditions, and to prevent feeding before experiments to ensure feeding occurred. 

Concentrations of C. vulgaris were determined using a hemocytometer, and a Sedgwick-Rafter 

chamber was used for S. quadricauda due to the large cell sizes not fitting in the well of the 

hemocytometer. The initial concentration of algae in the experiments was consistently below the 

half-saturation concentration, as outlined above. Alga treatments were made by diluting the 
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cultures with well water to the desired concentration and volume needed for the experiment. A 

no-grazer control was implemented for each replicate to determine if there were any systematic 

changes in algal concentration (C’o/C’t) in the absence of feeding.   

 

Feeding Electivity 

The Jacobs modified electivity index (D; Jacobs 1974) was used to determine if there was 

selective feeding of D. magna on the two species of algae, and if food selection differed with 

increasing vorticity. The procedure was identical to the feeding experiments, except a 9:1 C. 

vulgaris cells to S. quadricauda colonies mixture was used, with three replicates completed for 

three vorticities (0.08, 0.25, 0.42 s -1). This ratio was used because of ~10× more volume for a 4 

cell S. quadricauda colony compared to a single cell of C. vulgaris, making the mixture used 

closer to a 1:1 ratio in terms of biovolume. Jacobs index was then calculated for both cell 

concentrations (cell or colonies/mL) and for biovolume (µm3). The value of D was determined 

using 

𝐷 =  
𝑟∗−𝑝

𝑟∗+𝑝−2(𝑟∗×𝑝)
  (6) 

where r* is the proportion of prey consumed by the Daphnia, determined from proportions at t = 

1 hr, and p is the proportion of prey in the environment, determined from proportions at t = 0 hr. 

Values of D range from -1 to +1, with 0 indicating random feeding, negative values (D < 0) 

indicating feeding avoidance, and positive values (D > 0) indicating feeding preference.  
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Effect of Algal Size and Shape 

Data were summarized from 12 studies (including the current study) which measured CRs of 

Daphnia on algal species of different size and shape (appendix I). Methodological differences 

among studies include the initial concentration of algae, the density of Daphnia, the allotted 

feeding time, and the measurement and calculation of CR. To analyze if algal size and shape 

affected Daphnia CR, data were pooled for Daphnia above 2 mm into two categories; spherical 

and elongate algal cells. A two-tailed t-test assuming unequal variance was used to determine if 

the mean of the CR for the two algal categories differed significantly.  

 

Daphnia Behaviour in Vorticity 

To approximate the effect that vorticity may have on the ability of D. magna to orient themselves 

in the experiments, the critical orientation vorticity was calculated (ω*; Kiørboe et al. 1999)  

 ω∗ =  
𝑔𝑙𝜌𝑝

3𝜇
  (7) 

where g is the gravitational acceleration, l is the distance between the center of buoyancy and the 

center of gravity, which was assumed to be ~1% of the length of the Daphnia (Fuchs et al. 

2013), ρp is the organism density, and µ is the dynamic viscosity of water. In vorticities (ω) 

below the critical orientation vorticity (ω*), the Daphnia will maintain in a steady-state 

orientation and will not rotate, but when ω > ω*, the Daphnia will be unable to maintain their 

orientation and begin to tumble in the rotating flow.  
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Statistical Analysis  

The effect of vorticity on D. magna CR was examined using an analysis of covariance 

(ANCOVA) with a quadratic polynomial transformation due to the expected unimodal response 

in CR to increasing vorticity (i.e., turbulence). In the model, CR is the dependent variable, algal 

species is the independent variable, and vorticity is the covariate. The model used accounted for 

association between the CR and vorticity. A Shapiro-Wilkes test was used to determine if the data 

met the assumption of normality, and a Levene’s test was used to check the assumption of 

homogeneity of variance. Due to the unimodal relationship between vorticity and CR, a linear 

regression was undertaken for both algal species above the critical feeding vorticities (> 2 s-1) at 

which CR peaked, which resulted in linear decline of CR with vorticity. Statistical analysis was 

undertaken in RStudio Version 4.1.0. 

 

RESULTS 

Clearance Rates 

The CR of the Daphnia followed a unimodal trend against turbulence in the test chambers for 

both algal species (Figure 7). Specifically, CR increased from vorticity of 0 s-1 to 2 s-1, then 

declined for vorticities > 2 s-1 below the level measured at 0 s-1 (Figure 8). The ANCOVA 

revealed that the relationship between the CR of algal species was significant (F1,107 = 9.17, p = 

0.003), that the covariate of vorticity was significant and followed a quadratic trend (F1,107 = 

20.06, p < 0.001), and no significant interaction of algal species and the covariate was found 

(F1,107 = 0.76, p = 0.39). Overall, D. magna CR on C. vulgaris was greater than that on S. 
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quadricauda (3.6 ± 0.8 mL ind-1 hr-1 vs. 2.9 ± 0.7 mL ind-1 hr-1, respectively), with the CR for 

both species being equivalent to the no-flow controls between vorticity of 2-3 s-1. 

 

 

 

 

  

Figure 7. Relationship of the clearance rate of Daphnia magna on the two algae species 

(Chlorella vulgaris and Scenedesmus quadricauda) to increasing vorticity (mean ± SEM). 

Algal species had a significant affect on the clearance rate and vorticity was a significant 

covariate in the quadratic ANCOVA. 

 

Figure 8Figure 7. Relationship of the clearance rate of Daphnia magna on the two algae 

species (Chlorella vulgaris and Scenedesmus quadricauda) to increasing vorticity (mean ± 

SEM). Algal species had a significant affect on the clearance rate and vorticity was a 

significant covariate in the quadratic ANCOVA. 

 

Figure 8. Percent change in the clearance rate of the two algal species tested at different 

vorticities compared to the clearance rate at zero vorticity (no flow). Clearance rates under 

2 s-1 were higher than those observed at 0 s-1 (~40-60% higher for Scenedesmus 

quadricauda, ~20-30% higher for Chlorella vulgaris), and clearance rates over 3 s-1 were 

lower than those at 0 s-1, decreasing as vorticity increased (~20-90% lower for 

Scenedesmus quadricauda, ~10-100% lower for Chlorella vulgaris). 
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Figure 9. Relationship between the clearance rate of D. magna on the two algae species  

(Chlorella vulgaris and Scenedesmus quadricauda) to increasing vorticities for values 
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C. vulgaris S. quadricauda

There was a negative linear relationship between CR and vorticity for values greater than 

the peak in CR, i.e., > 2 s-1 (Figure 9). As vorticities increased above this value, CR decreased for 

S. quadricauda (CR = -(1.06 ± 0.11)ω + 7.23 ± 0.48, R2 = 0.74, F1,35 = 101.75, p < 0.001) and for 

C. vulgaris (CR = -(1.17 ± 0.09)ω + 8.27 ± 0.39, R2 = 0.84, F1,35 = 188.86, p <0.001). Overall, 

CR of C. vulgaris was higher than for S. quadricauda at these vorticities but declined more 

rapidly as vorticity increased, however, the error for the slopes overlap and therefore the decline 

is statistically similar for both species. This indicates that the rate of decline in CR above this 

vorticity threshold is consistent regardless of the type of food. The vorticity threshold at which 

the CR begins to decline will be referred to as the critical feeding vorticity (ωf
*). The ωf

* falls 

between ~1-2 s-1 for C. vulgaris as the error of CR between these values overlap, while for S. 

quadricauda it is slightly higher, around 2 s-1. 

 

 

 

  

Figure 9. Relationship between the clearance rate of D. magna on the two algae species  

(Chlorella vulgaris and Scenedesmus quadricauda) to increasing vorticities for values 

above 2 s-1 (mean ± SEM). Above this vorticity, clearance rate of both algal species 

declined linearly.  
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Observations of D. magna  

There were also differences in the behaviour of the D. magna observed at different vorticities 

(Table 3). Generally, as the vorticity increased, D. magna swam more frequently, and the ability 

to change their vertical and horizontal position in the cylinder declined at higher vorticity. At the 

highest vorticities (> 6 s-1) the D. magna were observed tumbling in the chamber, and rotating 

around the chamber in the direction of the flow. At these vorticities, they were mostly unable to 

change their orientation and position by swimming.  

 

 

Vorticity (s-1) 

 0-1 1-4 4-6 6+ 

Observed 

Behaviour 

D. magna able to 

swim to 

reposition 

themselves 

vertically and 

horizontally 

No loss of 

orientation 

D. magna begin 

to move in the 

general direction 

of the bulk flow 

Increase in 

swimming 

frequency 

Able to swim in 

opposite direction 

of the flow and 

reposition 

vertically and 

horizontally 

No loss of 

orientation 

D. magna move in 

the direction of the 

bulk flow 

Increase in 

swimming 

frequency, but little 

vertical and 

horizontal 

movement 

Mostly able to 

maintain steady 

orientation, though 

sometimes 

observed tumbling 

at higher vorticities 

in this range 

D. magna were 

completely 

encased in the 

bulk flow 

Swimming had 

almost no affect 

on vertical and 

horizontal 

position 

Mostly unable to 

maintain steady 

orientation, and 

were observed 

tumbling 

frequently 

 

 

Table 3. Observed differences in D. magna swimming behaviour, displacement, and 

orientation as vorticity increased in the rotating cylinders during the feeding experiments. 
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Feeding Electivity 

The feeding electivity of D. magna varied depending on how algal concentration was determined 

either as cell concentration or as biovolume. The Jacobs electivity index indicated that D. magna 

preferentially selected C. vulgaris cells at each vorticity (D > 0) and avoided S. quadricauda (D 

< 0) when proportions were based on cell concentration (cells/mL, Figure 10a). When biovolume 

(µm3, Figure 10b) was used, however, the results were reversed, i.e., D. magna selected for S. 

quadricauda (D > 0) and avoided C. vulgaris (D < 0) at each vorticity. This is likely due to the 

large difference in biovolume between the two algae species, with S. quadricauda having ~10× 

more volume in a four-cell colony than in a single C. vulgaris cell. Consequently, even though C. 

vulgaris cells outnumbered S. quadricauda by a 9:1 ratio in the mixture used in the experiments, 

the biovolume ratio was closer to 1:1. This suggests that while D. magna are consuming more C. 

vulgaris cells, it may select for S. quadricauda due to the larger nutritional value per cell as 

indicated by the biovolume. This observation follows the optimal foraging theory (Pyke et al. 

1977; Yin et al. 2010), as encounter rates are higher for smaller cells like C. vulgaris (as 

indicated by cell counts), but larger foods like S. quadricauda are preferred due the energetic 

gain compared to smaller cells (as indicated by biomass). 
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DISCUSSION 

Zooplankton grazers play an integral ecological role in freshwater ecosystems, as the primary 

consumer of algae and bacteria, and as a major constituent in the diet of many fishes, i.e., they 

are an important link in the freshwater ecosystem (Sommer 2008). Grazer feeding behaviour is 

influenced by top-down and bottom-up processes, and physical factors of hydrodynamics that 

affect their clearance rates (CR). Increasing water column turbulence results in a unimodal 

relationship for grazer CR in both freshwater and marine systems; moderate increases in 

Figure 10. The effect of vorticity on Daphnia magna feeding electivity based on cell 

concentration (a – cells/mL) and biovolume (b - µm3) when fed on a mixture of the two 

algal species used in the current study. Jacobs modified electivity index was used, with D = 

0 indicating random feeding, D > 0 indicating feeding selectivity, and D < 0 indicating 

feeding avoidance (mean ± SEM).  
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turbulence enhance CR via increased encounter rates with algal cells, but CR are reduced by 

further increases in turbulence due to interference with grazer feeding (Saiz and Kiørboe 1995; 

Visser and MacKenzie 1998; Visser et al. 2009; Toth et al 2011; Serra et al. 2018). The results 

from the present study are consistent with that observation and demonstrate that the unimodal CR 

relationship differs depending on the size and shape the algal cells consumed. CR were generally 

higher on small spherical algae (i.e., C. vulgaris) compared to more complex elongated algae (S. 

quadricauda), however, the rate of decline in CR past the critical feeding vorticity was similar 

for Daphnia feeding on both algae, suggesting that the hydrodynamic conditions affected the 

grazers ability to feed and not the type of food available. Importantly, vorticity, which is one 

component of turbulence, appears to be a good predictor (i.e., a primary hydrodynamic factor) of 

this CR relationship. 

The data from the current study was compared to the results of two recent studies by 

Serra et al. (2018 and 2019) that examined D. magna CR under flowing conditions using 

different turbulence producing devices, the Couette cell and oscillating grid, respectively. In this 

case, the goal was to compare the results using a common metric, such as Reynolds number and 

vorticity, across all three types of measuring devices. A recent paper by Lacassagne et al. (2020) 

measured vorticity in oscillating grid chambers (height = 45 cm, width = 27.7 cm, grid position = 

2.5 cm from top, amplitude = 5 cm) and those observations were applied to the Serra et al. 

(2019) chamber (height = 18 cm, width = 14.3 cm, grid position = 3 cm from top, amplitude = 5 

cm) at a frequency of 1 Hz. The results reveal a similar unimodal trend in CR among all three 

studies with increasing vorticity (Figure 11a). The critical feeding vorticity (ωf
*; vorticity at 

which CR declined from peak values; dashed line) for all studies fell within a range of 1-4 s-1, 

likely due to the size of D. magna and the species of algae used (1.6-1.85 mm D. magna fed on 
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Spirulina in Serra et al 2018 and 2019). This value was less than the critical orientation vorticity 

(ω*; equation (7)), which corresponded to the lowest CRs measured. When the same dataset was 

compared to the Reynolds number of the different chambers, however, the results were not as 

consistent. The peak CR in the rotating cylinder and Couette cell were somewhat lower than the 

values obtained for the oscillating grid (Figure 11b). This suggests that vorticity is a primary 

factor of turbulence that influences D. magna CR and may be a better predictor for changes in 

CR with increasing hydrodynamic parameters compared to other metrics like chamber Reynolds 

number. This is an important finding as it is difficult to analyze the affect of specific advective 

properties of turbulence on feeding, and vorticity has not been a primary focus in previous 

feeding studies. Whereas vorticity is a difficult turbulent characteristic to measure without 

detailed spatial information of the flow field, water column shear provided by a velocity profile 

from an ADCP (acoustic Doppler current profiler) may provide a proxy of this.  
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Figure 11. Comparison of the mean clearance rate of Daphnia magna to vorticity (a) 

measured in different experimental chambers (Rotating cylinder, Couette cell, Oscillating 

grid). Dashed lines represent the critical feeding vorticity (ωf
*), which is the vorticity 

where the highest CR is measured, with CR declining rapidly after this point. Solid lines 

represent the critical orientation vorticity (ω* - equation (7)), which is the vorticity that 

causes the Daphnia to tumble and it cannot sustain a steady orientation. Values circled for 

the oscillating grid are the same as those in (b) which is the comparison of the mean 

clearance rate of Daphnia magna to Reynolds number (Re) measured in different 

experimental chambers. The dashed line represents the Re where turbulence begins in a 

Couette chamber, with values under this representing laminar flow.  
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Interestingly, the critical feeding vorticity, which characterizes the CR enhancement due 

to moderate turbulence, differed with algal shape. It was higher for the larger species of algae, S. 

quadricauda in the current study examined in the rotating cylinder, and Spirulina, which was 

examined in a Couette chamber and oscillating grid (Serra et al. 2018; Serra et al. 2019, 

respectively) compared to the small, spherical C. vulgaris. The extent of the CR enhancement (or 

peak) for S. quadricauda was ~ 2× that of C. vulgaris (i.e., ~60% vs. ~30% higher than the 

respective CR in static conditions – Figure 8). This suggests lower vorticities may have a greater 

affect on Daphnia feeding on larger elongate algal species, potentially due to the greater effect of 

advective transport on larger sized cells, i.e., moderate turbulence does more to increase the 

effective concentration in the Daphnia feeding radius compared to smaller sized cells 

(Humphries 2009). The negative effect of vorticity on CR past the critical feeding vorticity may 

lead to behavioural changes in Daphnia, especially at the critical orientation vorticity which 

inhibits their CR because of the lack of ability to maintain their orientation.  

 

Effects of Size and Shape 

A collection of studies that examined Daphnia CR was summarized to assess the relationship 

between Daphnia size and the size and shape of algae, and how these might influence CR. The 

first observation is that Daphnia CR increases with carapace length (Figure 12a). Secondly, CR 

can be enhanced at any given body size by hydrodynamic condition like vorticity. Thirdly, 

Daphnia have a significantly higher CR on spheroidal algae compared to elongated ones (t20 = 

2.09, p = 0.02, Figure 12b). This supports the current study in terms of algal size and shape, 

however, to my knowledge, this is the first examination of the interaction between 

hydrodynamics and algal size and shape on zooplankton CR.  
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The results presented here indicate that the aforementioned affect of algal size and shape 

on Daphnia CR also apply under flowing conditions, with overall CR of the small, spherical C. 

vulgaris being higher than the CR for S. quadricauda. Contrary to my predictions, the CR of S. 

quadricauda declined less rapidly than for C. vulgaris with a slope of -1.06 ± 0.11 compared to -

1.17 ± 0.09 (mL ind-1 hr -1 s) based on qualitative observations, however, the error in these slopes 

overlap and are most likely equal. Further, if the slopes are compared between vorticities of 2.09 

and 6.28 s-1 instead, the slopes are almost equal at -1.27 for C. vulgaris and -1.25 for S. 

quadricauda (mL ind-1 hr -1 s). I suspect this similarity is due to the large size of Daphnia tested 

(2-2.5 mm), and their ability to consume most particle sizes within their feeding radius (Ebert 

2005) among a particle size range of ~1-40 µm (Barnett et al. 2007). Further, the lack of 

specialized traits, like flagella, make both algal species tested highly susceptible to Daphnia 

grazing (Colina et al. 2016). However, due to the lack of studies analyzing CR on different algal 

species under flowing conditions, it is difficult to say for certain if this is a universal trend for 

Daphnia feeding. I suspect that for smaller Daphnia, like juvenile D. magna (1.5-2 mm) or D. 

pulicaria (~1.75 mm – Barnett et al. 2007), the CR for larger algal species may be inhibited at 

higher vorticities more so than for smaller algae.  
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Figure 12. The effect of Daphnia size on clearance rate summarized from 12 studies (a), 

including the current study. Data points in squares indicate CR measured in flowing 

conditions, with data points in circles representing data collected from those studies 

highlighting the difference between CR in flowing conditions versus no-flow conditions. 

Further, (b) the difference in CR between algae grouped as spherical or elongate from 7 of 

the aforementioned studies using data only for Daphnia above 2 mm in size (mean +/- 

SEM) was found to be significantly different. Algal groups are shown in (a) and in 

Appendix I.   
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The results of the feeding electivity experiment suggest that there are differences in 

interpretations of D. magna feeding selection based on algal cell concentrations vs. algal 

biovolume. Generally, Daphnia feeding selection occurs based on the size and shape of the food 

particle, and the physical limitations of the Daphnia feeding apparatus (Hartmann and Kunkel 

1991). Daphnia magna selection favours C. vulgaris based on cell concentration likely due to 

their small, spherical size being more abundant in the Daphnia feeding radius. Based on 

biovolume, however, D. magna select the larger, more elongate S. quadricauda perhaps because 

it is more nutritious when encountered in the feeding radius. Further, the relationship between 

electivity and vorticity was similar for cell concentration and biovolume, with increasing 

variability as vorticity increased. This indicates that the Daphnia had less ability to filter 

preferential food types at higher vorticities, which is consistent with the previous observations of 

declining CR with increasing vorticity.  

 

Factors Affecting Vorticity in the Field 

Wind is a primary driver of turbulence in the epilimnion of a lake, the area where zooplankton 

grazers reside. Wind produces waves both at the surface, and internally at the thermocline, and 

influences trophic interactions affecting zooplankton (Blukacz et al. 2010; Pernica et al. 2013; de 

Kerckhove et al. 2015). At larger spatial scales (> 1 km), zooplankton and phytoplankton are 

mostly concentrated downwind (de Kerckhove et al. 2015). Further, small increases in wind 

speed (i.e., 3 to 5 m s-1) have been shown to significantly decrease the distribution of larger 

zooplankton at these scales, while having no affect on small zooplankton and phytoplankton (de 

Kerckhove et al. 2015). Alternatively, at smaller scales (1-5 m), zooplankton have more control 

over distribution by swimming, but only if swimming speed exceeds the water current speed 
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induced by the wind (Blukacz et al. 2010). Larger zooplankton are also able to move deeper in 

the water column to avoid these high flows, but smaller zooplankton tend to be more randomly 

distributed, as demonstrated by Blukacz and colleagues (2010). A similar pattern has also been 

demonstrated with internal waves at smaller scales, with increased spatial variability only found 

for smaller zooplankton as the intensity of the internal wave increases with higher wind speeds 

(Pernica et al. 2013). This study provides evidence that at even smaller scales (in cm), 

zooplankton behaviour and distribution can be affected by the vorticity produced in turbulent 

flows caused by wind (Table 3).  

It has been shown that at mild wind speeds (~2.5 m s-1), instantaneous vorticities can 

reach 6 s-1 albeit close to the water surface (i.e., depth < 1 m; Wang et al. 2013). Based on the 

results of the current study, these vorticities would have a significant negative affect on D. 

magna feeding ability and could cause issues with orientation depending on the Daphnia size 

(Table 3). This may cause the Daphnia to seek refuge deeper in the water column, where the 

vorticity has dissipated. During high winds (> 10 m s-1), mean vorticity dissipates much slower 

(Siddiqui et al. 2001), which can further influence the feeding and distribution behaviour of 

Daphnia. At greater depths (i.e., > 1 m), mean vorticity tends to be ~0.5-1 s-1 (Siddiqui et al. 

2001) for wind speeds ranging from 2-10 m s-1. At these depths, vorticities are lower than the 

range of critical feeding vorticities found in this study, suggesting that Daphnia feeding would 

be enhanced. Therefore, if Daphnia actively avoid depths with high vorticity, they may also be 

benefitting from increased feeding efficiency deeper in the water column. Similarly, changes in 

lotic environment (i.e., from a lake to a river) result in increased turbulence and therefore 

increased vorticity, which will affect Daphnia. For instance, the transition from Lake Erie to the 

Niagara River results in a significant decline in abundance of most zooplankton grazers, with a 
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greater affect observed for larger grazers with poor swimming ability, like Daphnia (Rozon et al. 

2018). The current results indicate that in these highly turbulent environments, feeding will be 

inhibited by the vorticity, which may influence the decline in abundance seen in these 

transitional regions between lakes and rivers. Also, disruption of their orientation due to 

vorticities > ω* can potentially lead to increased risk of predation as they would be less able to 

perform escape behaviours.  

 

Implications and Future Research Directions 

This study demonstrates that vorticity is an important property of turbulent flow affecting the 

feeding of zooplankton grazers. Further, it shows that algae size and shape, and zooplankton 

grazer size, are important when considering feeding interactions in natural flowing conditions. 

While this study is limited to only one grazer species, and two algal species, studies indicate that 

size and shape affect feeding rates in no-flow experiments (appendix I), and others show a 

similar feeding response to flow in other grazer species (Saiz and Kiørboe 1995). Unlike 

Daphnia, which employ suspension feeding, zooplankton grazers like copepods, which also 

employ ambush feeding capabilities, exhibit different feeding and hydrodynamic relationships 

(Saiz et al. 2003). Generally, ambush feeders have greater feeding enhancement in low flow 

compared to suspension feeders, but the relationship between feeding inhibition at high flow 

remains similar regardless of feeding method (Saiz et al. 2003). Zooplankton grazer feeding 

interactions are further complicated by the fact that zooplankton swim, and so they can respond 

behaviourally to turbulence and other environmental factors like predation and food abundance 

(Folt and Burns 1999). Overall, it is evident that hydrodynamics have important implications for 



 

39 
 

grazer feeding and behaviour, and that they should be considered when analyzing grazer 

ecology. 

Different grazer feeding rates caused by hydrodynamics can have bottom-up and top-

down consequences for aquatic food webs (Johansson and Bowen 2012; Ensign et al. 2014; Guo 

et al. 2019). For instance, Kiørboe and Jiang (2013) modelled optimal foraging behaviour for 

suspension feeding copepods, showing a trade-off between swimming speed, clearance rate, and 

risk of predation. To feed effectively in hydrodynamic conditions, the grazer would have to swim 

more to overcome factors like vorticity or avoid these areas altogether. This can cause increased 

risk of predation and may lead to sub-optimal foraging (Kiørboe and Jiang 2013). Changes to 

grazer feeding can also affect algal abundance and diversity. For example, if grazers feed on 

smaller particles, this can promote the growth of filamentous or colonial species (Sommer and 

Sommer 2006). As demonstrated, if grazers are experiencing high vorticity, they may not be able 

to feed efficiently, which can affect overall algal abundance. Vorticity may also lead to 

behavioural changes, forcing the grazers to avoid the areas of high vorticity. This effect will 

differ based on the size of the grazer, with larger grazers able to withstand higher flows (Blukacz 

et al. 2010), giving them a competitive advantage by being able to feed on a greater area. 

However, few studies include hydrodynamics as a relevant parameter when assessing grazer 

feeding and the effect on trophic interactions, and most research is done with copepods, though 

Cladocera dominate freshwater ecosystems. 

It has been found that grazer feeding experiments are complicated by the multitude of 

variables that affect feeding, such as algal concentration, nutrient composition, size and shape, 

density of the grazer, and hydrodynamic conditions. For instance, it is well known that CR 

decreases with increasing algal concentration, as the grazer is physically limited in the amount of 
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particles they are able to consume (Frost 1972; Hansen et al. 1997). Further, Guo and colleagues 

(2019) demonstrated that the carbon to phosphorus ratio in algae led to different CR for Daphnia 

grazers, with increased CR at low and high C:P ratios compared to moderate levels. The current 

study, and other previous studies (Figure 12), have demonstrated how both algal size and shape 

and size of the grazer influence CR, with the highest CR observed for large Daphnia feeding on 

smaller, spherical shaped algae. Numerical density of the grazer also influences CR, with higher 

densities leading to lower individual CR (Barker and Herbert 1990; Stevčić et al. 2020). Also, the 

use of cell counts versus biomass affected the results of this study regarding Daphnia feeding 

selection, with selection for the small C. vulgaris by cell count, and for the larger S. quadricuada 

by biomass. Finally, as demonstrated by this study, hydrodynamic conditions such as vorticity 

have a significant effect on grazer feeding rates. Feeding enhancement occurring in lower 

turbulence (vorticities of ~1-4 s-1), typical values for mild wind speeds (> 2.5 m/s - Wang et al. 

2013) at depths > 1m, and feeding inhibition occurring in higher turbulence conditions (> 4 s-1), 

typical for mild wind speeds (> 2.5 m/s) near the surface (< 1m) and at greater depths as wind 

speed increases. Overall, grazer feeding rates are the result of a sum of complex factors, many of 

which are not assessed in feeding experiments. To gain a better understanding of grazer feeding 

in natural systems, these factors should be more standardized among feeding trials with the 

inclusion of hydrodynamic conditions to more accurately represent the physical conditions under 

which grazers feed in nature. 

The consideration of hydrodynamics in relation to grazer feeding is integral to our 

understanding of how zooplankton grazing occurs naturally. This is especially important as the 

global climate changes, leading to overall increase in wind speeds and wind-storm events, 

influencing hydrodynamic forces in freshwater ecosystems (IPCC 2014). Further, increased 
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drought is another factor of climate change that causes increased turbulence due to lower water 

levels, and has been shown to affect grazers (Toth et al. 2011). Also, hydrodynamic conditions 

are important to consider for tertiary wastewater treatment, as grazing can significantly alter the 

composition of algae in these systems, and so it must be managed to ensure efficient treatment 

occurs (Serra et al. 2014; Stevčić et al. 2020). Moving forward, these results, along with future 

studies of similar nature, could be used to improve models of grazer feeding rates which can help 

predict how grazing changes in natural or artificial systems under ecologically relevant 

hydrodynamic conditions.  

 

CONCLUSION 

This study investigated how turbulence, vorticity specifically, influences grazer feeding rates on 

algae of different size and shape. It was hypothesized that the unimodal response of D. magna 

clearance rate to turbulence would depend on algal morphology due to the difference in particle 

retention and handling time. This hypothesis was supported because the CR was greater for the 

smaller, spherical alga species, compared to the larger irregular shaped alga. There was, 

however, greater feeding enhancement at low vorticities for the larger and irregularly shaped 

species. Also, CR declined linearly for both algal species in a similar manner above a critical 

feeding vorticity, indicating that feeding was inhibited by the affect of vorticity on the grazer, 

and not by to the type of food available. These results are consistent with other studies assessing 

the effects of hydrodynamics on CR, which also show a unimodal response to increasing 

turbulence, and with studies assessing the effect of algal size and shape on grazer CR. 

Importantly, vorticity appears to be a meaningful predictor for the relationship between 
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hydrodynamics and grazer CR, compared to other metrices used in these studies, such as 

Reynolds number.  

 More research is needed to fully understand the effect of hydrodynamics on feeding rates, 

especially factoring in algae and zooplankton grazers of different size, shape, and feeding 

behaviours. If predictive feeding models could be updated to included hydrodynamic variables, it 

would more greatly represent the natural conditions in which these interactions occur. These 

models would be advantageous for determining grazer feeding responses to increased wind 

speeds, wind-storm events, and increased drought caused by climate change, and also more 

generally between different lotic environments. This study contributes to the current 

understanding of grazer feeding rates in relevant hydrodynamic conditions, while making an 

argument for the differential affects hydrodynamics may have depending on the size and shape 

of the algae being consumed. Further, this study indicates that there is a difference between cell 

counts and biomass when assessing zooplankton grazer feeding, as they select for larger algae in 

terms of biomass, but for small algae for cell counts. Controlling for these variables in future 

studies will be important to ensure that feeding interactions are considered in an ecologically 

relevant context.  
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APPENDIX I 

Clearance rates (CR) of different sized Cladoceran species in the family Daphniidae feeding on different algal species of various sizes 

and shapes. Some methodological differences between studies include the concentration of algae, the length of the feeding experiment, 

the density of Cladoceran, and the method of measuring CR. 

Cladoceran Species Cladoceran Size 
(mm) 

Species of Algae CR (mL ind-1 hr-1) Study 

Daphnia magna 2.5 Chlorella vulgaris 5.03 Current Study 

Daphnia magna 2.5 Scenedesmus quadricauda 4.42 Current Study 

Daphnia magna 2.5 Chlorella vulgaris 6.79 Current Study (with flow) 

Daphnia magna 2.5 Scenedesmus quadricauda 5.98 Current Study (with flow) 

Daphnia rosea 0.6 Aerobacter aerogenes 0.5 Demott 1982 

Daphnia rosea 1.6 Aerobacter aerogenes 0.75 Demott 1982 

Daphnia rosea 0.6 Chlamydomonas reinhardi 0.7 Demott 1982 

Daphnia rosea 1.9 Chlamydomonas reinhardi 1.2 Demott 1982 

Daphnia pulex 1.02 Scenedesmus acutus 0.2 Lürling & Van Donk 1996 

Daphnia pulex 2.48 Scenedesmus acutus 1 Lürling & Van Donk 1996 

Daphnia magna 3.05 Chlorella vulgaris 3.1 McMahon & Rigler 1965 

Daphnia magna 3.05 Saccharomyces cerevisiae 2.66 McMahon & Rigler 1965 

Daphnia magna 3.05 Tetrahymena pyriformis 3 McMahon & Rigler 1965 

Daphnia magna 1.5 Chlorella vulgaris 0.65 Pan et al. 2015 

Daphnia magna 1.5 Scenedesmus quadricauda 0.55 Pan et al. 2015 

Daphnia magna 2 Cylindrospermopsis raciborskii 0.3 Panosso & Lürling 2010 

Daphnia magna 3.1 Cylindrospermopsis raciborskii 0.35 Panosso & Lürling 2010 

Daphnia magna 2 Cylindrospermopsis raciborskii 0.2 Panosso & Lürling 2010 

Daphnia magna 3.1 Cylindrospermopsis raciborskii 0.19 Panosso & Lürling 2010 

Daphnia magna 2 Scenedesmus obliquus 0.42 Panosso & Lürling 2010 
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Daphnia magna 3.1 Scenedesmus obliquus 1.7 Panosso & Lürling 2010 

Daphnia magna 2 Chlorella vulgaris 3 Philippova & Postnov 
1988 

Daphnia magna 3 Chlorella vulgaris 6 Philippova & Postnov 
1988 

Simocephalus vetulus 1 Chlorella vulgaris 0.75 Philippova & Postnov 
1988 

Simocephalus vetulus 1.5 Chlorella vulgaris 2 Philippova & Postnov 
1988 

Ceriodaphnia 
reticulata 

0.75 Chlorella vulgaris 0.2 Philippova & Postnov 
1988 

Daphnia magna 2.7 Chlamydomonas reinhardi 3.6 Porter et al. 1982 

Daphnia magna 2.7 Chlamydomonas reinhardi 2.2 Porter et al. 1982 

Daphnia pulex 1 Chlamydomonas sp. 0.25 Ramcharan et al. 1992 

Daphnia pulex 1.1 Chlamydomonas sp. 0.3 Ramcharan et al. 1992 

Daphnia pulex 2.51 Chlamydomonas sp. 1.72 Ramcharan et al. 1992 

Daphnia pulex 2.57 Chlamydomonas sp. 2.26 Ramcharan et al. 1992 

Daphnia magna 2.7 Navicula pelliculosa 2.05 Ryther 1954 

Daphnia magna 2.7 Scenedesmus quadricauda 1.1 Ryther 1954 

Daphnia magna 1.6 Spirulina 1.1 Serra et al. 2018 

Daphnia magna 1.6 Spirulina 2.6 Serra et al. 2018 (with 
flow) 

Daphnia magna 1.25 Spirulina 0.8 Serra et al. 2019 

Daphnia magna 1.5 Spirulina 1.4 Serra et al. 2019 

Daphnia magna 1.85 Spirulina 2.9 Serra et al. 2019 

Daphnia magna 1.25 Spirulina 1.5 Serra et al. 2019 (with 
flow) 

Daphnia magna 1.5 Spirulina 3 Serra et al. 2019 (with 
flow) 

Daphnia magna 1.85 Spirulina 5.95 Serra et al. 2019 (with 
flow) 

 


