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Abstract 6 

Daphnia are filter feeder organisms that prey on small particles suspended in the water 7 

column. Since Daphnia individuals can feed on wastewater particles, they have been 8 

recently proposed as potential organisms for tertiary wastewater treatment. However, 9 

analysing the effects of hydrodynamics on Daphnia individuals has scarcely been 10 

studied. This study focuses then, on quantifying the filtration and swimming velocities 11 

of D. magna individuals under different hydrodynamic conditions. Both D. magna 12 

filtration and movement responded differently if the flow was laminar or if it was 13 

turbulent. In a laminar-dominated flow regime Daphnia filtration was enhanced up to 14 

2.6 times that of a steady flow, but in the turbulent-dominated flow regime D. magna 15 

filtration was inhibited. In the laminar flow regime D. magna individuals moved freely in 16 

all directions, whereas in the turbulent flow regime they were driven by the streamlines 17 

of the flow. A model based on Daphnia-particle encountering revealed that the filtration 18 

efficiency in the laminar regime was driven by the length of the D. magna individuals 19 

and the shear rate imposed by the system.  20 

   21 

Introduction 22 

The cladoceran Daphnia magna is an organism found in many aquatic systems. It is 23 

known to feed on phytoplankton as well as on bacteria, and is responsible for what it is 24 
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known as the clear water phase of a lake (Burns, 1969; Shiny et al., 2005; Berger et al., 25 

2006; Pau et al., 2013; Lamonica et al., 2016). Daphnia individuals can also feed on 26 

wastewater particles, which means that a population of D. magna can be used as a 27 

tertiary treatment to generate water for reuse (Serra et al., 2014). This hypothesis is 28 

based on the fact that individuals of D. magna provide inactivation levels of 1.4 log units 29 

of E.coli from wastewater and can reduce turbidity by as much as 60-70% (Serra et al., 30 

2014; Shiny et al., 2005). A population of D. magna has also been proved to remove 31 

emerging contaminants from wastewater (Garcia-Rodríguez et al., 2014; Matamoros et 32 

al., 2012; Matamoros and Bayona, 2013) and to be sensitive to several products, which 33 

is why it is a model organism largely used in ecotoxicology (Garreta-Lara et al., 2018).  34 

 35 

There are many studies that demonstrate that Daphnia individuals reduce their activity 36 

when subjected to unfavourable environmental conditions (Gorski and Dodson, 1996; 37 

Maceda-Veiga et al., 2015; Chen et al., 2015; Pan et al., 2017). Daphnia individuals have 38 

been found to exhibit disorders in filter feeding activity, swimming speeds and 39 

trajectories, growth, heartbeat, metabolism and survival when exposed to unfavourable 40 

factors (Bownik, 2017; Garreta-Lara et al., 2018). Individual unfavourable factors are: 41 

high and low temperatures (Berger et al., 2006; Schalau et al., 2008; Serra et al., 2014), 42 

high salinities (Bezirci et al., 2012; Liu and Steiner, 2017), high concentrations of 43 

chemicals and pharmaceuticals (Pan et al., 2017; Santojanni et al., 2003) and the 44 

presence of microplastics (Rehse et al., 2016). A combination of factors such as salinity, 45 

temperature and hypoxia has also been proved to negatively affect D. magna individuals 46 

(Garreta-Lara et al., 2018). For example, temperatures above 26°C coupled with nitrate 47 

concentrations above 250 mgL-1 produced a 60% mortality in a population of D. magna 48 
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(Maceda-Veiga et al., 2015). The presence of nitrite increased the mortality of D. obtusa, 49 

delayed the time to the first batch of eggs and reduced the number of moulting and 50 

clutches, especially for nitrite concentrations above 2 mg L-1 (Xiang et al., 2012).  A 51 

change in temperature from 5°C to 25°C induced D. pulex individuals to modify trails 52 

and sedimentary velocity, and the decrease in the settling velocity was also attributed 53 

to the increase in temperature (Gorski and Dodson, 1996). An increase in water 54 

temperature from 12°C to 22°C resulted in an increase in the swimming speed of D. 55 

pulex individuals, thus making them more vulnerable to predators (vulnerability 56 

increases from 83% to 121%) as a result of the higher encountering rates between 57 

predator and prey (Riessen, 2015). Therefore, the analysis of abiotic parameters in 58 

controlled conditions is considered a systematic approach to evaluating D. magna 59 

performance in stressful environments. 60 

 61 

Despite all the studies on how individual factors or combinations of them affect D. 62 

magna performance, how the flow environment affects their filtration rate is hardly 63 

known and is a crucial element when determining the flow rate in any reactor designed 64 

to treat water based on D. magna filtration. Hydrodynamics might impose some 65 

limitations to the normal functioning of Cladocera. An increase in Daphnia swimming 66 

speed along more tortuous paths, resulting from the chaotic movement of the flow,  67 

occurred after turbulence was increased using an oscillating grid (Seuront et al., 2004). 68 

The increase in the flow rate due to a reduction in the hydraulic residence time in a 69 

wastewater treatment system, impacted the capacity of D. magna filtration (Serra and 70 

Colomer, 2016). Residence times of 3 h produced high flow velocities and diminished 71 

the filtration efficiencies of D. magna individuals to 2%, while residence times over 12 72 
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h, corresponding to lower flow velocities, increased the filtration efficiencies by over 73 

30%.  74 

 75 

In this study, we analyse the behaviour of D. magna in a set of experiments 76 

encompassing both laminar and turbulent hydrodynamics. The hydrodynamics were 77 

generated with a Couette flow system. A Couette flow device is a system composed of 78 

two concentric cylinders. When these cylinders rotate, they produce a shear flow in the 79 

space between the cylinders, which is a well-known function of their rotating velocities. 80 

A Couette flow device also enables a steady controlled flow to be produced (Shimeta et 81 

al., 1995) that could encompass a gradual transition from laminar to turbulent 82 

conditions (Serra et al., 1997, 2008). This system has been proved to be useful for a 83 

number of hydrodynamic purposes such as aggregating and breaking up particles (Serra 84 

et al., 1997; Zhu et al., 2016) or studying the influence turbulence has on protozoa 85 

feeding (Shimeta et al., 1995).  86 

 87 

A total of 34 runs were designed to determine the favourable hydrodynamic flow 88 

environment for D. magna performance. Filtration capacity and swimming speed are 89 

non-intrusive methods and were used as the main parameters to study the responses 90 

of D. magna individuals to the hydrodynamics of the flow. Daphnia swimming behaviour 91 

is one of the most sensitive biomarkers in toxicity experiments (Bownik, 2017), while 92 

filtration capacity is an indicator of the performance of D. magna individuals under 93 

variable factors such as water temperature and food availability (Pau et al., 2013; Serra 94 

et al., 2014).   95 

 96 
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 97 

Materials and Methods 98 

Couette flow 99 

The flow field was generated by a Couette flow device entailing two concentric cylinders 100 

(Figure 1). The inner cylinder had a radius of r1=2.5 cm and the radius of the outer 101 

cylinder was r2=4.5 cm, i.e. the gap (r2-r1) was 2 cm wide. The height of the cylinders 102 

was h=15.5 cm. The outer cylinder rotated at an angular velocity that ranged from ω2=0 103 

rad s-1 to 7.39 rad s-1 (see Table 1) and the inner cylinder remained at rest (ω1=0 rad s-104 

1). The space between cylinders was filled up to hw=13.64 cm. Therefore, the volume of 105 

water within the cylinders was 600 ml. The flow velocity in a Couette flow device can be 106 

calculated according to Kundu and Cohen (2002), 107 

𝑣𝑣 = 𝑎𝑎𝑎𝑎 + 𝑏𝑏
𝑟𝑟
      (1) 108 

where a and b are coefficients that depend on both the radius and the angular velocity 109 

of the cylinders and r is any position along the radial axis situated within the gap 110 

between cylinders, i.e. 111 

𝑎𝑎 = 𝜔𝜔1𝑟𝑟12−𝜔𝜔2𝑟𝑟22

𝑟𝑟12−𝑟𝑟22
 and 𝑏𝑏 = 𝜔𝜔2𝑟𝑟12𝑟𝑟22

𝑟𝑟12−𝑟𝑟22
   (2) 112 

The mean flow velocity in the Couette system was calculated as 113 

〈𝑣𝑣𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶〉 = 1
𝑟𝑟2−𝑟𝑟1

∫ 𝑣𝑣 𝑑𝑑𝑎𝑎 =𝑟𝑟2
𝑟𝑟1

1
𝑟𝑟2−𝑟𝑟1

�𝑎𝑎
2

(𝑎𝑎22 − 𝑎𝑎12) + 𝑏𝑏𝑏𝑏𝑏𝑏 �𝑟𝑟2
𝑟𝑟1
��  (3) 114 

producing mean velocities in the range of 0 to 17.78 cm s-1 (Table 1). The mean shear 115 

rate in the flow between cylinders was calculated following Serra et al. (1997), 116 

𝐺𝐺 = 2𝜔𝜔𝑟𝑟1𝑟𝑟2
𝑟𝑟22−𝑟𝑟12

     (4) 117 

producing shear rates in the range of 0 to 11.87 s-1 (Table 1). The Reynolds number for 118 

each experimental condition was calculated by 119 
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𝑅𝑅𝑅𝑅 = 𝜔𝜔𝑟𝑟2(𝑟𝑟2−𝑟𝑟1)
𝜈𝜈

     (5) 120 

where ν=10-6 m2 s-1 is the kinematic viscosity of the flow. Re ranged from 0 to 6651 121 

(Table 1). As pointed out by Hinze (1975), the transition from a laminar to turbulent flow 122 

regime was experimentally found to happen at Re=1900. Therefore, the laminar-123 

dominated regime was characteristic for the runs 1 to 11 (experiments with D. magna 124 

individuals) and runs 18 to 28 (experiments without D. magna individuals), whereas the 125 

turbulent-dominated regime was characteristic for runs 12 to 17 (experiments with D. 126 

magna individuals) and for runs 29 to 34 (experiments without individuals of D. magna) 127 

(Table 1).  128 

The dissipation rate can be calculated as  129 

ε=G2ν       (6), 130 

where ν= 10-6 cm2 s-1 is the kinematic viscosity of water (Kundu and Cohen, 2002). In the 131 

present study, dissipation ranged from 3.2×10-8 to 1.4×10-4 m2 s-3 (Table 1), which is 132 

within the dissipation range found in natural aquatic systems (Peters and Marrasé, 2000; 133 

Peters and Redondo, 1997).  134 
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 135 

Figure 1. Scheme of the experimental set-up of the Couette flow device. r1 is the radius 136 

of the inner cylinder, r2 is the radius of the outer cylinder, r2-r1 is the gap width between 137 

cylinders, h is the height of the outer cylinder and hw is the water height. ω is the angular 138 

velocity of the outer cylinder. 139 

 140 

Table 1. Information related to the experimental conditions considered in each run. ω 141 

is the angular velocity of the outer cylinder, Re is the Reynolds number of the flow in the 142 

gap, <vCouette> is the mean velocity in the gap between cylinders calculated from 143 

Equation (3), G is the mean shear rate in the gap between cylinders, ε is the dissipation 144 

rate calculated from Equation (6) and the flow regime (laminar or turbulent). CDph+Sed 145 
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and CSed correspond to the control experiments with and without D. magna individuals, 146 

respectively. Dph means Daphnia. 147 

 148 

 149 
 

 ω  
(rad s-1) 

Re <vCouette> 
(cm s-1) 

G (s-1) ε 
(m2 s-3) 

Flow 
Regime 

Controls 

0 0 0 0 0 Quiescent With 
Dph 

Without 
Dph 

CDph+Sed CSed 
Runs      

 With 
Dph 

Without 
Dph 

1 18 0.11 99 0.26 0.18 3.2×10-8 

Lam
inar flow

 regim
e 

2 19 0.22 198 0.53 0.35 1.2×10-7 
3 20 0.39 351 0.94 0.63 3.9×10-7 
4 21 0.56 504 1.35 0.90 8.1×10-7 
5 22 0.70 630 1.69 1.13 1.3×10-6 
6 23 0.83 747 1.99 1.33 1.8×10-6 
7 24 1.02 918 2.45 1.64 2.7×10-6 
8 25 1.21 1089 2.91 1.94 3.9×10-6 
9 26 1.30 1170 3.13 2.09 4.4×10-6 

10 27 1.41 1269 3.39 2.27 5.2×10-6 
11 28 1.96 1764 4.71 3.15 9.9×10-6 
12 29 2.90 2610 6.97 4.66 2.2×10-5 Turbulent flow

 
regim

e 

13 30 3.92 3528 9.43 6.30 4.0×10-5 
14 31 5.40 4860 12.99 8.68 7.5×10-5 
15 32 5.60 5040 13.47 9.00 8.1×10-5 
16 33 6.54 5886 15.77 10.51 1.1×10-4 
17 34 7.39 6651 17.78 11.87 1.4×10-4 

 150 
 151 

 152 

D. magna characteristics 153 

D. magna individuals were obtained from a laboratory culture maintained for one year 154 

at the University of Girona in a 40 L container at 20±1°C and natural daylight 155 
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photoperiod. A gentle air supply kept the water container oxygenated. The D. magna 156 

population in the container were fed twice a week with a mixture of commercial 157 

spirulina powder and baker’s yeast (Saccharomyces cerevisiae). Thirty percent of the 158 

water from the container was renewed once every fifteen days.  159 

 160 

For each experiment, D. magna individuals were collected from the container using a 161 

mesh with 1 mm spacing to be able to discard individuals smaller than 1 mm long. 162 

Individuals retained in the mesh longer than 2 mm were also discarded and returned to 163 

the container. Therefore, only 1-2 mm long D. magna individuals were considered. Using 164 

ImageJ software, the mean size of the D. magna individuals was analysed from a video 165 

recording of 25 individuals and was found to be 1.6±0.3 mm. Therefore, the ratio 166 

between the width of the gap between the cylinders (2 cm) and the mean length of the 167 

D. magna individuals (0.16 cm) was 12.5, thus giving D. magna individuals enough space 168 

to move without interference from the walls (Shimeta et al., 1995). 169 

 170 

Experimental method 171 

Each experiment was carried out in a Couette cylinder that was filled with 600 ml of 172 

bottled mineral water and 30 ml of spirulina suspension. The spirulina suspension was 173 

prepared by diluting 1 g of spirulina powder in 1 L of bottled mineral water, mixed for 174 

30 s at 120 rpm, and left for 1 h so that large spirulina particles would settle. The 175 

supernatant was used as the spirulina suspension for the experiments. After introducing 176 

the spirulina suspension into the cylinder, 30 D. magna individuals were collected from 177 

the laboratory culture and gently introduced into the experiments obtaining a final D. 178 

magna concentration of 50 individuals L-1 (hereafter ind L-1).  179 
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 180 

Control experiments 181 

Two control experiments were carried out under steady flow conditions (ω=0 rad s-1), 182 

one with D. magna individuals, hereafter CDph+Sed (Table 1) and another without D. 183 

magna individuals, hereafter CSed (Table 1). CDph+Sed was to assess particle removal by 184 

sedimentation as well as D. magna filtering abilities in quiescent flow conditions. CSed 185 

provided information on particle removal by both sedimentation in the Couette flow 186 

and D. magna filtration. To determine CDph+Sed, seventeen experiments with D. magna 187 

individuals in quiescent water were carried out. The mean on the 17 experiments was 188 

considered as the representative result for the control experiment CDph+Sed. To 189 

determine CSed, seventeen experiments were carried out without D. magna individuals 190 

in quiescent water. The mean of the 17 experiments was considered representative for 191 

the control experiment CSed (Table 1).  192 

 193 

D. magna filtration capacity 194 

The spirulina particle size distribution in the suspension was measured with the Lisst-195 

100x particle size analyser (Sequoia Inc.). Samples from each Couette cylinder were 196 

taken at different times and analysed to determine the time evolution in the suspended 197 

particle concentration. The Lisst 100x consists of a laser beam and an array of detector 198 

rings of progressive diameters that allow the light received at the scattering angles of 199 

the beam to be analysed. The device measures the particle volume concentration of 200 

particles for 32 size-classes, logarithmically distributed in the size range of 2.5-500 µm, 201 

using a procedure based on the diffraction theory of light. The Lisst-100x has been found 202 

to show good performance in determining particle size distribution and concentration 203 
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for both organic (Serra et al., 2001) and inorganic particles (Serra et al., 2002a, 2002b) 204 

in water suspension. The particle concentration in a desired particle size range was 205 

calculated by integrating the concentration of the particles within the range. Since D. 206 

magna individuals feed on particles less than 30 µm in diameter, the volume 207 

concentration of particles within the range of 2.5 to 30 µm was calculated and used as 208 

a proxy to evaluate particle removal. It is known that Cladocera ingest organic particles 209 

when their size overlaps with the sizes of the organic particles they feed on (Arruda et 210 

al., 1983; Gliwicz, 1990). 211 

Since the temporal evolution of the suspended particle concentration decreased 212 

exponentially, the concentration may be described by an exponential decay equation as 213 

follows (Pau et al., 2013): 214 

𝑐𝑐 = 𝑐𝑐0𝑅𝑅−𝑘𝑘𝐶𝐶      (7) 215 

where k is the rate of particle removal by both sedimentation (ks) and D. magna 216 

filtration (kDph), i.e. k=ks+kDph.  217 

From Equation (7) k can be solved following 218 

𝑘𝑘 = − 1
𝐶𝐶
𝑏𝑏𝑏𝑏 � 𝑐𝑐

𝑐𝑐0
�    (8) 219 

and ks can be determined from those experiments without individuals of D. magna (in 220 

which kDph=0). Therefore, kDph will be calculated for the rest of the experiments. The 221 

rate of decrease due to D. magna filtration is a function of the filtering rate of each D. 222 

magna individual (F, in ml ind-1 L-1) and the D. magna concentration in such a way that 223 

(Pau et al., 2013), 224 
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kDph=F×CDph     (9). 225 

D. magna filtration versus the shear rate 226 

The kinetics of particle collision and coagulation in a system of two populations in a 227 

sheared flow has been formulated by Li and Logan (1997). In this study, the two 228 

populations are D. magna and small suspended particles. The rate of small particles 229 

captured by a single D. magna individual RDph can be written as 230 

𝑅𝑅𝐷𝐷𝐷𝐷ℎ = 𝛼𝛼𝐺𝐺𝐿𝐿3𝑐𝑐 + 𝑅𝑅(0)    (10), 231 

where α is the capture efficiency for each D. magna individual, G is the shear rate, L is 232 

the D. magna individuals length-scale and R(0)=kDph(0)×c is the particle removal by each 233 

D. magna individual in a steady flow (i.e. at G=0 s-1). Therefore, the rate of the decrease 234 

of small suspended particles due to D. magna feeding can be written as 235 

1
𝑐𝑐𝐷𝐷𝐷𝐷ℎ

𝑑𝑑𝑐𝑐
𝑑𝑑𝐶𝐶

= −𝛼𝛼𝐺𝐺𝐿𝐿3𝑐𝑐 − 𝑅𝑅(0)
𝑐𝑐𝐷𝐷𝐷𝐷ℎ

    (11) 236 

and merging Equation (7) and Equation (11) results in 237 

− 𝑐𝑐0
𝑐𝑐𝐷𝐷𝐷𝐷ℎ

𝑘𝑘𝐷𝐷𝐷𝐷ℎ(𝐺𝐺)𝑅𝑅−𝑘𝑘𝐷𝐷𝐷𝐷ℎ(𝐺𝐺)𝐶𝐶 = −𝛼𝛼𝐺𝐺𝐿𝐿3𝑐𝑐 − 𝑘𝑘𝐷𝐷𝐷𝐷ℎ(0)𝑐𝑐
𝑐𝑐𝐷𝐷𝐷𝐷ℎ

   (12) 238 

and with Equation (7) 239 

𝑘𝑘𝐷𝐷𝐷𝐷ℎ(𝐺𝐺)
𝑐𝑐𝐷𝐷𝐷𝐷ℎ

= 𝛼𝛼𝐺𝐺𝐿𝐿3 + 𝑘𝑘𝐷𝐷𝐷𝐷ℎ(0)
𝑐𝑐𝐷𝐷𝐷𝐷ℎ

     (13) 240 

and therefore 241 

𝑘𝑘𝐷𝐷𝐷𝐷ℎ(𝐺𝐺) = 𝛼𝛼𝑐𝑐𝐷𝐷𝐷𝐷ℎ𝐺𝐺𝐿𝐿3 + 𝑘𝑘𝐷𝐷𝐷𝐷ℎ(0)    (14). 242 
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Using Equations (9) and (14) the filtration F is a function of G, α and L, that can be written 243 

as 244 

𝐹𝐹 = 𝛼𝛼𝐺𝐺𝐿𝐿3 + 𝐹𝐹(0)     (15). 245 

where F(0)=kDph(0)/cDph. 246 

D. magna trails and D. magna speed 247 

The analysis of D. magna velocity was carried out by videotaping the movement of the 248 

D. magna individuals. The camera recorded 25 frames per second and the D. magna 249 

trails were recorded for 1 minute for each case, giving a total of 1,500 frames. These 250 

frames were analysed with ImageJ software using the mTrack plug-in following Maison 251 

et al. (2012) and Pan et al. (2017). At each time step the positions in the x (horizontal) 252 

and y (vertical) axis were analysed and the velocities in the x and y directions calculated. 253 

Ten D. magna individuals were considered in each case and a mean value for the 254 

velocities was calculated. A scheme of the trail followed by one representative D. magna 255 

individual is presented in Figure 2. The x and y component of the velocity is represented 256 

and calculated from the temporal evolution of the (x,y) positions of each D. magna 257 

individual at each time step. The ratio vy/vx was calculated afterwards. The lengths of 258 

the trajectories considered for the analysis were between 6 and 7 cm. Therefore, the 259 

mean D. magna speed was calculated as 260 

𝑣𝑣𝐷𝐷𝐷𝐷ℎ = ��𝑣𝑣𝑥𝑥���2 + 𝑣𝑣𝑦𝑦���2�    (16) 261 

 262 

where vx and vy are the mean velocities of all the trails in the x and y axis, respectively. 263 
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 264 

Figure 2. Scheme of a D. magna trail from the start to end points considered. The vertical 265 

(vy) and horizontal velocities (vx) are included in the schematics.  266 

 267 

Results 268 

D. magna swimming velocity 269 

The average speed of D. magna individuals when the flow was at rest, corresponding to 270 

the control CDph+Sed, was calculated from vx and vy following Equation (16) and was 271 

found to be 7±2 cm s-1 for a mean D. magna body length of 1.6 mm (Figure 3). When 272 

considering the margin of error, this speed is on the scale of that obtained from the 273 

empirical allometric equation (Kunze, 2011; Wickramarathna et al., 2014) for cruising 274 

velocity versus D. magna body length uc=3.23L0.83=11.1 cm s-1. Therefore, this result 275 

indicates that the movement of D. magna individuals was not affected by the vertical 276 

and horizontal constraints of the experiment.  277 

 278 
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The ratio vy/vx versus the mean flow velocity in the Couette was calculated and plotted 279 

(Figure 3). The ratio vy/vx was 2 for the experiments carried with the fluid at rest. As the 280 

mean Couette flow velocity increased, the ratio vy/vx decreased sharply, reaching a 281 

value of 0.2 at 3 cm s-1 and nearly 0 at 7 cm s-1. For velocities over 7 cm s-1, D. magna 282 

trails were mainly in the x direction following the direction of the fluid and no movement 283 

along y was observed. In addition, observing the video recording, D. magna individuals 284 

tended to move against the flow under slow Couette flow velocities, whereas at high 285 

Couette flow velocities they moved with the flow direction. That is, as the Couette flow 286 

velocity increased it provided a greater velocity in the x-axis, thus reducing the ability of 287 

D. magna individuals to swim in the vertical direction. In all the experiments, the vertical 288 

distribution of D. magna was homogeneous along the working height in the Couette 289 

flow.  290 

 291 

Figure 3. Ratio vy/vx versus the mean Couette flow velocity (<vCouette>, in cm s-1). 292 

 293 
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Instantaneous speeds of D. magna individuals (Equation 16) were averaged over time 294 

and plotted versus the mean Couette flow velocity (Figure 4). For mean Couette flow 295 

velocities below 3 cm s-1, D. magna swimming speeds increased following a non-linear 296 

trend, but remained higher than the Couette velocity. For flow velocities above 7 cm s-297 

1, D. magna speeds followed a linear (1:1) relationship with the mean flow velocity in 298 

the Couette system, indicating the inability of D. magna individuals to swim freely and 299 

demonstrating that D. magna individuals were being forced to follow the streamlines of 300 

the flow. The change in the dynamics of the D. magna velocities coincided with the 301 

change in the hydrodynamics of the flow regime. For Couette flow velocities below 7 cm 302 

s-1, the flow regime was laminar with Re=1746, while for higher Re the flow was 303 

turbulent.  304 

 305 

Figure 4. Mean speed of D. magna individuals (<vDph> in cm s-1, calculated with Equation 306 

(16)) plotted versus the mean Couette flow velocity (<vCouette>, in cm s-1). Vertical dashed 307 

lines correspond to the different Couette flow regimes (Table 1). 308 
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 309 

Temporal evolution of the particle removal 310 

In Figure 5a the particle volume concentration of the suspension with spirulina for the 311 

range of measured particles in the control experiment CDph+Sed (conducted at rest, Table 312 

1) with D. magna individuals is presented at t=0 h and at t=5 h. A decrease in the particle 313 

volume concentration with time is observed. The decrease in the suspended particle 314 

concentration of particles with diameters below 30 µm was caused by both the capacity 315 

of D. magna individuals to filter as well as particle sedimentation.  316 

The time evolution of the particle ratio of the concentration to the initial particle 317 

concentration (at t=0h) was also calculated for the control experiments CDph+Sed and CSed 318 

and plotted in Figure 5b. The temporal evolution of c/c0 with time for both control 319 

experiments shows that the decrease in particle concentration in the case without D. 320 

magna was slower than that for the case with D. magna due to the extra feeding on the 321 

suspended particles by D. magna individuals. Since the decrease in the particle 322 

concentration is expected to be exponential (Pau et al., 2013; Serra and Colomer, 2016) 323 

the characteristic time t at which c/c0 decreased in e-1=0.37 was considered as the 324 

characteristic time in all the experiments. This time was approximately 4 h of treatment. 325 

Therefore, c/c0 at t=0h and at t=4h were considered in the calculations for all the 326 

experiments.  327 
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 328 

Figure 5. (a) Particle size distribution for the case of control experiment CDph+Sed carried 329 

out at rest (ω=0 s-1) for two time steps, initially (t=0h) and after 5h of treatment (t=5h). 330 

The dashed vertical line corresponds to the limit of the ingestion particle size by D. 331 

magna individuals. In the vertical axis, the particle volume concentration in µl L-1 is 332 

represented and in the x-axis the diameter of the suspended particles in µm. (b) 333 

Temporal evolution of the ratio c/c0 for the two control experiments (CDph+Sed and CSed). 334 
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Vertical and horizontal lines determine the time when the ratio c/c0 was reduced to 335 

1/e=0.37 (corresponding to a t=4h of treatment). 336 

 337 

The ratio of c/c0, calculated for control experiments (CDph+Sed and CSed), runs 1-17 (with 338 

D. magna individuals) and runs 18-34 (without D. magna individuals) versus the mean 339 

Couette flow velocity, calculated by Equation (3) is presented in Figure 6. For the 340 

experiments without individuals of D. magna, c/c0 was nearly 0.55 at rest (<vCouette>=0 341 

cm s-1) and remained constant up to a mean Couette flow velocity of 7 cm s-1, increasing 342 

slightly afterwards up to 0.58 for a Couette velocity of 18 cm s-1. For the experiments 343 

with individuals of D. magna, c/c0 was 0.45 at rest, decreasing to a minimum of 0.33 for 344 

a Couette velocity of 3 cm s-1. For mean Couette flow velocities above 3 cm s-1, c/c0 345 

sharply increased up to 0.55 for <vCouette>=7 cm s-1. For mean Couette velocities above 346 

7 cm s-1, c/c0 was the same as that obtained for the runs without D. magna individuals. 347 

The decrease in c/c0 coincided with the conditions dominated by the laminar flow 348 

regime, while the turbulent flow regime coincided with c/c0 values above those at 349 

steady flow conditions and equal to those obtained without D. magna individuals.  350 
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 351 

Figure 6. Ratio of the particle volume concentration (c/c0) versus the mean Couette flow 352 

velocity (<vCouette>, in cm s-1) for the runs with and without D. magna individuals.  353 

 354 

 355 

D. magna filtration capacity 356 

The filtration capacity (F) of D. magna for each experiment in the Couette flow was 357 

calculated with Equations (8) and (9) and plotted in Figure 7. The filtration capacity at 358 

rest was 1 ml ind-1 h-1 and increased up to 2.6 ml ind-1 h-1 in the laminar flow regime. In 359 

the transition from laminar to turbulent flow regimes, the filtration capacity dropped 360 

down to 1 ml ind-1 h-1, i.e. attaining the same filtration like that in a quiescent flow. 361 

Higher flow velocities observed in the turbulent regime inhibited D. magna filtration 362 

capacity and, as a result, filtration remained nearly constant and equal to 0 ml ind-1 h-1.  363 

 364 
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 365 

Figure 7. Filtration capacity of D. magna individuals (in ml ind-1 h-1) versus the mean 366 

Couette flow velocity (<vCouette>, in cm s-1). Vertical dashed lines correspond to the 367 

different Couette flow regimes (Table 1). The horizontal line corresponds to the D. 368 

magna filtration in quiescent flow. 369 

 370 

 371 

Discussion 372 

The hydrodynamic flow regime is a crucial parameter in determining the performance 373 

of D. magna because it modifies both the filtering capacity and the mobility of D. magna 374 

individuals. The laminar dominated flow regime enhanced the filtration efficiency by D. 375 

magna individuals, whereas the turbulent flow regime produced an inhibitory effect on 376 

D. magna filtration.  377 

 378 
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The filtration capacity of 1.6 mm long D. magna individuals in quiescent flow conditions 379 

was 1 ml ind-1 h-1, which is close to that found by Burns (1969) for the same body length 380 

and at a water temperature of 20° C. The increase in the filtration capacity obtained 381 

here when D. magna individuals are under a mean flow, is attributed to the increase in 382 

the particle-Daphnia encountering frequency, enhancing the rate of particle removal by 383 

D. magna filtering. However, this positive effect was only found in the laminar flow 384 

regime. In the transition, F sharply decreased with a further increase in the Couette flow 385 

velocity. In the turbulent regime, F reached a minimum value of nearly 0 ml ind-1 h-1, 386 

which remained constant thereafter, inhibiting the filtration capacity of D. magna 387 

individuals. The decrease in the D. magna filtration efficiency coincides with the 388 

transition from the laminar to turbulent flow conditions that would be expected to hold 389 

for Re=1900 (Hinze, 1975). For high Couette flow velocities, D. magna were unable to 390 

filtrate, thus the flow regime supressed the feeding. This might be attributed to the fact 391 

that the time available for a D. magna individual to complete the capture of an 392 

encountered particle is less than that required to be ingested successfully (Lewis and 393 

Pedley, 2001; MacKenzie et al., 1994). As pointed out by MacKenzie et al., (1994), the 394 

encounter between a predator and its prey is a necessary but not sufficient condition 395 

for ingestion. The fact that ingestion rates are maximal at low flow velocities, 396 

corresponding to the laminar flow regime, responds to the fact that while encounters 397 

increase with turbulence, successful capture of prey by predators decreases with 398 

turbulence.  399 

 400 

The change in the filtration capacity of D. magna with the increase in flow velocity is in 401 

accordance with the change in their swimming trajectories. For mean Couette flow 402 
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velocities in the turbulent regime, D. magna individuals were unable to swim freely in 403 

both directions (x and y) and their trajectories were completely determined by the flow 404 

streamlines along x. This fact may impose a limit on the correct functioning of D. magna 405 

individuals, in terms of their feeding capacity, when the flow velocity dominates over 406 

the D. magna swimming speed. Bownik (2017) indicated that alterations in D. magna 407 

trajectories may suggest disorders in the D. magna nervous system manifested through 408 

a loss of orientation. 409 

 410 

In the laminar flow regime, D. magna speeds were above the mean Couette flow 411 

velocity. However, in the turbulent flow regime D. magna individuals could not 412 

overcome the velocity of the flow and they were forced to travel in the same direction 413 

as the fluid. D. magna movement in quiescent flow produced viscous dissipation rates 414 

of 3.4×10-6 m2 s-3 for 2 mm long D. magna individuals (Wickramarathna et al., 2014). In 415 

the present study, dissipation coincides with the dissipation for the transition from the 416 

laminar to turbulent flow (Table 1). Therefore, both the swimming speed and the trails 417 

of D. magna might be modified when the dissipation produced by the flow overpowers 418 

the dissipation produced by the movement of D. magna individuals.  419 

 420 

Burns (1969) pointed out that the filtration rate of D. magna individuals increases with 421 

body length with a power dependence, where the power (that ranged from 2.16 to 2.80) 422 

is a function of the water temperature (that ranged from 15 °C to 25 °C). Burns found 423 

the maximum power dependence to be 2.80 when the temperature was 20 °C. It must 424 

be noted that the model proposed here for F with the D. magna length L, has a power 425 

relationship of 3 (Equation 15), which is close to that found experimentally by Burns 426 
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(1969). The filtration model has been used to fit the data in this study, taking into 427 

consideration the D. magna mean diameter (d=1.6 mm) and the filtration obtained in 428 

this study in the laminar regime, where the shear rate enhanced D. magna filtration. A 429 

linear fit between F and G was found for the laminar flow regime (0<G<2.2 s-1) with a 430 

slope of 0.82 and a y-axis interception of 0.767 (Figure 8a, r2=0.9797, 99% of 431 

confidence). This resulted in α=0.056 ind-1. Then, according to Equation (15) the D. 432 

magna filtration can be written as  433 

𝐹𝐹 = 0.056𝐺𝐺𝐿𝐿3 + 0.767   (17).  434 

 435 

Therefore, for the range of G in the laminar-dominated region, F increases linearly with 436 

G and to the third power of the D. magna length (Figure 8a). From the linear fitting 437 

equation F(0)=0.767 ml ind-1 h-1.  438 

 439 

The result of the model has been used to predict F for four different D. magna lengths 440 

(1 mm, 1.5 mm, 2 mm and 3 mm). To obtain F(0) for these D. magna lengths, i.e. the 441 

filtration at steady flow conditions at 20 °C, the experimental results obtained by Burns 442 

(1969) were considered (i.e. 0.15 ml ind-1 h-1, 0.6 ml ind-1 h-1, 2 ml ind-1 h-1 and 5.5 ml 443 

ind-1 h-1, respectively). As shown in Figure 8b, for a D. magna diameter of d=3 mm, F 444 

increases from F~5.5 ml ind-1 h-1 at G=0 s-1 to F~17.7 ml ind-1 h-1 at G=2.27 s-1. Therefore, 445 

for D. magna body lengths of d=3 mm, the model predicts a 3.2-fold increase in the D. 446 

magna filtration when they are under a laminar-dominated flow field. This increase is 447 

close to the 3.4-fold increase for D. magna individuals of 1.6 mm for the same range of 448 

G. The model also predicts an 8-fold increase for F when the D. magna length doubles. 449 
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This result is relatively close to the 9-fold increase in F at steady flow conditions when 450 

D. magna length doubles from 1.5 mm to 3 mm (Burns, 1969). 451 

 452 

Figure 8. (a) F (in ml ind-1 h-1) versus G (in s-1) for the laminar-dominated flow regime. 453 

The dashed line represents the linear best fit of the data with an equation 454 

F=0.820G+0.767, with r2=0.9797 and 99% confidence. (b) F (in ml ind-1 h-1) versus G (in 455 

s-1) predicted by the model (Equation (15)) for four different D. magna lengths (L=1 mm, 456 

1.5 mm, 2 mm and 3 mm) in the laminar-dominated flow regime.   457 
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 458 

 459 

Conclusions 460 

The trails, swimming velocity and filtration efficiency of D. magna were found to depend 461 

on the hydrodynamics of the flow. In the laminar flow regime, the shear enhanced 462 

filtration and D. magna swimming speeds were partially affected by the flow, however, 463 

in the turbulent flow regime, the shear inhibited the D. magna filtration and D. magna 464 

trails were forced to follow the flow’s streamlines.   465 

 466 

In the laminar-dominated flow regime, and for D. magna individuals of mean length of 467 

1.6 mm, the maximum D. magna filtration rate was 2.6 ml ind-1 h-1; 160% greater than 468 

that obtained in a quiescent flow. This result indicates that D. magna filtration capacity 469 

might be enhanced for intermediate flow environments due to the increase in the 470 

encountering rate between D. magna individuals and suspended particles. However, 471 

filtration might be completely supressed at high flow environments because D. magna 472 

individuals are unable to complete particle capture in such conditions.  473 

 474 

These results provide information about how important flow regime is for the filtration 475 

capacity of D. magna individuals, and indicate the maximum velocities and the 476 

appropriate flow regime for obtaining the maximum efficiency for a tertiary treatment 477 

reactor based on D. magna filtration. Therefore, based on these findings, the residence 478 

time within a reactor needs to be carefully considered to satisfy the required flow 479 

regime in a reactor based on D. magna filtration. 480 

 481 
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Figure Legends 611 

Table 1. Information related to the experimental conditions considered in each run. ω 612 

is the angular velocity of the outer cylinder, Re is the Reynolds number of the flow in the 613 

gap, <vCouette> is the mean velocity in the gap between cylinders calculated from 614 

Equation (3), G is the mean shear rate in the gap between cylinders, ε is the dissipation 615 

rate calculated from Equation (6) and the flow regime (laminar or turbulent). CDph+Sed 616 

and CSed correspond to the control experiments with and without Daphnia individuals, 617 

respectively. Dph means Daphnia. 618 

Figure 1. Scheme of the experimental set-up of the Couette flow device. r1 is the radius 619 

of the inner cylinder, r2 is the radius of the outer cylinder, r2-r1 is the gap width between 620 

cylinders, h is the height of the outer cylinder and hw is the water height. ω is the angular 621 

velocity of the outer cylinder. 622 

Figure 2. Scheme of a D. magna trail from the start to end points considered. The vertical 623 

(vy) and horizontal velocities (vx) are included in the schematics.  624 

Figure 3. Ratio vy/vx versus the mean Couette flow velocity (<vCouette>, in cm s-1). 625 

Figure 4. Mean speed of D. magna individuals (<vDph> in cm s-1, calculated with Equation 626 

(16)) plotted versus the mean Couette flow velocity (<vCouette>, in cm s-1). Vertical dashed 627 

lines correspond to the different Couette flow regimes (Table 1). 628 

Figure 5. (a) Particle size distribution for the case of control experiment CDph+Sed carried 629 

out at rest (ω=0 s-1) for two time steps, initially (t=0h) and after 5h of treatment (t=5h). 630 

The dashed vertical line corresponds to the limit of the ingestion particle size by D. 631 

magna individuals. In the vertical axis, the particle volume concentration in µl L-1 is 632 

represented and in the x-axis the diameter of the suspended particles in µm. (b) 633 

Temporal evolution of the ratio c/c0 for the two control experiments (CDph+Sed and CSed). 634 
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Vertical and horizontal lines determine the time when the ratio c/c0 was reduced to 635 

1/e=0.37 (corresponding to a t=4h of treatment). 636 

Figure 6. Ratio of the particle volume concentration (c/c0) versus the mean Couette flow 637 

velocity (<vCouette>, in cm s-1) for the runs with and without D. magna individuals.  638 

Figure 7. Filtration capacity of D. magna individuals (in ml ind-1 h-1) versus the mean 639 

Couette flow velocity (<vCouette>, in cm s-1). Vertical dashed lines correspond to the 640 

different Couette flow regimes (Table 1). The horizontal line corresponds to the D. 641 

magna filtration in quiescent flow. 642 

Figure 8. (a) F (in ml ind-1 h-1) versus G (in s-1) for the laminar-dominated flow regime. 643 

The dashed line represents the linear best fit of the data with an equation 644 

F=0.820G+0.767, with r2=0.9797 and 99% confidence. (b) F (in ml ind-1 h-1) versus G (in 645 

s-1) predicted by the model (Equation (15)) for four different D. magna lengths (L=1 mm, 646 

1.5 mm, 2 mm and 3 mm) in the laminar-dominated flow regime.   647 

 648 


