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     Maria Spitael 

    195 Words 

 

Abstract 

 

Zooplankton play a vital role in lake ecosystems. They serve as an important food 

source for fish, as well as being major consumers of algae, which contributes to greater 

water clarity. To understand the dynamics in a lake, it is necessary to understand 

zooplankton and how they are affected by the physical environment around them. The 

purpose of this research was to address the question of how turbulence and temperature 

stratification affect zooplankton aggregations in lakes. Laboratory experiments were 

performed to quantify the effects of temperature and turbulence on zooplankton 

distributions in a stratified tank. These measurements were designed to measure 

zooplankton aggregations and to provide detailed information on the physical conditions 

causing them. Comprehensive field measurements were taken throughout one summer, 

covering five 24-hour periods, in order to investigate the effects of temperature and 

turbulence on zooplankton aggregations in the field. A high-frequency sonar 

measurement device was developed to take the measurements by modifying the output of 

a commercial fish-finder and calibrating it to match zooplankton net counts. Our results 

showed that zooplankton distributions are strongly affected by temperature and 

turbulence, and that these effects are species-specific, and are different between day and 

night.  
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Chapter 1: Introduction 
 

 

1.1 Research Significance 

In this century environmental issues are moving increasingly into the forefront, as global 

warming becomes an imminent threat, freshwater becomes scarcer, and new types of 

pollutants are being found in the environment. At the same time, new technologies are 

being developed that allow us to gather more information on the intricate processes that 

sustain the environment. In this context, it is vitally important that we strive towards 

understanding the dynamics of how biological organisms are affected by the physical 

world around them. Without this knowledge, it would be difficult to understand how the 

changing world climate will affect our aquatic ecosystems. 

Lakes can be a source of potable drinking water for humans, a source of irrigation water 

for farming, a place for recreational fishing, swimming and boating, and an environment 

to support commercial fishing and shipping industries. Many regions’ economies are tied 

to the health of their freshwater bodies. Lakes are also home to a vast range of organisms, 

from fish down to bacteria. One of the key organisms in a lake is zooplankton. 

Zooplankton are small aquatic organisms that feed on other plankton. They may have 

some control over their movement, but are mainly at the mercy of water currents to carry 

them along. One of the main food sources of zooplankton is algae. This is important in 

lakes because encouraging a thriving zooplankton population can decrease the amount of 
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algae in lakes and provide better water clarity. Zooplankton are also a main food source 

for small fish, and are vital to maintaining fish stocks in lakes.  

The field of biomanipulation (Shapiro et al. 1975) aims to manipulate the biological 

organisms in lakes in order to create beneficial results, such as lower algal biomass, 

especially blue-green algae (Shapiro, 1990). Zooplankton, especially Daphnia, are a key 

element in biomanipulation. In order to practice biomanipulation better, a thorough 

understanding of zooplankton is necessary. Shapiro (1990) argues that one way to make 

biomanipulation more stable is to provide refuge zones for zooplankton in the presence of 

planktivorous fish. Examples of refuges include light refuges, temperature refuges and 

oxygen refuges. Part of what makes up a Daphnia refuge is the physical environment 

surrounding it. Daphnia have been shown to have a refuge zone in waters with lower 

dissolved oxygen concentrations than rainbow trout can tolerate, and above the lowest 

dissolved oxygen (DO) levels near the bottom of the lake (Hembre and Megard, 2003).  

Understanding the interaction between zooplankton and physical variables is also 

important in constructing lake models. Zooplankton have been shown to form thin layers 

in lakes and oceans (Birge, 1896; Hembre and Megard, 2003; McManus et al., 2003; 

McManus et al., 2005). Measurement and analysis of physical variables, such as light, 

turbulence, temperature and dissolved oxygen are necessary to understand and predict 

thin layer formation. This knowledge will help scientists, engineers, biologists and policy 

makers better understand what makes up a healthy lake ecosystem.  
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1.2 Previous Research 

Much research has been done concerning zooplankton, and also specifically Daphnia. 

The physical variables that we are concerned with are temperature, turbulence, dissolved 

oxygen and light. The ways in which each of these variables affect Daphnia have already 

been researched individually, but new technology allows us to take the investigations 

further.  

1.2.1 Temperature Effects on Zooplankton 

Temperature is very important to zooplankton growth and survival. It affects the growth 

rates and metabolism of zooplankton (McLaren, 1963). Water viscosity is directly 

affected by temperature, and increased viscosity has been shown to decrease the feeding 

rates and growth rates of zooplankton (Abrusán, 2004; Loiterton et al., 2004). In a 

stratified lake, zooplankton are presented with a range of temperature zones to inhabit, 

and they have been shown to have behavioral responses to changes in temperature. Some 

zooplankton exhibit behavior called diel vertical migration, in which they change their 

vertical position at different times of day, either ascending or descending at sunset 

(Cushing, 1951; Bayly, 1986). Field research has shown that changes in the vertical 

temperature gradient of a lake can cause changes in the center of gravity of daphnid and 

copepod distributions (Helland et al., 2007). Zooplankton have been found to aggregate 

in the thermocline region of lakes (Megard et al., 2997; Hembre and Megard, 2003) and 

oceans (Fragopoulu and Lykakis, 1990). Other studies have also shown that changes in 

temperature stratification affect the diel vertical migration and vertical distribution of 

zooplankton (Marcogliese and Esch, 1992).  
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Laboratory experiments have shown that temperature can affect the behavior of 

zooplankton as well. One study showed that temperature gradients can decrease the 

amplitude of vertical migration of Daphnia (Calaban and Makarewicz, 1982). Woodson 

et al. (2005, 2007) found that density gradients may act as a barrier to copepod vertical 

movements. Gerritsen (1982) found that four species of Daphnia changed their 

swimming behavior in response to small temperature changes. The duration and 

frequency of their upward swimming changed in proportion to the rate of change of 

temperature. Daphnia have also been shown to have a preference for an acclimation 

temperature in a temperature gradient and aggregated at a temperature similar to their 

incubation temperature (Lagerspetz, 2000). Zeis et al. (2004) found that acclimation 

temperature also influenced the thermal tolerance limits and the thermal optimum 

temperature of Daphnia, but the acclimation effects faded after some time. These results 

indicate that zooplankton are both affected by changes in temperature as well as their 

own temperature history.  

Another physico-chemical quantity closely tied to the dynamics between Daphnia and 

temperature is dissolved oxygen. Paul et al. (2004a) found that preference behavior of 

Daphnia magna in a thermal gradient was determined by both ambient temperature and 

corresponding oxygen concentration. Paul et al. (2004b) concluded that thermal 

acclimation of Daphnia is strongly based on the control of oxygen transport processes 

through haemoglobin regulation. Zeis et al. (2005) observed an oxygen preference of 

Daphnia magna within an oxygen gradient. Within a middle range of dissolved oxygen 

concentrations and temperatures, Daphnia do not react to oxygen variations, but at the 
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extreme ends of DO concentrations, DO can strongly regulate the thermal preference of 

Daphnia. Therefore oxygen should always be considered in conjunction with temperature 

measurements.  

Finally, light also provides a cue for zooplankton responses to temperature. Timing of 

vertical migration is related to light changes at sunrise and sunset (e.g. Cushing, 1951). 

The rate of light change is also important. Accelerations in light increase or decrease 

enhance the vertical displacement velocity of Daphnia (Van Gool, 2997; Van Gool and 

Ringelberg, 1997). This indicates that zooplankton may show different thermal 

aggregation behavior between day and night conditions.  

1.2.2 Turbulence Effects on Zooplankton 

Much evidence exists to support the conclusion that zooplankton are affected by 

turbulence. The presence of turbulence can affect zooplankton metabolism by increasing 

the heartbeat rate. This has been shown for Daphnia, copepods and other marine 

cladocerans (Alcaraz et al., 1994). Turbulence also affects the feeding rates of 

zooplankton (Costello et al., 1990; Saiz et al., 1992; Shimeta et al., 1995). Zooplankton 

have been shown to use chemical and/or fluid mechanical cues to track mates (Yen et al., 

1998; Brewer, 1998). Turbulence would disrupt the ability of zooplankton to identify and 

follow chemical and fluid mechanical cues. Zooplankton may also be affected by 

turbulence which is strong enough to carry them out of their preferred habitat zone.  

If turbulence has a negative affect on zooplankton, then it follows that zooplankton would 

choose to avoid regions of high turbulence if they are able to, and this has been clearly 
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shown. At the small scale, laboratory studies have found that increasing turbulence 

intensity elicits an escape response in Daphnia (Seuront et al., 2004) and in copepods 

(Fields and Yen, 1997; Fields and Yen, 2002). Copepods have also been shown to exhibit 

a behavioral response to velocity gradient layers (Woodson et al., 2005; Woodson et al., 

2007). At the larger scale, field measurements have shown that zooplankton avoid highly 

turbulent surface waters (Visser and Stips, 2002). Other research has shown that 

turbulence avoidance occurs only for the slower-swimming stages of copepods (Incze et 

al., 2001). Elevated turbulence levels may overcome the swimming abilities of some 

zooplankton and cause them to be well-mixed (Haury et al., 1990; Maar et al., 2003). 

McManus et al. (2003; 2005) tied the presence of thin plankton layers in the ocean to the 

stability of the water column, and quantified it using the Richardson Number. Genin et al. 

(2005) showed that copepods swim against vertical upwelling and downwelling currents 

to maintain their vertical positions, and this caused them to aggregate at frontal zones in 

the ocean. Therefore it is evident that zooplankton are affected by turbulence and that 

they do migrate to avoid elevated turbulence levels when possible.  

1.2.3 Remaining Questions 

Previous research has shown that zooplankton are affected by temperature and turbulence 

in several ways. Zooplankton show behavioral responses when exposed to gradients of 

temperature and/or turbulence, and they will vary their vertical position in lakes and 

oceans based on these gradients. Some questions still remain to be resolved, however.  
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Much of the laboratory research on turbulence effects on zooplankton has been 

performed on copepods. Much less of it has focused on Daphnia. Copepods are more 

common in the oceans, and have been subject to a greater body of research studies, 

although Daphnia are more often the dominant zooplankton in lakes. Detailed laboratory 

investigations of the cues which cause Daphnia to react to turbulence are needed.  

Further, much of the integrative field research on turbulence has been performed in the 

oceans. Some research has been performed on turbulence in lakes as well (Etemad-

Shahidi and Imberger, 2001; Saggio and Imberger, 2001; Wüest and Lorke, 2003; Appt et 

al., 2004), but this research has not integrated turbulence measurements with studies of 

zooplankton populations. An interdisciplinary approach to the study of turbulence effects 

on zooplankton in lakes is required. Lakes have a simpler turbulent environment than 

oceans, because they are typically fairly small, and the water being studied is contained. 

No large-scale currents are present, and lakes are much shallower. Also, the physical 

stratification in lakes changes dramatically throughout the seasons, and very little 

research has been performed which covers seasonal changes in physical and biological 

parameters with high spatial resolution.  

Zooplankton field studies have typically relied upon plankton net samples to measure 

zooplankton distributions. High-frequency sonar is now being used to measure 

zooplankton distributions (eg. Greenlaw, 1979; Holliday and Pieper, 1995; Hembre and 

Megard, 2006), but it can be expensive and inconvenient to use, and has not been 

commonly used in most field studies of zooplankton, especially in lakes. Sonar also 
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needs to be expanded so that it can be used remotely to measure time-series data of 

zooplankton distributions. High-resolution measurements of zooplankton distributions 

over a 24-hour period, as well as over an entire season have not been widely taken.  

1.3 Hypotheses and Objectives 

The purpose of this research was to address the question of how turbulence and 

temperature stratification affect zooplankton aggregations in lakes. Laboratory 

experiments were performed to quantify the effects of temperature and turbulence on 

zooplankton distributions in a stratified tank. These measurements were designed to 

measure zooplankton aggregations under different conditions and to provide detailed 

information on the physical conditions causing them. Comprehensive field measurements 

were taken throughout the summer, covering five 24-hour periods, in order to investigate 

the effects of temperature and turbulence on zooplankton aggregations in the field. A 

high-frequency sonar measurement device was developed to take the measurements by 

modifying the output of a commercial fish-finder and calibrating it to match zooplankton 

net counts.  

The first hypothesis tested in this research was that temperature would control the 

underlying distribution of zooplankton, particularly that zooplankton would aggregate in 

the thermocline region of stratified water bodies, when all other factors were removed. In 

order to test this hypothesis, we examined correlations of zooplankton distributions to 

dimensionless numbers involving the temperature gradient and normalized temperatures. 
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These correlations were investigated in laboratory and field research, and were performed 

for different species of zooplankton.  

Our second hypothesis was that zooplankton would avoid regions with high levels of 

turbulence, and that this would influence their temperature-controlled aggregations. We 

tested this hypothesis by systematically varying turbulence levels in our laboratory 

experiments. Particle image velocimetry (PIV) was used to examine the correlations 

between zooplankton distributions and turbulence parameters. We wanted to estimate 

turbulence avoidance thresholds for Daphnia and compare those to turbulence levels 

found in the field. We also wanted to develop correlations between field measurements of 

zooplankton distributions and dimensionless parameters involving temperature and 

mixing. This research will allow us to explain and predict the effects that temperature and 

turbulence have on zooplankton distributions in the field. This knowledge can be added 

to the larger body of research that exists on how other factors affect zooplankton 

aggregations.  

1.4 Overview of the Dissertation 

The main body of this dissertation consists of three chapters. Chapter 2 covers laboratory 

experiments which were performed at the St. Anthony Falls Laboratory in Minneapolis, 

MN. An experimental apparatus was designed to study zooplankton aggregations in a 

stratified water column. A series of experiments were performed with two types of 

Daphnia, Daphnia magna and Daphnia mendotae. Experimental conditions were varied 

to separately measure zooplankton aggregation in the presence and absence of light, 
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turbulence, and temperature gradients. Zooplankton distributions were then correlated to 

the experimental conditions. The results showed that turbulence did cause an avoidance 

response, and that it varied between species and between light and dark conditions.  

Development of a high-frequency sonar device for measuring zooplankton distributions 

in the field is explained in Chapter 3. A commercial fish finder was used to record 

echograms in Square Lake, near Stillwater, MN. The fish finder was calibrated first using 

a tungsten carbide sphere with a known echo strength, but this method showed that the 

fish finder was modifying the data before it was saved to the memory card. Instead of this 

calibration, the fish finder was calibrated to match plankton net samples. Field 

measurements were taken over 24 hour periods during 5 months in the summer of 2004. 

Plankton net samples were taken during the day and night and were compared to the 

sonar echograms taken at the same times. The experimental data showed dynamic 

changes in the distribution of zooplankton throughout the 24-hour periods and the entire 

summer.  

Chapter 4 presents detailed field measurements taken in Square Lake. Two buoys were 

placed in the lake and left there throughout the summer of 2004 in order to take monthly 

measurements. Temperatures were measured with thermistors as well as with a Self-

Contained Autonomous Microstructure Profiler (SCAMP). The SCAMP also measured 

chlorophyll a, dissolved oxygen and light levels. Zooplankton concentrations were 

measured using high frequency sonar and plankton net samples. Water velocities were 

measured with an Acoustic Doppler Profiler (ADP). Turbulence quantities were 
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calculated from the SCAMP and ADP data. These temperature and turbulence quantities 

were correlated with zooplankton distributions, both from the sonar echograms and the 

plankton net samples. The correlations differed between night and day and between 

species. Large Daphnia were aggregated according to temperature and turbulence during 

the day, but during the night temperature was the dominant control over zooplankton 

aggregations. Dissolved oxygen also played an important role for some species. 

Dimensionless number correlations were developed to explain zooplankton aggregations.  

The major contribution of this research to the field is the incorporation of high-resolution 

temperature and turbulence data into theories to explain the formation of zooplankton 

aggregations in stratified lakes. These data can be used by researchers to better explain 

why zooplankton form thin layers and can be combined with the existing knowledge of 

predator, light and prey distributions to understand the effects that changing climates and 

lake conditions will have on zooplankton populations. 
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Chapter 2: Turbulence Avoidance Thresholds for 
Daphnia in a Stratified Tank 
 

 

2.1 Abstract 

Daphnia in lakes live within a range of biotic and abiotic conditions, and it is difficult to 

determine how specific factors influence their spatial distributions. It is nearly impossible 

to separate the two types of variables when conducting field measurements, but it is much 

easier to isolate the effects of abiotic variables in a laboratory setting. We performed 

experiments in a stratified experimental tank to determine the effects of turbulent surface 

mixing, temperature and light on zooplankton aggregation. Daphnia in our experiments 

aggregated at a preferred temperature region in the tank, but moved downwards out of 

their preferred temperature depths when exposed to increasing values of turbulence. They 

stayed below these depths until the turbulence stopped, and then returned to the preferred 

temperature region. The effects varied slightly between the two species studied, Daphnia 

magna and Daphnia mendotae.  

2.2 Introduction 

Aquatic organisms live in a world where they experience a variety of physical conditions 

including fluid motion, water temperature, and light conditions. The physical 

environment in lakes, rivers, streams and oceans mediates the behavior patterns of 

aquatic organisms. It has been recognized for more than a century (i.e. Birge 1896) that 
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planktonic organisms aggregate in habitat layers. The biological and chemical processes 

that regulate metabolism in habitat layers have been studied extensively, but the physical 

processes that produce, sustain, and destroy the layers have received relatively little 

attention. 

This research studied the effect that physical variables have on Daphnia, a type of 

zooplankton commonly found in lakes. The experiments were designed to measure the 

effects that temperature stratification and fluid flow conditions have on the vertical 

distribution of Daphnia in an experimental apparatus. A plankton bioreactor with control 

over the mixing and temperature conditions was used in these experiments. Our central 

hypothesis was that Daphnia avoid regions of intense mixing and prefer regions with 

strong vertical temperature gradients, similar to the thermocline in lakes.  

Water temperature has been shown to affect the distribution of zooplankton in lakes 

(Marcogliese and Esch 1992; Megard et al. 1997; Helland et al. 2007). Daphnia are 

sensitive to temperature because it impacts their growth rates and metabolism (McLaren 

1963; Abrusán 2004), feeding rate (Loiterton et al. 2004), oxygen uptake (Paul et al. 

2004), and swimming (Gerritsen 1982). Some studies have shown that zooplankton tend 

to aggregate in the thermocline of lakes or oceans (Fragopoulu and Lykakis 1990; 

Megard et al. 1997). All of these examples indicate that zooplankton are strongly affected 

by temperature. 

Turbulence has also been shown to affect the distribution of zooplankton in lakes and 

oceans. Depending on their size and swimming ability, zooplankton may react differently 
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to mixing. Zooplankton have been shown to avoid surface mixed layers of the ocean 

during enhanced mixing, due to wind shear stress or ocean currents (Incze et al. 2001; 

Visser and Stips 2002, Maar et al., 2003, McManus et al., 2005). Zooplankton have also 

been shown to swim against ocean currents to maintain their positions (Genin et al., 

2005). In laboratory experiments, fluid mechanical disturbances have been shown to 

cause reactions in copepods (Costello et al. 1990; Fields and Yen 1997; Fields and Yen 

2002; Woodson et al. 2005; Woodson et al. 2007) and Daphnia (Seuront et al. 2004). 

This prior research shows that zooplankton do show behavioral responses to temperature 

and turbulence, and our experiments were designed to determine which fluid flow 

parameters would affect Daphnia distributions and to develop a method to predict the 

conditions that cause zooplankton aggregations in stratified water bodies. In lakes, the 

highest turbulence levels are measured at the surface and along the benthic boundaries, 

and this experimental set-up imitated the high turbulence levels in the surface layer of a 

lake. Fluid flow conditions and temperature stratification were systematically varied in 

the experimental setup in order to quantify the turbulence avoidance thresholds of 

Daphnia. 
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2.3 Methodology 

2.3.1 Experimental Set-up 

The experiments were performed in a plexiglass stratification tank (Figure 2.1, Figure 

2.2). The tank was 150 cm tall x 60 cm wide x 20 cm deep. It had two experimental 

chambers that were 20 cm x 20 cm x 150 cm tall, with removable walls isolating them 

from the rest of the tank.  The tank had full spectrum fluorescent lights located at the top, 

and was kept behind a thick black curtain that kept out all other light. Chilling coils were 

located at the bottom of the tank, and a peristaltic pump was used to re-circulate water 

and control the temperature stratification. Movable tubing was used to change the depth 

that the chilled water was circulated. An oscillating grid was located at the top of the tank 

in one of the experimental chambers to generate turbulence. 
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Figure 2.2: a) Plankton Stratification Tank and traversing system to control the 
camera position , b) PIV camera set-up on the traversing platform, c) PIV 

measurements with the laser light sheet near the oscillating grid. 
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2.3.2 Algal and Zooplankton Cultures 

Two species of Daphnia commonly found in lakes were used in the experiments: 

Daphnia magna and Daphnia mendotae (Figure 2.3). The Daphnia magna were a clone 

which originally came from the Großer Binnensee, in Northern Germany. Cultures of this 

clone have been maintained at the Max Planck Institute for Limnology (Lampert, 1991) 

and at the University of Warsaw, Poland (Loose and Dawidowicz, 1994). Our sample 

was obtained from R. Sterner and R. Forman at the University of Minnesota, Dept. of 

Ecology, Evolution and Behavior. Daphnia mendotae were collected from Square Lake, 

near Stillwater, Minnesota, and cultured at the University of Minnesota, St. Anthony 

Falls Laboratory. The green algae, Scenedesmus acutus, was used as the food source for 

both types of zooplankton, and originally came from the Max Planck Institute for 

Limnology in Ploen, Germany, and was also obtained from R. Sterner and R. Forman at 

the University of Minnesota. Algae and zooplankton were cultured in COMBO medium 

(Kilham et al. 1998), and the experiments were performed in COMBO medium as well. 

Zooplankton cultures were grown under light conditions matching the ambient outdoor 

light conditions, which were approximately at a 15 hr light/9 hr dark cycle. The 

zooplankton cultures were kept at room temperature, which ranged from 15ºC to 25ºC. 

Scenedesmus acutus was grown under continuous growth lights, but was kept at room 

temperature.  
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Figure 2.3: Daphnia used in the experiments. 
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2.3.3 Temperature Measurements 

A set of eight thermistors measured the temperature stratification continuously in each 

experimental chamber. The temperatures were logged into the computer once per minute. 

A temperature profiler was used to take detailed temperature profiles in the tank, but this 

was only performed after experiments had been completed, because it was necessary to 

remove the oscillating grid and lights at the top of the tank in order to take temperature 

profiles.  

2.3.4 Daphnia Distribution Measurements 

A digital video camera was used to record the vertical distribution of zooplankton. The 

tank was marked with lines every 5 cm, and the concentration of Daphnia between each 

set of lines was measured. The camera was paused at each depth, and five counts were 

averaged to determine the number of Daphnia. Some of the experiments were performed 

in the dark with a near-infrared (NIR) light panel placed behind the tank. The Daphnia 

showed up as dark spots against a red background (Figure 2.4) in these experiments. 

Sample images from the videos used to record vertical distributions are shown in Figure 

2.5. One image was captured from a video taken in the dark, and the other came from a 

video recorded with the lights on. 
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sentative experimental images: a) taken in the dark using the NIR 
light panel. b) taken with the lights on. 
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2.3.5 Other Measurements 

Oxygen, light and algal concentration were also monitored during the experiments and 

stayed relatively constant throughout the tank during most experiments. Dissolved 

oxygen (DO) was measured using an Optode DO sensor. Light was measured with a 

quantum sensor, and algal concentration was quantified by counting under a fluorescence 

microscope. Oxygen, light, and algal concentration were relatively constant throughout 

the tank during most experiments. 

2.3.6 Turbulence Generation 

Turbulence at the water surface was generated using an oscillating grid. The grid was 

designed to oscillate between a depth of 5 and 10 cm below the water surface (Figure 

2.2c). The grid stroke was 5 cm. The grid had bars that were 1 cm x 1 cm x 20 cm, and 

the spacing between bars was 4 cm, with 2 cm spacing along the edges. The ratio of open 

to closed space was 1.78. The experiments were performed at grid oscillations of 1-4 Hz.  

2.3.7 Turbulence Measurements 

The turbulence levels were measured using 2-dimensional particle image velocimetry 

(PIV). The PIV system (TSI, Inc., St. Paul, MN) used an Nd:YAG laser to illuminate a 

plane within the flow field (Figure 2.2b). Images were recorded using two 12-bit, 4 

megapixel CCD cameras. The lasers and cameras were controlled by the computer. 

Insight 6 (TSI) was used to acquire and process image pairs. Particles trajectories were 

measured by the computer between the two image pairs and were used to calculate 2-

dimensional particle velocities. The cameras recorded a window that was 5 cm x 5 cm. 

Measurements were taken along the centerline of the tank. The camera and laser arm 
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were mounted on a platform connected to a traversing system, which was computer-

controlled (Figure 2.2). For 1 Hz and 2 Hz grid oscillation frequencies, a second set of 

measurements were taken to the right of the centerline for comparison. Two hundred 

image pairs were recorded at each location. The first measurements were centered at a 

depth of 15 cm, 5 cm below the lowest point of the grid (Figure 2.4), and subsequent 

measurements were taken every 5 cm. The tank was seeded with micro-glass spheres 

with an average diameter of 11 µm, which provided particles for the image analysis. 

Turbulence quantities were calculated from the PIV measurements. The PIV 

measurements were conducted independent of the experiments with Daphnia, due to the 

disruptive effects from the laser light.  

2.3.8 Turbulence Quantities 

The PIV image pairs were analyzed to determine velocity distributions at each 

measurement point. Velocity vector fields were used to compute turbulence quantities. 

Root mean square velocities were determined as follows, where u and w are the 

horizontal and vertical velocity components. 

 ( ) 21
2wwrms ′=   (2.1) 

 ( ) 21
2uurms ′=   (2.2) 

The energy dissipation rate, εD, was calculated by the direct method (Doran et al. 2001), 

where ν is the kinematic viscosity of water, and u and w are the horizontal and vertical 

velocity components, and x and z are the horizontal and vertical distances. The angle 
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brackets denote a time average.  
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The Kolmogorov length scale, LK, and the Kolmogorov velocity scale, uK, were also 

computed. LK gives the scale of the smallest eddies at each depth.  
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The rate of rotation, or vorticity, R12, and strain rate, S12, were also calculated from the 

vector field. Copepods have been shown to react to strain rates in laboratory experiments 

(Fields and Yen, 1997).  
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These quantities were then compared to the distributions of Daphnia, in order to 

determine which ones had the strongest effect on their distributions.  
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Two dimensionless numbers, 
T
h

dz
dT  and ( )

D
LPe ⋅

=
4

1
νε , were used to determine the 

effects of temperature and mixing on zooplankton aggregation. The temperature 

gradient,
dz
dT , was multiplied by depth, h,  and divided by the water temperature, T, at 

each depth for the first number. The second number is the Peclet number, which gives the 

ratio of the rate of advection to the rate of thermal diffusion. L is a length scale, for which 

we used 5 mm as an approximate length of Daphnia magna, and D is the diffusivity of 

heat in water (1.5*10-7 m2s-1).  

2.4 Results and Discussion 

Each series of experiments was conducted over a period of one to two weeks. The 

Daphnia were placed in the tank and given three to five days to acclimate to the tank 

conditions. Zeis et al. (2004) found that acclimation temperature effects mostly 

disappeared after three to five days, and were completely gone after two weeks (Zeis et 

al. 2004). After the acclimation period, a series of experiments were performed with the 

same Daphnia culture. The experiments are summarized in Table 2.1. 
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Table 2.1: Summary of Experiments 

Experiment Mixing Levels Light 
Conditions 

Temperature 
Conditions 

Daphnia 
Species 

No Mixing 0Hz, 0Hz, 0Hz Light Stratified D. magna 
Uniform 
Temperature 

0Hz, 1Hz, 2Hz, 
3Hz, 4Hz Light Uniform D. magna 

Magna Stratified 0Hz, 1Hz, 2Hz, 
3Hz, 4Hz Light Stratified D. magna 

Dark Magna 
Stratified 

0Hz, 1Hz, 2Hz, 
3Hz, 4Hz Dark Stratified D. magna 

Mendotae 
Stratified 

0Hz, 0.5Hz, 1Hz, 
2Hz, 3Hz, 4Hz Light Stratified D. mendotae

Mendotae 
Reascending 

0Hz, 0.4Hz, 1Hz, 
2Hz, 0Hz, 0Hz Light Stratified D. mendotae

Magna - Low DO 0Hz, 1Hz, 2Hz, 
3Hz, 4Hz, 0Hz Light Stratified D. magna 

 

2.4.1 Distribution of Daphnia 

The experiments shown in Figure 2.6 (No Mixing) were conducted over a period of three 

days to determine the effects that temperature change would have on the vertical 

distribution of Daphnia. The tank was initially stratified, with a cold layer in the bottom 

half of the tank and a gradual temperature increase up to the top of the tank (Figure 2.6). 

The Daphnia stayed in the warmer top half of the tank on Day 1, but were mostly 

aggregated towards the bottom of the top half of the tank, just above the thermocline. The 

chiller was turned off, and the tank was left to warm up after the measurements were 

taken on Day 1. The warmer temperatures caused the Daphnia to descend deeper into the 

tank. They remained in the top half of the tank in the slightly warmer water. In this case 

the Daphnia were mostly located within the thermocline, but it was a weaker thermocline 

than on Day 1.  
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Figure 2.6: Daphnia distributions affected by temperature. a) shows Daphnia 
distributions during experiments over three consecutive days. b) shows the 

temperature profiles during those experiments. 
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After Day 2 measurements were taken, the chiller was turned back on, and the 

stratification was increased. The tank water cooled, and the Daphnia moved closer to the 

surface in the warmer water. These data show that Daphnia will ascend or descend in 

order to remain in water of a more favorable temperature. Temperature is tied to oxygen 

uptake in Daphnia (Paul et al. 2004b), and oxygen transport strongly affects thermal 

acclimation (Paul et al. 2004a). 

The first set of mixing experiments was performed using D. magna. The Daphnia were 

placed in the tank two days before the measurements were taken. The peristaltic pump 

was used to gently recirculate the water in the tank so that it was held at a uniform 

temperature of approximately 15ºC.  Before the mixing started, the Daphnia were 

aggregated near the top of the tank (Figure 2.7). For grid oscillation speeds of 1 Hz and 2 

Hz, the Daphnia moved lower in the tank, and the peak concentration depth was 

noticeably lower. For oscillation speeds of 3 Hz and 4 Hz, the Daphnia population also 

moved lower in the tank, but were much more spread out. This may have been because 

the higher turbulence generated by the oscillating grid at these frequencies made it 

difficult for them to maintain their position. Daphnia showed a strong avoidance reaction 

to the oscillating grid-generated turbulence levels. As the mixing increased, they 

descended deeper into the tank. 
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Figure 2.7: Daphnia distributions during the uniform temperature experiments (15ºC). 
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The same experiments were repeated with temperature stratification (Figure 2.8). The 

temperature varied by about 2ºC from the top to the bottom of the tank. Because the 

water was relatively cool in the tank, the Daphnia were initially aggregated towards the 

top of the tank. Under increasing levels of turbulence, the Daphnia migrated lower in the 

tank to avoid the regions of high turbulence. The Daphnia did not move quite as deep for 

each grid oscillation frequency as in the uniform temperature experiments. This is 

probably because the Daphnia avoided the colder water, and also because the density 

stratification in the tank may have damped out some of the turbulence. 

 

Figure 2.8: Daphnia magna experiments in a stratified tank. 
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Figure 2.9 shows similar experiments conducted on the same day in the dark. The light 

experiments were performed in the morning, and then the lights were turned off 

afterwards. The bottom of the tank was also chilled to discourage Daphnia from going to 

the bottom of the tank, because the camera could not reach the bottom of the tank with 

the infrared light source attached to the traversing arm. The lights were left off for 1.5 

hours before the measurements were begun. The Daphnia were initially at the top of the 

tank, and as the grid oscillation increased, they descended deeper to avoid the higher 

turbulence at the surface. The pattern was the same as for the light experiments. The 

results are less conclusive than the experiments in the light, but this is partially due to the 

measurement difficulty. The Daphnia distributions were measured using a digital video 

camera, with a near-infrared light source at the back of the tank. The Daphnia showed up 

as dark spots against a red background. The light panel was not big enough to cover the 

entire back of the tank, because it could not be held directly against the back of the tank. 

The camera was also much more difficult to focus in the dark, and some Daphnia may 

have been missed. But the general results were the same, and the peak concentrations 

descended to similar depths as in the light experiments. 
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Figure 2.9: Dark experiments with D. magna. 
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Next the experiments were repeated with D. mendotae (Figure 2.10). They showed a 

similar pattern as D. magna. These measurements were taken in a stratified tank. The 

temperature stratification was much stronger than in the experiments above, but that did 

not have a large impact on the avoidance patterns. The layers of Daphnia were more 

tightly compressed, but still descended as the grid oscillation speed increased. The grid 

was started at 1 Hz, and the 1 Hz measurements were taken first. The grid was then 

decreased to 0.5 Hz, and the Daphnia moved upwards with the lower turbulence. This 

indicates that the effects are reversible when turbulence decreases. When turbulence 

increased further, the Daphnia continued to descend.  

Another batch of experiments showed that D. mendotae re-ascended after the turbulence 

was stopped (Figure 2.11). After measurements were taken at 0, 0.5, 1 and 2 Hz, the tank 

was left to sit unmixed, and measurements were repeated after 1 hour and 2 hours. The 

Daphnia did not return to the exact same distribution as they had before the experiments 

started, but the temperature stratification changed as the experiments progressed, and the 

top of the tank was warmer than before the experiments started. Another set of 

measurements, taken 3 hours after the mixing stopped shows that the Daphnia did not 

ascend further, but these data are not included in the figure for clarity. It does show that 

Daphnia seem to choose their vertical position based on temperature, and will leave the 

position to avoid a certain level of mixing, but then will return to the preferred 

temperature location. Any differences between the preferred depth before and after 

mixing are likely due to changes in the temperature stratification. 
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Figure 2.10: Daphnia mendotae experiments. 
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Figure 2.11: Daphnia mendotae experiments, showing that they ascend after the 
mixing stops. 
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The final set of experiments was performed with D. magna, which were added to the 

experimental tank six days before these measurements were taken. During this set of 

experiments, the dissolved oxygen in the tank was decreased down to 1-2 mg/L. This is 

near the threshold level for Daphnia. Figure 2.12 shows their response to mixing. They 

were aggregated near the top of the tank, which had higher dissolved oxygen levels. The 

Daphnia descended as the mixing increased, and after the mixing stopped, they ascended 

back to near the surface. They stayed shallower in these experiments than in other mixing 

experiments, showing that the low dissolved oxygen inhibited their avoidance of 

turbulence and compressed their vertical distributions. Dissolved oxygen measurements 

from these experiments are shown in Figure 2.13. Mixing did increase the DO values in 

the tank, which may have affected the later distributions. Daphnia were willing to 

withstand higher turbulence in the presence of an oxycline and low DO levels. 
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Figure 2.12: D. magna experiments with low dissolved oxygen. 
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Figure 2.13: Dissolved Oxygen measurements for the Low DO experiments. 
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2.4.2  Turbulence Measurements 

The particle image velocimetry (PIV) measurements were performed in a stratified tank. 

Measurements were taken at grid oscillation speeds of 1, 2, 3, and 4 Hz. Values in the 

following tables were computed directly from the PIV measurements. For 1 and 2 Hz, an 

extra profile was also taken to the right of the main profile, and these values are shown in 

parentheses in Tables 2.2 - 2.5. Data from the tables are shown graphically in Figures 

2.15 – 2.18. The temperature stratification changed as the PIV measurements progressed. 

By the end of the PIV measurements, the tank was completely mixed (Figure 2.14). This 

is similar to the change in temperature stratification during the experiments. The 

turbulence was strong enough to mix the water and to gradually overcome the 

temperature stratification. The grid also generated heat when running and contributed to 

heating the top of the tank.  
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Figure 2.14: PIV Temperature measurements. 
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Table 2.2: Energy Dissipation, S12 and R12. 

Depth 
Energy Dissipation Rate

εD 
 (m2/s3) *10-6 

Shear Rate 
S12 
(s-1) 

Vorticity 
R12 
(s-1) 

(cm) 1Hz 2Hz 3Hz 4Hz 1Hz 2Hz 3Hz 4Hz 1Hz 2Hz 3Hz 4Hz 

15 24.0 
(31.9) 

187 
(308) 595 1243 0.967 

(1.06) 
2.77 

(3.50) 5.08 7.52 1.08 
(1.18) 

3.13 
(3.88) 5.50 7.88 

20 4.47 
(4.58) 

54.3 
(54.5) 154 366 0.420 

(0.406)
1.42 

(1.38) 2.58 4.05 0.458 
(0.431) 

1.65 
(1.59) 2.89 4.38 

25 0.843 
(0.882) 

12.1 
(10.6) 47.1 133 0.179 

(0.179)
0.656 

(0.582) 1.40 2.39 0.194 
(0.183) 

0.743 
(0.620) 1.58 2.62 

30 0.329 
(0.543) 

6.12 
(8.86) 19.0 61.9 0.112 

(0.128)
0.478 

(0.504) 0.858 1.59 0.113 
(0.130) 

0.505 
(0.507) 0.986 1.74 

35 0.273 
(0.547) 

4.18 
(10.1) 7.85 42.0 0.103 

(0.132)
0.400 

(0.512) 0.522 1.28 0.102 
(0.131) 

0.406 
(0.518) 0.580 1.34 

40  1.79 
(5.00) 6.17 27.1  0.241 

(0.319) 0.472 1.02  0.255 
(0.330) 0.521 1.04 

45  1.49 
(4.57) 4.99 27.3  0.205 

(0.294) 0.409 1.01  0.229 
(0.307) 0.433 1.03 

50  1.36 
(1.16) 4.69 27.0  0.189 

(0.209) 0.399 1.01  0.198 
(0.212) 0.417 1.01 

55  1.64 8.48 13.5  0.206 0.480 0.709  0.207 0.490 0.719
60   6.78 13.2   0.498 0.688   0.508 0.702
65   6.75 13.7   0.491 0.695   0.500 0.709

 
Table 2.3: The root-mean-square (RMS) Velocities. 

Depth Horizontal rms velocity  
(urms) (mm/s) 

Vertical rms velocity  
(wrms) (mm/s) wrms/urms 

(cm) 1Hz 2Hz 3Hz 4Hz 1Hz 2Hz 3Hz 4Hz 1Hz 2Hz 3Hz 4Hz

15 5.24 
(5.79) 

12.2 
(13.8) 18.0 21.1 6.24 

(6.61) 
13.9 

(16.0) 20.3 24.3 1.19 
(1.14) 

1.14 
(1.17) 1.13 1.15

20 2.27 
(1.99) 

7.29 
(7.08) 11.9 15.7 3.08 

(2.74) 
11.3 

(10.4) 20.8 27.3 1.35 
(1.38) 

1.55 
(1.47) 1.75 1.74

25 1.09 
(0.802) 

3.95 
(3.35) 8.23 10.4 1.62 

(1.40) 
6.64 

(5.83) 15.7 19.9 1.49 
(1.75) 

1.68 
(1.74) 1.91 1.91

30 0.342 
(0.507) 

2.84 
(2.56) 6.07 7.67 0.866 

(0.993)
5.32 

(4.61) 11.4 14.5 2.53 
(1.96) 

1.87 
(1.80) 1.88 1.89

35 0.209 
(0.265) 

1.59 
(2.48) 4.39 5.55 0.816 

(0.795)
4.24 

(4.65) 8.25 11.3 3.91 
(3.0) 

2.67 
(1.88) 1.88 2.03

40  1.96 
(1.73) 3.81 3.96  3.92 

(3.64) 7.18 8.12  2.00 
(2.10) 1.88 2.05

45  2.05 
(1.87) 2.57 3.44  3.44 

(3.43) 6.50 7.20  1.68 
(1.83) 2.53 2.09

50  0.819 
(0.699) 2.05 3.70  2.86 

(2.82) 5.90 6.46  3.49 
(4.03) 2.88 1.75

55  0.483 2.41 3.04  2.63 5.86 6.00  5.44 2.44 1.97
60   2.16 3.21   5.30 5.44   2.45 1.69
65   1.32 2.87   4.67 5.38   3.55 1.87
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Table 2.4: Velocity Shear Values. 

Depth ∂u/∂x  
(m/s) 

∂w/∂z 
(m/s) 

∂v/∂y 
(m/s) 

(cm) 1Hz 2Hz 3Hz 4Hz 1Hz 2Hz 3Hz 4Hz 1Hz 2Hz 3Hz 4Hz

15 0.800 
(0.961) 

3.09 
(3.32) 4.76 5.87 0.872 

(1.06) 
2.88 

(3.34) 4.10 5.89 1.08 
(1.34) 

3.86 
(4.27) 5.92 7.93

20 0.347 
(0.496) 

1.56 
(0.793) 1.90 3.90 0.405 

(0.594)
1.51 

(0.819) 2.44 4.40 0.530 
(0.710) 

1.95 
(1.11) 2.91 5.28

25 0.164 
(0.169) 

0.842 
(0.651) 0.924 1.94 0.210 

(0.210)
0.834 

(0.664) 1.07 2.61 0.262 
(0.264) 

0.944 
(0.850) 1.40 2.98

30 0.113 
(0.129) 

0.481 
(0.531) 0.581 1.47 0.122 

(0.132)
0.496 

(0.597) 0.663 1.83 0.167 
(0.185) 

0.709 
(0.812) 0.838 2.20

35 0.116 
(0.138) 

0.451 
0.590) 0.446 1.20 0.112 

(0.154)
0.480 

(0.574) 0.458 1.35 0.164 
(0.211) 

0.655 
(0.826) 0.642 1.87

40  0.259 
(0.286) 0.534 1.02  0.280 

(0.304) 0.605 1.21  0.375 
(0.420) 0.753 1.62

45  0.220 
(0.241) 0.478 1.07  0.241 

(0.245) 0.533 1.17  0.305 
(0.349) 0.688 1.61

50  0.198 
(0.213) 0.422 0.986  0.224 

(0.253) 0.435 1.14  0.297 
(0.338) 0.608 1.54

55  0.187 0.483 0.731  0.228 0.551 0.774  0.308 0.749 1.07
60   0.506 0.762   0.706 0.833   0.868 1.13
65   0.456 0.708   0.599 0.881   0.765 1.13

 
Table 2.5: Kolmogorov and Batchelor Scales. 

Depth Kolmogorov Scale 
(LK) (mm) 

DO Batchelor Scale 
(LB) (mm) 

Kolmogorov Velocity 
(uK) (m/s) 

(cm) 1Hz 2Hz 3Hz 4Hz 1Hz 2Hz 3Hz 4Hz 1Hz 2Hz 3Hz 4Hz

15 0.408 
(0.393) 

0.238 
(0.215) 0.179 0.147 0.0182

(0.0176)
0.0106 

(0.00961) 0.00799 0.00658 2.50 
(2.63) 

4.26 
(4.76) 5.68 6.86

20 0.622 
(0.636) 

0.334 
(0.345) 0.251 0.200 0.0278

(0.0284)
0.0149 

(0.0154) 0.0112 0.00895 1.64 
(1.62) 

3.06 
(3.01) 4.04 5.05

25 0.937 
(0.952) 

0.490 
(0.536) 0.336 0.260 0.0419

(0.0426)
0.0219 

(0.0240) 0.0150 0.0116 1.09 
(1.08) 

2.09 
(1.95) 3.01 3.90

30 1.19 
(1.15) 

0.580 
(0.598) 0.428 0.316 0.0532

(0.0514)
0.0259 

(0.0267) 0.0191 0.0141 0.858 
(0.909) 

1.77 
(1.77) 2.37 3.21

35 1.23 
(1.13) 

0.638 
(0.603) 0.553 0.353 0.0557

(0.0505)
0.0285 

(0.0269) 0.0247 0.0158 0.819 
(0.922) 

1.61 
(1.77) 1.85 2.89

40  0.830 
(0.809) 0.580 0.397  0.0371 

(0.0362) 0.0259 0.0177  1.25 
(1.37) 1.76 2.58

45  0.908 
(0.854) 0.632 0.400  0.0406 

(0.0382) 0.0283 0.0179  1.15 
(1.32) 1.63 2.57

50  0.968 
(0.878) 0.638 0.403  0.0433 

(0.0392) 0.0285 0.0180  1.10 
(1.17) 1.62 2.55

55  0.902 0.597 0.478  0.0403 0.0267 0.0214  1.18 1.77 2.15
60   0.577 0.489   0.0258 0.0219   1.79 2.11
65   0.579 0.487   0.0259 0.0218   1.79 2.13
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Figure 2.15: Energy Dissipation and uK. 
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Figure 2.16: urms and wrms. 



 

Chapter 2 45

0

10

20

30

40

50

60

70

0 0.02 0.04 0.06

DO Batchelor Scale (mm)

D
ep

th
 (c

m
)

1Hz

1HzR

2Hz

2HzR

3Hz

4Hz

0

10

20

30

40

50

60

70

0 0.5 1 1.5

Kolmogorov Scale (mm)

D
ep

th
 (c

m
)

1Hz

1HzR

2Hz

2HzR

3Hz

4Hz

 
Figure 2.17: DO Batchelor Scale and Kolmogorov Scale. 
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Figure 2.18: Shear Rate (S12) and Vorticity (R12) (1/s). 
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2.4.3 Comparison of Daphnia Distribution and Turbulence Measurements 

Daphnia concentrations were correlated with the turbulence quantities to varying degrees. 

Many of the turbulence quantities were related to each other. A table is shown of R2 

values for log-log plots of normalized zooplankton concentration vs. selected turbulence 

quantities. The Kolmogorov length scale and the Kolmogorov velocity scale are 

calculated from the energy dissipation rate, so only the energy dissipation rate was 

included. Shear rate and rate of rotation are calculated from velocity gradients, so the 

gradients were not included in the following table. The quantities which I did not include 

had similar values to the related quantities which were included.  

 

Table 2.6: R2 Values for Log-log Plots of Zooplankton Concentrations vs. Selected 
Turbulence Quantities (highest values for each column are highlighted in bold type). 

 All 
Data 

D. 
Magna 

Magna-
LowDO 

LowDO vs. 
Zoop/DO 

Magna-
UniformT 

Magna-
Dark 

D. 
Mendotae

(dT/dz)*(h/T) 0.26 0.07 0.01 0.22 -- 0.48 0.60 
εD 0.39 0.67 0.50 0.67 0.47 0.31 0.49 
S12 0.40 0.67 0.49 0.68 0.48 0.33 0.50 
R12 0.41 0.68 0.48 0.68 0.50 0.34 0.53 
urms 0.36 0.52 0.32 0.51 0.45 0.37 0.65 
wrms 0.33 0.53 0.40 0.48 0.32 0.28 0.52 
Pe 0.40 0.67 0.50 0.67 0.47 0.30 0.48 

 
 

Daphnia magna was most influenced by the same three variables in each of its 

experiments: energy dissipation rate, shear rate and rate of rotation. This was true for the 

stratified experiment (D. Magna), the uniform temperature experiment (UniformT), and 
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the low dissolved oxygen experiment (LowDO). R2 values were lower for the UniformT 

experiment, which may be related to the fact that the PIV measurements were taken in a 

stratified tank, and would have had some differences in a uniform temperature tank. The 

Daphnia would probably have propagated deeper in the tank and not been inhibited by 

the stratification. R2 values were also lower for the LowDO experiment, which reflects 

the influence of dissolved oxygen concentration on the distributions. When the 

zooplankton concentration is normalized with the DO concentration instead of the mean 

zooplankton concentration, the R2 values are much higher, as shown, and match the other 

D. magna experiment.  

The experiment with D. magna in the dark showed that the distributions were most 

correlated with temperature. In the dark, the behavioral cues may be different than during 

the light. As explained in the methods section, nighttime measurements are less accurate 

than daytime measurements, and this may contribute to the lower correlation. There may 

also be other cues which are not being measured that affect their behavior. During the 

dark experiments with D. mendotae, the highest concentrations were at the bottom of the 

tank, and did not interact at all with the mixing. These data were not included, but it also 

shows that they have a different behavioral cue in the dark.  

D. mendotae followed different cues than D. magna. For D. mendotae, variables that 

most strongly influenced its distribution were the temperature gradient parameter and 

urms. The experiments with D. mendotae had a stronger temperature gradient than the D. 

magna experiments, but it also appeared that D. mendotae followed the temperature 
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gradient more than any of the turbulence parameters. The distribution was also tied to 

urms, the horizontal velocity component. The magnitude of urms is related to the 

temperature stratification, and should be higher above the thermocline. The temperature 

stratification would inhibit mixing, and urms would also contribute to destroying the 

thermocline, so the two are tied together.  

When all of the variables were considered together, the R2 values were much lower, but 

followed a similar pattern to the D. magna experiments, which is probably due to the fact 

that more experiments were performed with D. magna. The comparisons with individual 

experiments are more indicative to the mechanisms involved with aggregation. Plots of 

the most influential variables are included below for D. magna, D. mendotae and Magna-

Dark (Figure 2.19). Figure 2.20 shows a plot of D. magna concentration vs. the Peclet 

number. The Peclet number is calculated from the value of energy dissipation, and the 

correlations are similar for the two quantities. Figure 2.21 shows a plot of D. mendotae 

vs. the Peclet number and the normalized temperature. The R2 value for Figure 2.21 is 

lower than the value for only normalized temperature, so D. mendotae distributions are 

not as well correlated to the Peclet number as to temperature or urms.  
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Figure 2.19: Plots of Normalized Zooplankton Concentration vs. a) Energy 
dissipation, b) Shear Rate (S12), c) Rate of Rotation (R12) for the D. magna 

experiments; and vs. d) dT/dx*h/T and e) urms for D. mendotae; and vs. dT/dx*h/T for 
the dark D. magna experiments. 
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Figure 2.2.20: Plot of normalized zooplankton concentration vs. Peclet number for D. 
magna. 
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Figure 2.2.21: Plot of normalized D. mendotae concentration vs. normalized 
temperature and Peclet number. 
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2.4.4 Center of Mass and Peak Depths 

The center of mass of each depth distribution was calculated and these values are shown 

in Figure 2.22, along with the depths of the peak concentrations. The center of mass 

shows an average depth, while the peak concentration shows the peak depth. Both of 

these values decrease with increasing grid oscillation speed for each experiment. Both the 

center of mass and peak concentration depths are greatest for the uniform temperature 

distributions. 
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It was not possible to come up with one quantity to predict the depth of the center of mass 

or the depth of the peak concentration across all experiments. This depended on the exact 

experimental conditions. However, comparing the depth of the zooplankton peak 

concentrations from Figure 2.8 and Figure 2.10 to the measured PIV values, it is possible 

to come up with a table of threshold values which cause an avoidance response from 

Daphnia. The thresholds values are the values just above the peak in the zooplankton 

distribution. The PIV measurements were not taken at the same time the experiments 

were performed, so they will not match the exact temperature conditions in the tank, but 

they are approximate guidelines. Values were similar between D. magna and D. 

mendotae, except for the values of urms and wrms, where D. mendotae had a lower 

threshold value. D. mendotae was shown to be sensitive to urms and the temperature 

gradient also in the previous section. The avoidance thresholds were lower at 1 Hz than at 

4 Hz, so the range given in parentheses indicates the upper and lower bounds. These 

threshold values are guidelines to indicate when Daphnia distributions are being affected 

by turbulence.  

Pringle (2007) estimated a threshold turbulence level from looking at the literature. This 

threshold value of 10-7 m2s-3 was the estimated level which would cause zooplankton to 

leave the surface (Ekman) layer of the ocean to avoid being carried away by currents. 

This is similar to our range of 10-5 to 10-6 m2s-3, but an order of magnitude smaller. It is 

possible that differences could be accounted for by the differences between laboratory 

and field measurements and between different species. Fields and Yen (1997) measured 

threshold shear values from 1.5 s-1 to 51.5 s-1 that would cause copepods to elicit an 
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escape response. These are higher than our values, but we did not measure escape 

responses, and we were looking at Daphnia rather than copepods. Maar et al. (2003) also 

concluded that zooplankton would be sensitive to a threshold value of turbulence, above 

which they would be overwhelmed by the water motion and would be well mixed. We 

have found threshold values which cause Daphnia to sink lower into more quiescent 

waters.  

 

Table 2.7: Threshold Turbulence Values. 

Quantity D. magna D. mendotae 

Energy Dissipation Rate, εD (10-6 m2s-3) 10 
(0.8-13) 

10 
(0.3-14) 

Shear Rate, S12 (s-1) 0.7 
(0.2-0.7) 

0.7 
(0.1-0.7) 

Rate of Rotation, R12 (s-1) 0.75 
(0.2-0.7) 

0.75 
(0.1-0.7) 

urms (mm/s) 5 
(1–4.5) 

3.5 
(0.3-3) 

wrms (mm/s) 8.5 
(2–8) 

6 
(1-6) 

∂u/∂x (m/s) 0.75 
(0.2-0.7) 

0.75 
(0.1-0.7) 

∂w/∂z (m/s) 1 
(0.2–0.8) 

1 
(0.1-0.9) 

∂v/∂y (m/s) 1 
(0.3–1) 

1 
(0.2-1.1) 

Lkolm  (mm) 0.4 
(0.9-0.5) 

0.4 
(1.2-0.5) 

Lbatch (mm) 0.02 
(0.04-0.02)

0.02 
(0.05-0.02) 

Peclet Number, Pe 60 60 
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2.5 Conclusions 

We have shown that surface turbulence causes Daphnia to migrate downward to more 

quiescent depths. They migrate downward based on certain quantifiable turbulence 

levels, such as an energy dissipation rate of 10-6 m2s-3. In the absence of turbulence, 

Daphnia tended to aggregate at a preferred temperature. If the water in the tank became 

colder, they aggregated at the surface, and if the water in the tank became warmer, they 

aggregated deeper in the tank. The avoidance response to turbulence is reversible. Once 

the mixing stops, Daphnia eventually reascend to a preferred depth or temperature in the 

tank. In the absence of temperature stratification, Daphnia move deeper in the tank to 

avoid turbulence. This may be because the turbulence propagates lower when there are no 

appreciable water density gradients to dampen the fluctuations of turbulence parameters.  

The response to turbulence varied between the two species studied. Daphnia magna 

exhibited turbulence avoidance behavior in the light and the dark. In the light, their 

turbulence response was elicited by an energy dissipation rate of 10-6 m2s-3, a Peclet 

number of 60, a shear rate of 0.7 s-1, and a rotation rate of 0.75 s-1. In the dark, D. magna 

responses were more strongly correlated to the temperature gradient than to the 

turbulence levels. The temperature gradient is related to the level of turbulence, because 

it moves deeper as the tank is mixed. D. mendotae were affected more strongly by the 

temperature gradient and the root-mean-square velocity even in the light. Daphnia 

mendotae tended to sink to the bottom of the tank in the dark, but the center of mass of 

the distribution did descend with increasing turbulence.  
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The distributions were additionally modulated by an oxygen gradient. Daphnia stayed 

closer to the surface and tolerated higher turbulence levels to remain in water with a 

higher dissolved oxygen concentration. Daphnia magna and Daphnia mendotae show 

well-defined and predictable responses to temperature and turbulence in a stratified 

experimental tank. In lakes, their distributions will only be affected by mixing when the 

turbulence levels are above the threshold values and when turbulence is present at their 

preferred depth.  
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Chapter 3: Development of an Acoustical Method to 
Measure Cross-Sectional and Time-Series Distributions 
of Zooplankton 
 

 

3.1 Abstract 

Acoustical measurements provide a powerful tool for measuring zooplankton 

distributions in lakes and marine environments. They can generate a high-resolution, two-

dimensional image of the zooplankton distribution within the water. Conventional 

plankton net sampling techniques cannot provide such detailed information, and often 

miss most of the important features including small scale temporal and spatial 

variabilities. We have used a commercial fish finder to measure zooplankton distributions 

and have calibrated it. We collected a series of monthly 24-hour acoustic profiles 

throughout one summer. Plankton net samples were still required to accurately measure 

concentrations of zooplankton and to differentiate between species, but the sonar gives a 

complete overview of the spatial and temporal variability in zooplankton concentrations. 

This system is readily available, relatively inexpensive, and simple to use for zooplankton 

detection. These types of measurements enable a more complete analysis of zooplankton 

concentrations and can be used to study the effects of biotic and abiotic effects on 

zooplankton aggregation in lakes.  
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3.2 Introduction 

Understanding zooplankton aggregation in lakes is a current hot topic in the areas of 

ecology and limnology. In order to investigate the controlling mechanisms, accurate 

spatial and temporal measurements of zooplankton distributions are necessary. This 

chapter will explain a modified version of a high-frequency sonar system which is able to 

determine cross-sectional and time-series distributions of zooplankton in lakes. The 

device uses a readily available commercial echo sounder, or fish finder, which can be 

connected to a laptop or used alone with the data stored on a memory chip to be analyzed 

in the laboratory. The data include GPS and temperature data. This system was used to 

detect zooplankton aggregations in Square Lake in Stillwater, MN. This system is also 

useful in conjunction with conventional plankton sampling methods since it displays real-

time data of zooplankton vertical distributions.  

The signal from a standard fish finder can be modified to record plankton, which are 

typically filtered out as noise. This provides a relatively inexpensive way to map the 

cross-sectional distribution of fish and zooplankton in lakes. As the sonar signal leaves 

the transducer it spreads out in a conical fashion. This spreading out causes a loss of 

signal strength, especially near the bottom, which must be accounted for. The computer 

software calculates a volume backscattering coefficient, which can be calibrated using net 

samples to quantify the number of sound scatterers of a certain size.  
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The proposed system is based on the acoustic sampling device successfully used in lakes 

by Megard et al. (1997). The device consisted of an interface between a commercial 

echosounder and a personal computer, which was calibrated to measure zooplankton 

distributions. Technology has changed dramatically since then, and now it is possible to 

acquire digital data directly from the echosounder, and the equipment is much smaller 

and easier to work with. Sonar has been used by others to measure zooplankton 

distributions (Greenlaw, 1979; Holliday & Pieper, 1995), but the power of this system is 

that it is commercially available, relatively inexpensive, and simple to use.  

Sonar is beneficial in several ways. It can be used to verify the depth of other measuring 

equipment, such as a conductivity, temperature and depth (CTD) profiler, or other 

equipment which would be suspended in the water. Sonar is also invaluable in setting 

depth ranges for vertical plankton net tows. The software displays real-time data which 

indicate the optimal depths for net samples. Sonar is very useful in mapping plankton 

patchiness (spatial heterogeneity) in lakes. This would be difficult to detect or sample 

using plankton nets. Sonar provides high resolution data on zooplankton abundance and 

distribution in lakes, which cannot be collected by any other means. It can be a relatively 

inexpensive tool to conduct field measurements, which is invaluable in understanding the 

environmental factors driving zooplankton and fish aggregation in aquatic environments.  
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3.3 Methodology 

Two obstacles had to be overcome to be able to use the proposed sonar unit. Commercial 

fish finders are designed to locate fish and to monitor bottom depths and to be able to log 

these data for future reference. They have been calibrated for optimal recording of fish 

echoes, and  zooplankton are typically considered to be noise which should be filtered 

out. Fish finders come in a compact package with a nice display and the capability to log 

data, but the actual echo strength data is not important. This creates two problems for 

zooplankton research. First the raw data must be retrieved from the sonar unit. The sonar 

data is saved on a memory card as it is collected, and commercial software is available to 

view the data, but the actual echo strength values are not accessible through the software. 

These values are contained in a binary file which had to be decoded. The second obstacle 

was that the data needed to be calibrated to measure zooplankton concentrations once the 

raw data had been retrieved.  

3.3.1 Sonar Unit 

The sonar unit was a Lowrance LMS-240, with a connected GPS receiver. We also tested 

an LCX-15MT, which was newer and was able to take measurements at both 200 kHz 

and 50 kHz. The LMS-240 was primarily used for the research, because it was the 

original one which was purchased and had been used to collect more data, and it was 

smaller. This unit used a 200 kHz transducer with a 20º beam angle. The LMS-240 also 

had the capability to output data directly to a computer, as it was being recorded. The 

newer units do not have this capability. It was powered with a battery pack, which took 8 

size D batteries. It had a card slot which would take one secure digital memory card.  
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3.3.2 Data Retrieval 

The files were stored in as a binary file on the memory card. Once the files were 

transferred to a laptop computer, the software provided by Lowrance could bring up an 

image of the cross-section collected at the lake, but the echo data points were not 

accessible. Some of the data could be accessed and saved, including bottom depth, 

elapsed time, GPS coordinates and water temperature. For each ping sent out by the sonar 

unit, the memory card would record GPS and bottom depth information, as well as some 

other parameters. The files also recorded the echoes received back by the sonar unit from 

depths in the water. These data were saved into a binary file, which is a long string of 

ones and zeroes without any other file structure. Binary files are used because they are a 

compact format for recording large amounts of data. In order to convert the data into 

another format, you must know the order and amount of data which is saved, so that you 

can read in the data in the correct order and know when to start and stop reading the file. 

The commercial software could easily decode the files, with the knowledge of what was 

contained in them. We needed to guess at the order and format of the data, and then we 

had to make assumptions about the information contained within the files and decode the 

data files through trial and error. The decoding was verified through comparison with the 

data displayed in the commercial software program.  
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3.3.3 Calibration 

The raw data retrieved from the binary files was in the format of an unsigned 8-bit 

integer, or uint8 (with values from 0 to 255). Sonar data is logarithmic by nature, so the 

data must have been transformed in order to convert it to a scale of 0 to 255. Lowrance 

was not willing to share with us any information regarding the format of the numbers or 

the method in which the data were converted or compressed. Therefore, we used two 

methods to attempt to calibrate the data. The first method was to use a tungsten carbide 

sphere with a known echo strength. This was lowered to different depths below the sonar 

unit, to compare the recorded echo strengths.  

The second method of calibration was to calibrate the sonar values directly to 

zooplankton concentrations, using net samples of zooplankton concentrations. Net 

samples were collected over each two meters of depth in the same spot in which the sonar 

data were recorded. A closing plankton net was used to collect the zooplankton, and they 

were counted in the lab. Known echo strengths for Daphnia pulicaria and Chaoborus 

flavicans were used to calculate predicted volume backscattering strengths. Daphnia 

pulicaria were the largest species of zooplankton in the lake, and chaoborus have an air 

bladder which gives them a very strong echo strength.   

Sonar measurements were taken continuously over a 24-hour period from the 

echosounder attached to a buoy in the middle of Square Lake, MN. These 24-hour 

measurements were taken once in June, July, August, September and October of 2004. 

While the sonar measurements were being logged, plankton net samples were collected 
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once during the day and once during the night for comparison and calibration purposes. 

These net samples were preserved in ethanol (Black and Dodson, 2003) and then counted 

in the lab.  

3.4 Results and Discussion 

3.4.1 Data Retrieval 

The data were written into a binary file, which is a long string of numbers, without any 

other file format. The data must be read from the binary file in order and recorded into a 

text file. We were able to identify the structure of the binary file and to decode most of it. 

For each ping that the sonar unit sends out, the same amount of bytes of information are 

written to the file. Each ping includes sonar echo values and supporting data, such as 

GPS, temperature and bottom depth.  

Each ping begins with an initial file identifier which has five 16-bit unsigned integer 

(uint16) values. At the beginning of the file, the third uint16 value gives the number of 

bytes stored per ping. This is followed by a string of validation values, telling you which 

supporting data measurements are recorded for each ping. Some of the validation values 

could be determined from comparing the binary file to the information included in the 

Lowrance program. These are single bit values, with 1 being true and 0 being false. There 

are 16 unsigned single bit (ubit1) values which give the validation information, and 10 of 

them could be determined. These values are shown in Table 3.1.   
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Table 3.8: Validation Values (recorded as single bit values). 

1 unknown 9 Position Valid 
2 unknown 10 unknown 
3 unknown 11 Surface Depth Valid 
4 unknown 12 Top of Bottom Depth Valid 
5 Water Temp Valid 13 Column is 50 kHz 
6 Water Temp 2 Valid 14 Time Valid 
7 Water Temp 3 Valid 15 Speed/Track/Altitude Valid 
8 Water Speed Valid 16 unknown 

 

The next section contains the actual data for the 16 previous quantities. When the above 

validation values are ‘1’, or ‘true’, then the data is included, when the validation values 

are ‘0’, or ‘false’, the data is not included. For each true quantity in the previous section, 

one 32-bit number is read. These values should be read from the binary file in the order 

shown in Table 3.2. Once all of the supporting data has been read, the next piece of 

information in the file is an unsigned 16-bit integer (uint16) number which gives the 

number of sonar values following. This has always been 960 for the Lowrance LMS-240 

and 1400 for the Lowrance LCX-15MT. The sonar values are read as 8-bit unsigned 

integer (uint8) numbers. The file is filled in with zeroes until it reaches the total number 

of bytes per ping given in the file header information. When all of the validation values 

are true, there are not always enough bytes left to include all of the sonar data, and the 

last several depths are truncated. The file then starts over with the five uint16 values. A 

Matlab file was written to open up the binary files and save them as comma delineated 

text files. 
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Table 3.9: Sonar File Supporting Data Order. 

Quantity Type 
Lower Limit* Float 
Depth* Float 
Water Temp Float 
Water Temp 2 Float 
Water Temp 3 Float 
Water Speed Float 
PositionX Int32 
PositionY Int32 
SurfaceDepth Float 
Top of Bottom Depth Float 
Time Offset* Uint32 
Speed Float 
Track Float 
Altitude Float 

*These three values are always given, and no True  
validation value is required. 

 

3.4.2 Tungsten Carbide Sphere Calibration 

The calibration procedure is proposed by Megard et al., (1997). Sonar raw data must be 

adjusted to provide ‘time-varied gain,’ which compensates for the loss of signal strength 

due to the spreading of the beam as it moves away from the sonar, and also as the echo 

returns to the sonar unit. Echo strength is then computed in terms of a volume 

backscattering strength,  

 vv sS  log 10= , (3.1) 
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where sv is the volume backscattering coefficient representing the echo strength 1 meter 

from an ensonified volume of water. The volume backscattering coefficient can be 

computed from the following formula,  

 14
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where P2 is squared voltage of the ping leaving the transducer, and p2 is the squared 

voltage of the return echo received by the transducer, r is the distance from the transducer 

to V, which is the reverberating volume. V can be calculated as follows, where c is the 

speed of sound, τ is the sonar pulse duration, and ψ is the equivalent beam width.   
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which leads to the following formula for sv.  

 
1

222
v 2

1s
−

⎥⎦
⎤

⎢⎣
⎡= τψcPrp  (3.4) 

The quantity in brackets is a constant which takes into account the design details of the 

echosounder. The equivalent beam width (ψ = 0.0692) was calculated according to Urick 

(1983, Table 8.1) from the transducer half angle (10º). The sound of speed was assumed 

to be 1,440 m/s. Lowrance would not give us any information on the pulse duration, so 

we estimated that it would be similar to 200 µs, which was the value used by Megard et 

al. (1997) for an older Lowrance echosounder.  
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The calibration was performed using a tungsten carbide sphere (Foote and MacLennan, 

1984) with a target strength of -38.6 dB at 192 kHz (Megard et al., 1997). It was not 

known whether or not the data saved by the echosounder had been manipulated in any 

way. If it had already been calibrated, then the sphere should generate the same volume 

backscattering strength at all depths. We performed calibration measurements with the 

sphere on Lake Calhoun in Minneapolis, MN. The raw data collected by the echosounder 

are depicted in Figure 3.1.  

 

 
Figure 3.1: Raw sonar data for tungsten carbide sphere calibration. 

 

The line descending in steps is the sphere as it is being lowered below the boat. As shown 

by the changing color, the measured volume backscattering strength from the sphere 
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decreases as it descends. This indicates that the data saved by the echo sounder has not 

been properly calibrated. The depth scale was changed around ping #225, but this does 

not impact the calibration. Equation (3.5) below can be solved for E0
2, the echo source 

level, which generates the pings coming from the echosounder. Using the quantities given 

above, we do not find a constant source level (Figure 3.2).  

 

( )

4

2

2
0

22
2

0

10122.1 strength  target 
 target todistance

strength echo

level source

2

−×==

=
=

=

××
=

κ

κ

r
E

E

rEE

 (3.5) 

 

 

 



 

Chapter 3 

Sonar Calibration

0.0E+00

5.0E+08

1.0E+09

1.5E+09

2.0E+09

2.5E+09

3.0E+09

0 2 4 6 8 10 12 1

Depth (m)

So
ur

ce
 L

ev
el

 (E
02 )

200khz-old

200khz-new
50khz-new

Power (200khz-old)
Power (200khz-new)

Power (50khz-new)

Figure 3.2: Echosounder Source Levels. 
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scale of 0 to 255. We attempted to calibrate the data using the Power trendlines shown on 

Figure 3.2. We used the power trendline formula as the source level P2 in Equation (4). 

The calibrated data are shown in Figure 3.3.   

 

 
Figure 3.3: Calibrated Sonar Data. 

 

The line from the tungsten carbide sphere is now maintained at a constant echo strength, 

but the background echoes are also very strong. Typical background echoes for pure 

water would be in the range of -90 to -100 dB. These background echoes are in the range 

of -60 to -70 dB, which is 2-3 orders of magnitude higher than they should be. Therefore 

something else must have been done with the echosounder data before it was saved.  
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Figure 3.4 shows data collected at the same time and location from two different sonar 

units. Figure 3.4a shows data collected by Leif Hembre on Square Lake on July 8, 2004 

at 5 different times of day. Hembre used the same echosounder used in Megard et al. 

1997, which has been calibrated and used multiple times (Megard et al., 1989; Ross et al., 

1996; Megard et al, 1997; Hembre and Megard, 2003; Hembre and Megard, 2005; 

Hembre and Megard, 2006). These values are median volume backscattering strengths 

from a transect across the lake. Our echosounder data was collected at the same times in a 

similar location, from a stationary buoy. These are also median volume backscattering 

strengths. They were calibrated using the method explained above. The two sets of data 

seem to match somewhat, but the high and low values measured at similar times often 

differ by 10-20 dB, which means that they differ by 1-2 orders of magnitude. It appears 

that the Lowrance echosounder modified the scale of the measurements so that the total 

range of the measurements was compressed. This means that actual high values are 

higher than our calibrated values, and the actual low values are lower than our calibrated 

values.  
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Figure 3.4: Comparison of Echosounder data a) from Leif Hembre and b) from our 
echosounder. 

 

3.4.3 Zooplankton Concentration Calibration 

Another way to calibrate the sonar values is to match them as closely as possible to our 

plankton net samples. Two organisms dominate the volume backscattering strength of the 

water in Square Lake. During the day, the main sound scatterer is Daphnia pulicaria, a 

large species of zooplankton found in Square Lake (Figure 3.5). These were counted for 

each two-meter depth plankton net sample. Daphnia pulicaria has been estimated to have 

an echo strength of -120 dB (Hembre and Megard, 2003).  

Square Lake, July 8, 2004
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Hembre and Megard (2003) also showed that most of the backscattered sound in Long 

Lake, MN could be attributed to large Daphnia. Therefore we only used the counts of 

Daphnia pulicaria in our calibration.  

Daphnia
pulicaria

R. Megard

Daphnia
pulicaria

R. Megard
 

Figure 3.5: Daphnia pulicaria photo, taken by R. Megard. 

 

At night we found a population of chaoborus larvae which migrated up from the lake 

sediments and dominated the sonar measurement (Figure 3.6). Chaoborus larvae have 

been estimated to have an echo strength of -64 dB (Jones and Xie, 1994). For 

comparison, one chaoborus larva would have an echo strength equivalent to 1 million 

daphnia. Once the chaoborus ascended into the water column, they masked over the 

other organisms present in the water. 
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We were able to catch some chaoborus larvae in our plankton net, so these 

concentrations were also used to calibrate the echosounder data.  

 

Chaoborus larva.

D Rubelke & R. Megard

Chaoborus larva.

D Rubelke & R. Megard
 

Figure 3.6: Chaoborus larva photo, taken by D. Rubelke & R. Megard. 

 

The concentrations of D. pulicaria and chaoborus were multiplied by their mean echo 

strengths and then summed to create an equivalent volume backscattering strength for 

each two meters of depth. Sonar measurements were selected to match the times when 

the plankton net samples were taken, and median sonar values were taken for each 2-

meter depth interval. These median values were compared to the equivalent plankton net 

volume backscattering strengths to estimate an empirical formula to adjust the raw sonar 

data to match the plankton net samples. One empirical formula was used to convert all of 

the sonar data. VBScalib is the calibrated volume backscattering strength. VBSraw is the 

raw data, and r is the depth that the echo came from.  

 
65.01210 r

rawcalib VBSVBS −=  (3.6) 
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The calibrated sonar data are shown in Figure 3.7 along with the plankton net data. The 

sonar data tend to match the plankton net data fairly well, except at the surface. The 

surface sonar measurements tended to contain a lot of noise, and the depth correction in 

Equation 3.6 tends to overcorrect the surface data for some of the cases.  
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Figure.3.7: Calibrated Square Lake Sonar Data and Plankton Net Data. 

 

The relationship between the plankton net data and the 2-meter depth median sonar 

values is depicted in Figure 3.8. The graph used the volumetric backscattering strength 

(VBS) from each month’s set of data. A 1:1 slope least squares approximation line fits 

the data relatively well, so the calibration is sufficient. The surface measurements were 

excluded from this plot, but the rest of the data points are all included. This seems to be a 
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reasonable approximation for the sonar measurements. Locations where chaoborus were 

present are susceptible to some error because chaoborus show up strongly in the sonar 

data but are difficult to sample accurately with the plankton net.  In some cases we only 

had one chaoborus larva in our plankton net sample. They have such a comparatively 

strong echo strength that missing one or two would make a big difference to the 

calculated VBS values. During the night when chaoborus are spread throughout the water 

column or near the bottom of the lake during the day, the error between net and sonar 

measurements is increased. 

 

Sonar Calibration

y = 0.9814x
R2 = 0.65

-120

-100

-80

-60

-40

-20

0

-120 -100 -80 -60 -40 -20 0

Sonar VBS (dB)

Pl
an

kt
on

 N
et

 V
B

S 
(d

B
)

 
Figure 3.8: Comparison between calibrated sonar and plankton net volumetric 

backscattering strengths. 

 

There is still some error in the volumetric backscattering strengths using this calibration 

method, so the sonar data should not be used to determine absolute zooplankton 
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concentrations. The proposed method provides a qualitative picture of the zooplankton 

distributions. All of the measurements need to be calibrated with plankton net samples, so 

the echosounder cannot be used on its own. But once it is calibrated, it shows much finer 

details of the distribution of zooplankton in the lake. The new echosounder is also very 

useful, because it can be used to measure depth profiles throughout a 24-hour period. 

These measurements are shown in Figure 3.9.  

 
Figure 3.9: 24-hour Sonar Measurements. 
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These charts show the encouraging capability of the proposed sonar system for collecting 

data. It can record sonar data unattended throughout a 24-hour period. These charts show 

patterns that would be much more difficult to fully understand by simply sampling with a 

plankton net. They show a chaoborus larvae layer ascending from the bottom of the lake 

each night as the sun sets, and then going back down as the sun rises in the morning. 

Looking at the profiles, it is also possible to see plankton layers in the water during all 

times of day.  

3.5 Conclusions 

We have shown that a commercial fish finder can be used to study zooplankton 

distributions in lakes. It can be used to take profiles across a lake while connected to a 

boat, and it can also record time series of sonar data while connected to a buoy. The data 

from the echosounder can show zooplankton layers in the lake, and zooplankton 

migration over time and depth. These data can be calibrated using plankton net samples 

of zooplankton.  

The calibration is not exact enough to determine absolute concentrations of zooplankton 

in the lake. This echosounder is appropriate for locating zooplankton layers for targeted 

net sampling or for monitoring changes in the zooplankton layers. To improve the 

system, it would be necessary to get at the actual raw data from the echosounder. This 

may be possible by connecting wires inside the echosounder to get at the voltages. 

Otherwise it may be possible to use a system from another manufacturer that may be 

more helpful. If the actual raw data is available, then the sonar could be calibrated more 
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exactly and could be used to measure zooplankton concentrations. The proposed method 

is useful for qualitative measurements and finding patterns and layers within the lake, but 

plankton net samples are required to measure the zooplankton concentrations.  

These types of measurements provide a more complete understanding of zooplankton 

distributions and can be used to investigate the effects of biological and physical 

variables on zooplankton populations in lakes. It is now possible to measure time-series 

and cross-sectional distributions of zooplankton. It would also be possible to create a 3-

dimensional map of zooplankton in a lake. Another application of the proposed 

technology is in creating a wireless system to monitor zooplankton distributions in 

aquatic ecosystems. 
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Chapter 4: The Effects of Physical Processes on 
Zooplankton Aggregation in Stratified Lakes 

 
 

 

4.1 Abstract 

The study of how physical variables affect zooplankton vertical distributions in lakes has 

been complicated by the difficulty of measuring physical data and zooplankton 

distributions with high enough spatial and temporal resolutions to make meaningful 

explanations. Over the past 5 years, sensor technologies have dramatically progressed so 

that simple and affordable field measurements enable mechanistic understanding of 

zooplankton aggregation in aquatic ecosystems. We performed a series of measurements 

in a small oligotrophic suburban lake to determine how physical variables such as 

temperature, mixing, light and dissolved oxygen levels affect the vertical distribution of 

zooplankton. The measurements were taken in a 24-hour time series on five different 

days throughout the summer of 2004. We found that the physical variables did have an 

impact on the zooplankton spatial distributions, and could be used to predict zooplankton 

aggregations. These effects were species-specific and also differed between day and 

night.  
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4.2 Introduction 

Zooplankton are important organisms in lake ecosystems. They are a vital food source for 

small fish, and they also consume algae, which is important for maintaining clear water. 

In the field of lake management, it is crucial to understand the factors which make a 

habitat favorable for zooplankton. In stratified lakes, zooplankton tend to aggregate into 

thin layers (Birge, 1896; Hembre and Megard, 2003). A combination of biotic and abiotic 

factors causes these aggregations, and an understanding of both is necessary to model 

zooplankton behavior in lakes.  

Understanding the relationship between zooplankton distributions and physical variables 

has been limited by the difficulty of collecting high resolution data on the spatial and 

temporal distributions of zooplankton. New techniques for studying turbulence has made 

it possible to gain a better understanding of mixing in lakes (Etemad-Shahidi and 

Imberger, 2001). At the same time, it is now possible to map zooplankton distributions 

using high-frequency sonar (Megard et al. 1997). These two methods provide a much 

more complete picture of how mixing affects the distribution of zooplankton.  

We would like to address the interactions between zooplankton and physical processes 

which might affect thin layer formation in lakes. These thin layers form at certain depths 

which correspond to specific light, temperature and turbulence levels, among other 

characteristics. We hypothesize that zooplankton aggregation can be attributed mainly to 

physical processes.  
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Light can provide directional and behavioral cues to zooplankton. Zooplankton in lakes 

sometimes exhibit a behavior called diel vertical migration. This is the pattern of 

migrating to a higher or lower position in daylight relative to their position in darkness. 

This phenomenon has been documented in a lake in northern Minnesota (Hembre and 

Megard, 2003). They found that Daphnia aggregated in a thin layer below the 

thermocline during daylight and migrated upwards after sunset. This phenomenon has 

also been recreated in laboratory experiments. Daphnia have been shown to swim 

upwards in decreasing light and downwards in increasing light (van Gool and Ringelberg, 

1997). Laboratory experiments have also addressed swimming patterns during vertical 

migration (Dodson et al. 1997). These experiments demonstrated that Daphnia swim 

downward by fast swimming when lights are turned on, and swim upward by fast 

swimming in response to lights being turned off. During uniform light conditions, they 

exhibit their more characteristic sinking or moderate swimming behavior. The fast 

swimming response to light changes was increased by the presence of fish smell in the 

water.  

Researchers have also shown that acceleration in light increase due to the sunrise impacts 

the vertical swimming speed of zooplankton. Daphnia were found to have a higher 

displacement velocity when there was an acceleration in light increase or decrease (van 

Gool and Ringelberg, 1997). This would impact the total vertical displacement that 

zooplankton could achieve in a diel cycle.  
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Temperature also controls zooplankton distribution to a large extent. Hembre and Megard 

(2003) performed a field study over the course of the summer, in a lake which was 

stocked with fish in spring. Before the addition of fish, Daphnia inhabited the surface 

water. After the addition of fish, Daphnia tended to aggregate in or below the 

thermocline during the day, implying a retreat to deeper waters to avoid predation by fish. 

Their lower limit was determined by the dissolved oxygen concentration. Daphnia stayed 

in waters with a minimum of 1 mg/L dissolved oxygen. At night when predation pressure 

was lower, they spread out into the warmer surface waters. Another study also 

demonstrated the aggregation of zooplankton in the thermocline of Lake Superior 

(Megard et al. 1997). It seems likely that temperature gives zooplankton the cue to 

inhabit a certain depth. It has also been shown that changes in the temperature gradient in 

lakes causes a change in the center of gravity of daphnia and copepod distributions 

(Helland et al, 2007).  

Similarly, a laboratory study found that Daphnia migrated vertically in response to 

temperature. Daphnia showed a tendency to migrate into waters that were close to their 

optimum temperature for growth, which tend to be warmer temperatures (Calaban and 

Makarewicz, 1982). This study took place without the presence of fish smell, so it shows 

that in the absence of predation pressure, Daphnia prefer warmer waters. Another study 

confirmed that Daphnia parvula would have the highest growth advantage by remaining 

in warmer surface waters (Orcutt and Porter, 1983).  
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The investigation of turbulence on zooplankton aggregation is a more recent field of 

study. Field studies have shown that a threshold level around 10-7 Wkg-1 would cause 

zooplankton to leave the surface layer of the ocean (Pringle, 2007). If turbulence levels 

are too high, then the zooplankton will be swept along by currents. This depends on the 

type of zooplankton and their size and developmental state (Lagadeuc et al., 1997; Incze 

et al., 2001, Maar et al., 2003). Copepod aggregation has been attributed to their 

swimming against vertical currents in the ocean (Genin et al. 2005). Other research has 

shown that thin zooplankton layers are affected by the physical structure of the ocean 

(McManus et al., 2003, McManus et al., 2005). Zooplankton may choose their depth in a 

lake depending on the turbulence level that they desire to live in. In Chapter 2, we 

showed evidence that Daphnia have a certain threshold value of turbulence that will 

cause them to migrate into deeper water.  

4.3 Materials and Methods 

4.3.1 Study Site 

Square Lake is a small oligotrophic lake located in Stillwater, Minnesota, about 30 miles 

east of St. Paul (Figure 4.1). The long axis of the lake is about 1.5 km, and the lake's 

surface area is about 195 acres (0.8 km2). The maximum depth is 20 m, and the mean 

annual Secchi depth is 7 meters. It is a groundwater fed lake, which is stocked annually 

with Rainbow Trout. Two buoys were placed in the lake at a depth of 14.5 meters, and 

located about 50 m from each other (Figure 4.2). Buoy 1 held a datalogger with 

temperature and wind measurement, and was connected to an Acoustic Doppler Current 

Profiler (ADCP), which was anchored to the bottom of the lake. Buoy 2 held an 
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echosounder and a Sontek data sonde. Other data were collected from a pontoon boat, 

which was anchored to one of the buoys during sample collection.  
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Figure 4.1: Square Lake Diagram: the locations of buoys 1 and 2 are shown on the 
figure.  
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Buoy 1 Buoy 2

a) b)

Buoy 1 Buoy 2

a) b)

 

Figure 4.2: Buoy 1, shown in a) held a datalogger, connected to a windspeed and 
direction sensor, temperature thermisters were hung below the buoy, and an ADP 

was anchored to it as well.  Buoy 2, shown in b) held a data sonde and an 
echosounder.  

 

4.3.2 Zooplankton Measurements 

Zooplankton distributions were measured using high-frequency sonar. An echosounder 

was attached to a buoy located in 14.5 meter deep water. The measurements were taken 

continuously throughout a 24-hour period once a month for five months (June to 

October). The echosounder was a commercially available fish finder (Lowrance LMS-

240) with a frequency of 200 kHz and a beam width of 20 degrees. The sonar unit could 

record echoes for 24 hours while saving them to an internal memory card. The sonar data 

was analyzed as described in Chapter 3, and the output was then calibrated to match 

zooplankton data collected with a plankton net. Net samples were collected in 2-meter 

intervals with a closing plankton net (30 cm diameter, 130 micrometer mesh size). The 

net samples were taken at two times during the 24 hours, once during the day and once 

during the night. The net samples were counted according to five plankton categories: 

Daphnia pulicaria, Daphnia mendotae, calanoid and cyclopoid copepods, and 
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Chaoborus. These were the five main zooplankton species in the lake. We converted the 

net counts into backscatter strengths, using previously measured echo strengths. The 

dominant echoes came from the large Daphnia during the day and from Chaoborus at 

night. For Daphnia, we used a value of -120 dB (Hembre and Megard, 2003) and for 

Chaoborus we used a value of -60 dB (Jones and Xie, 1994). 

 

Daphnia
pulicaria

R. Megard

Daphnia
pulicaria

R. Megard
 

Figure 4.3: Photograph of D. pulicaria. 
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Chaoborus larva.

D Rubelke & R. Megard

Chaoborus larva.

D Rubelke & R. Megard
 

Figure 4.4: Photograph of a Chaoborus larva. 
 

4.3.3 Velocity Measurements 

We measured 3-D velocity components in the lake using a Pulse-Coherent Acoustic 

Doppler Profiler (PC-ADP) made by Sontek. The PC-ADP was anchored to the bottom of 

the lake in a section where the depth was 14.5 m and suspended off the bottom in order to 

measure the upper 10 meters of the water column. Velocity measurements were taken 

every 0.25 m, and the averaging interval was 10 min. We used the PC-ADP in non pulse-

coherent mode. The data were smoothed using a moving average over 2 hours. 

Communication with the PC-ADP was established through a data cable connected to a 

buoy on the lake surface. Each month we turned on the PC-ADP and logged water 

velocities for a 24 hour period at the same time as we were collecting the other 

measurements.  

4.3.4 Temperature 

A data logger (Campbell Scientific) connected to the buoy recorded water temperatures 

using a chain of eleven thermistors. The thermistors were positioned at depths of 2, 4, 5, 
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6, 6.5, 7, 7.5, 8, 9, 10, and 14 m.  Wind speed and direction, which were measured with a 

wind vane and cup anemometer, were also recorded by the data logger. Data was 

collected once every 10 minutes continuously throughout the summer. The time interval 

was decreased to 1 minute during the 24 hours when we were logging the other data. The 

data were downloaded once each month.  

4.3.5 Self-Contained Autonomous Microstructure Profiler 

High resolution profiles were taken of the water column during the day using a Self-

Contained Autonomous Microstructure-Profiler (SCAMP), made by Precision 

Measurement Engineering (PME). It was used in upward profiling mode and was able to 

take measurements every millimeter. Data collected were temperature, photosynthetically 

active radiation (PAR), chlorophyll a (using a fluorometer), dissolved oxygen, depth and 

time. Software provided by PME calculated energy dissipation rates, Thorpe 

displacement scales, and mixing lengths using the temperature microstructure data.  

4.3.6 Other Measurements 

Water samples were collected to measure chlorophyll a, phosphorus and nitrate. The 

chlorophyll measurements were used to calibrate the SCAMP fluorometer measurements. 

Dissolved oxygen was also measured using Winkler titration to verify the other dissolved 

oxygen measurements. A Hydrolab DS5 sonde was placed on the second buoy during 

each 24-hour measurement period, and logged temperature, light and dissolved oxygen at 

the lake surface.  
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4.3.7 Dimensional Analysis 

We performed a dimensional analysis of the field variables in order to interpret our 

results. The parameters considered were zooplankton concentration, C (mg/L), depth-

averaged zooplankton concentration, Cav (mg/L), temperature gradient, dT/dz (ºC/m), 

dissolved oxygen, DO (mg/L), energy dissipation rate, εD (m2s-3), temperature, T (ºC), 

stability frequency, N2 (s-1), kinematic viscosity, ν (m2s-1), density, ρ (mg/L), and depth, h 

(m). These parameters were chosen because they represented quantities mentioned earlier 

to have an effect on zooplankton aggregations.  

Table 4.10: Variables used in dimensional analysis 
Variable Units Dimensions Exponent 
Zooplankton Concentration, C mgL-1 ML-1 a 
Depth Averaged Concentration, Cav mgL-1 ML-1 b 
Temperature Gradient, dT/dz ºCm-1 TL-1 c 
Dissolved Oxygen (DO) mgL-1 ML-1 d 
Energy Dissipation Rate, εD m2s-3 L2t-3 e 
Temperature, T ºC T f 
Stability Frequency, N2 s-2 t-2 g 
Kinematic Viscosity, ν m2s-1 L2t-1 h 
Density, ρ mgL-1 ML-1 i 
Depth, h m L j 
Mean Temperature, Tmean ºC T k 

 

Dimensional analysis was used to convert these variables into several dimensionless 

numbers, using the standard dimensions of mass (M), length (L), time (t) and temperature 

(T). 
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The following equation includes all of the variables.  
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Four equations were formed to sum up the exponents of each dimension, as follows.  

 M:  a + b + d + i = 0 
 L:  -a - b - c - d + 2e + 2h - i + j = 0 (4.2) 
 t:  -3e - 2g - h = 0 
 T:  c + f + k = 0 
 
 
These equations can be combined as follows:  

 a = -b - d - i 
 j = c - 2e - 2h (4.3) 
 f = -c - k 
 g = (-3/2)e – (1/2)h 
 
 
These exponents can be used as exponents of the original quantities:  
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These can now be recombined into separate dimensionless number quantities:  
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We use b = -1, c = 1, d = -1, k = -1, and combine others to form the two following 

groupings:  
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We are left with the following five dimensionless groupings:  
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The first grouping takes into account both the temperature gradient and the temperature, 

T
h

dz
dT

⋅ . The second dimensionless grouping is 
ν

ε
⋅2N

. This number is a small-scale or 

strain Froude number (Imberger, 1994), and describes the mixing intensity vs. the 

stability of the water column. The third dimensionless number is 
ρ

DO . This describes the 

effect of dissolved oxygen concentration and density on the zooplankton distributions. 

The final two numbers are a normalized temperature, 
meanT
T  and a normalized 

zooplankton concentration, 
avC

C  . 
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The first four dimensionless numbers were plotted vs. the normalized zooplankton 

concentration. For the sonar data, the volume backscattering strength was divided by the 

measured echo strength of D. pulicaria (Hembre and Megard, 2003) and an assumed 

body mass to get units of mass per volume. For the nighttime sonar data, C/DO is the 

ratio of Daphnia concentration to dissolved oxygen, both measured in mg/L. Each of 

these combinations was compared against day and night sonar measurements, as well as 

against day and night plankton net counts. 

4.4 Results 

4.4.1 Temperature Measurements 

The temperature data from the thermistor chain are typical for a Minnesota Lake. Figure 

4.5 shows a contour plot of the lake temperatures throughout the summer, starting in May 

and going through October, when the lake began its fall turnover. Figure 4.6 shows 

contour plots of the lake temperatures for each day in which measurements were taken. 

Fluctuations in the temperature data show internal waves. 
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Figure 4.5: Square Lake summer-long temperature stratification. Wind speed is 
shown at the top, and water temperature (ºC) is indicated by the color.  
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Figure 4.6: Square Lake wind speed and temperature distributions during monthly 
sampling intervals. 
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4.4.2 Velocity Measurements 

The acoustic Doppler velocity measurements showed fairly low water velocities in the 

upper ten meters of the lake. Figure 4.7 shows the velocity data collected by the PC-ADP. 

These velocities are calculated along the long axis of the lake, roughly in the direction of 

the prevailing winds. They typically show a positive flow in the direction of the 

prevailing winds in the upper fiver meters of the lake, and there is a return flow in the 

lower five meters of depth. We did not collect data from the bottom five meters of the 

lake, due to limitations of the PC-ADP. Each of these data series were collected over a 

24-hour period, except for the August data, which was collected over 2 days. Wind 

direction data are not shown, and that may also have an effect on the velocity data. 

Velocity data and temperature data were used to calculate a Richardson Number (Ri), 

which quantifies the stability of the water column. An Ri greater than 0.5 indicates 

unstable water, that can easily be overturned, and an Ri less than 0.5 typically indicates 

water that is fairly stable due to the density gradient. Figure 4.8 shows the Ri’s calculated 

from the PC-ADP data. The stable portions of the water column are indicated by the red 

color, and the stable portions move lower as the thermocline progresses deeper in the 

lake. In October, the thermocline was below the depth of the PC-ADP probe, so we were 

no longer able to detect the stable zone. The upper, blue layers are the well-mixed surface 

zone.  
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Figure 4.7: Square lake acoustic Doppler velocity data during each of the 24-hour 
measurement periods. Colors indicate water velocities in cm/s along the long axis of the 

lake. 
 

 

 
Figure 4.8: Richardson Numbers calculated from the PC-ADP velocity and 

temperature data. 
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4.4.3 SCAMP Data Results 

Figure 4.9 shows temperature measurements taken by the SCAMP. These data match the 

temperatures logged by the datalogger, but with finer spatial resolution.  
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Figure 4.9: SCAMP temperature measurements for each month. 
 

Figures 4.10 and 4.11 show chlorophyll a values from each day that measurements were 

taken. Figure 4.10 shows them as individual profiles, and Figure 4.11 shows them as a 

contour plot over the entire summer.  
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Figure 4.10: Chlorophyll a data from SCAMP fluorometer measurements. 

Figure 4.11: Contour plot of the SCAMP chlorophyll data. 
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Peak chlorophyll concentrations were at high depths throughout the summer. Water 

samples taken from the deep chlorophyll layers showed purple bacteria, which had a 

large impact on the chlorophyll distributions. It is likely that sufficient light reached those 

layers to support phototrophic bacteria, but these layers were not anoxic until the later 

months. We assume that some of the chlorophyll is due to bacteriochlorophyll.  

Dissolved oxygen values are shown in Figure 4.12 as individual profiles and in Figure 

4.13 as a contour plot. These data do not show an increase in dissolved oxygen due to the 

deep chlorophyll maximum. This provides further evidence that the chlorophyll 

maximum is not entirely due to photosynthetic algae. Secchi depth values ranged from 3 

to 5 meters throughout the summer. The DO measurements show that an anoxic layer is 

present at the bottom of the lake throughout the sampling season. 

Energy dissipation values are shown in Figure 4.14. They were calculated from the 

SCAMP temperature profiles. These plotted data are median energy dissipation values 

taken from a minimum of five SCAMP profiles. Each of these data lines show high 

energy dissipation values in the surface mixed layer, and along the bottom boundary of 

the lake. The profiles for June, July, August and October show peaks around the 

thermocline region as well. The thermocline advances deeper as the summer progresses, 

and the peak in energy dissipation follows it. September data do not show a peak at the 

thermocline, but there is an increase in the energy dissipation around 8-10 meters, which 

is towards the bottom of the thermocline region. The energy dissipation peaks are caused 

by internal waves breaking along the boundaries of the surface, thermocline and bottom.  
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Figure 4.12: SCAMP dissolved oxygen measurements for each month. 
 

Figure 4.13: Contour plot of SCAMP dissolved oxygen measurements. 
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Figure 4.14: Energy dissipation values calculated from SCAMP temperature profiles. 
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Individual monthly SCAMP data values are shown in Figures 4.15 to 4.19. They provide 

a side-by-side comparison of all of the variables measured by the SCAMP, temperature 

(ºC), temperature gradient (ºC/m), energy dissipation (m2s-3), dissolved oxygen (mg/L), 

chlorophyll (mg/L), and log light (uEm-2s-1). The temperature gradients are used to 

calculate energy dissipation values.  
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Figure 4.15: June SCAMP data. Data shown are: a) temperature (ºC), b) 
temperature gradient (ºC/m), c) energy dissipation (m2s-3), d) dissolved oxygen 

(mg/L), e) chlorophyll (mg/L), f) log light (uEm-2s-1).  

a) b) c) d) e) f) 
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Figure 4.16: July SCAMP Data. Data shown are: a) temperature (ºC), b) temperature 

gradient (ºC/m), c) energy dissipation (m2s-3), d) dissolved oxygen (mg/L), e) 
chlorophyll (mg/L), f) log light (uEm-2s-1). 
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Figure 4.17: August SCAMP Data. Data shown are: a) temperature (ºC), b) 

temperature gradient (ºC/m), c) energy dissipation (m2s-3), d) dissolved oxygen 
(mg/L), e) chlorophyll (mg/L), f) log light (uEm-2s-1). 

a) b) c) d) e) f) 

a) b) c) d) e) f) 
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Figure 4.18: September SCAMP Data. Data shown are: a) temperature (ºC), b) 
temperature gradient (ºC/m), c) energy dissipation (m2s-3), d) dissolved oxygen 

(mg/L), e) chlorophyll (mg/L), f) log light (uEm-2s-1). 
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Figure 4.19: October SCAMP Data. Data shown are: a) temperature (ºC), b) 

temperature gradient (ºC/m), c) energy dissipation (m2s-3), d) dissolved oxygen 
(mg/L), e) chlorophyll (mg/L), f) log light (uEm-2s-1). 

a) b) c) d) e) f) 

a) b) c) d) e) f) 
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Further details of the temperature gradient fluctuations are shown in Figures 4.20 to 4.24. 

The previous figures only show one temperature gradient profile, but these figures show 

data from five of the SCAMP profiles taken each month. The two-sided temperature 

fluctuations indicate turbulent overturning events – regions of active turbulence. These 

measurements are used to calculate energy dissipation rates. As can be seen from the 

data, the fluctuations typically occur at the surface and bottom, as well as in the 

thermocline region. The thermocline fluctuations are especially evident in the October 

data.  
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Figure 4.20: June SCAMP Data. a) Temperature and b) through f) Temperature 

Gradient  Profiles. 
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Figure 4.21: July SCAMP Data. a) Temperature and b) through f) Temperature 

Gradient  Profiles. 
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Figure 4.22: August SCAMP Data. a) Temperature and b) through f) Temperature 

Gradient  Profiles. 

a) b) c) d) e) f) 

a) b) c) d) e) f) 



 

Chapter 4 107

 
 

0 10 20 30

0

5

10

15

Temp (deg C)

D
ep

th
 (m

)

-25 0 25 -25 0 25 -25 0 25
Temperature Gradient (deg C/m)

-25 0 25 -25 0 25

 
Figure 4.23: September SCAMP Data. a) Temperature and b) through f) 

Temperature Gradient  Profiles. 
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Figure 4.24: October SCAMP Data. a) Temperature and b) through f) Temperature 

Gradient  Profiles. 

a) b) c) d) e) f) 

a) b) c) d) e) f) 
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4.4.4 Light Measurements 

Light measurements from the Hydrolab data sonde are shown in Figure 4.25. They are 

shown as logarithmic values, and they clearly show the sunrise and sunset for each day of 

measurements. These are taken from 24-hour surface measurements, extrapolated 

throughout the entire depth using light attenuation data derived from the monthly 

SCAMP measurements. Low levels of light are present at all times, even throughout the 

night. Daytime fluctuations can be seen, which are due to cloud movements.  

4.4.5 Sonar Measurements 

Figure 4.26 shows the zooplankton echograms collected over a 24-hr period. The 

echograms show a scattering layer migrating up from the bottom of the lake during the 

night. The layer ascends at twilight, when the sun begins to set and descends back to the 

bottom at sunrise when daylight is increasing. This layer is made up of chaoborus larvae, 

which have been shown to exhibit a diel vertical migration pattern (Dawidowicz et al. 

1990; Haney et al. 1990; Lorke et al. 2004), and which were also present in the net 

samples.  
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Figure 4.25: Light distributions over a 24-hour period. Data are shown as logarithms 
of the raw light data. 
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Layers of other zooplankton are also evident in the echograms. Hembre and Megard 

(2003) showed that most of the backscattered sound in Long Lake, MN could be 

attributed to large Daphnia, so the other plankton layers that appear in the echograms are 

most likely to be D. pulicaria, which was the largest species of Daphnia found in the 

lake. In June, zooplankton are found in a light blue layer near the surface, and another 

layer a little lower down. Near the bottom is a stronger zooplankton layer. During the 

night, this lowest zooplankton layer is compressed into a well-defined layer, below the 

chaoborus. July and August show similar patterns, with a lower zooplankton layer 

evident after the chaoborus have migrated upwards during the night.  

In September, during the night, a zooplankton layer forms in the surface layer, above the 

chaoborus. Also during September, the chaoborus do not completely settle into the 

sediments during the day. In September the anoxic layer extends up to a depth of 10 

meters. This gives them a larger area free from predatory fish, which need oxygen.  
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Figure 4.26: Sonar echograms showing patterns in zooplankton distributions 
throughout a 24-hour period. 
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Plankton net samples show the distribution of different species of zooplankton for each 

month. Net samples were collected during the day and night. These data are shown in 

Figure 4.27. They do not have the same spatial resolution as the sonar echograms, but 

individual species behavior can be distinguished. Predator distributions are shown in 

Figure 4.28. No data are included for October, because no predators were found in the 

plankton net samples. In general, Daphnia pulicaria and cyclopoid copepods tended to 

stay in or below the thermocline, and they tended to stay lower when there was sufficient 

dissolved oxygen. Cyclopoid copepods were present in small numbers until October, at 

which time they were the most abundant species. This coincides with the disappearance 

of the predators. Daphnia mendotae and calanoid copepods tended to stay in or above the 

thermocline. All of the species typically stayed out of the surface waters, except for at 

night. During the night sampling, more species were always present in the surface waters 

than during the day sampling. They may migrate upwards from lower waters, or they may 

migrate horizontally from the near-shore waters.  
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Figure 4.27: Square Lake Plankton Net Data. Night and day samples are shown for 
each month.  
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Figure 4.28: Square Lake plankton net predator distributions. Night and day samples 
are shown for each month. No data are shown for October, because no predators 

were present in the plankton net samples.  
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4.4.6 Dimensional Analysis 

The sonar data were difficult to interpret. Sonar gives a very good picture of the patterns 

of zooplankton aggregations in the lake, but it combines all organisms in the lake which 

scatter sound, which includes Daphnia, copepods, fish, chaoborus, and other species. 

Each of these species is distributed in a different manner. Since chaoborus larvae had 

such a powerful echo strength, the nighttime data could be assumed to be mostly 

attributed to chaoborus. These data showed a definite pattern. Nighttime echo strengths 

were strongly correlated with temperature gradients. The graphs in Figure 4.26 show that 

the chaoborus migrate upwards to the thermocline region at night. Their behavior is 

controlled by light and temperature. Light cues them to begin their migration, and the 

temperature gradient determines how far they migrate. Figure 4.29 shows the correlation 

between two dimensionless numbers using data from all five months combined. It shows 

that C/DO increases with (dT/dz)(h/T). The concentration of zooplankton increases with 

increasing temperature gradient. In September and October, very few chaoborus were 

present in the water column, but the other types of zooplankton present in the water fit 

the nighttime distribution pattern that is correlated with the temperature gradient. 
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Figure 4.29: Nighttime dimensionless correlation of C (Daphnia concentration, mg/L) 

/ DO (dissolved oxygen, mg/L) with dT/dz (temperature gradient, C/m) / T 
(Temperature, deg C) * total depth (m). 

 
The daytime sonar echograms did not yield any strong correlations to any of the 

dimensionless variables, so the plankton net data for all months were used instead and 

were broken down by species. Dimensionless groupings are shown in Figures 4.30 to 

4.32. The results varied for each species. Daytime measurements of calanoid copepods 

showed no correlation to any of the variables, and are not included in this analysis. D. 

pulicaria and cyclopoid copepods were strongly affected by the temperature gradient. D. 

pulicaria was the only species whose distribution was correlated to mixing. Daphnia 

mendotae was the only species that showed a correlation to the normalized temperature, 

and were more correlated to normalized temperature than by the temperature gradient. D. 

mendotae and cyclopoid copepods were also affected by the dissolved oxygen 

concentrations. 
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Figure 4.30: Controlling variables for daytime D. pulicaria distributions. 
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Figure 4.31: Controlling variables for daytime D. mendotae distributions.  
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Figure 4.32: Controlling variables for daytime cyclopoid copepod distributions.  
 

These data show the relationship between zooplankton concentrations and temperature 

and mixing. Figure 4.20 shows D. pulicaria were found in regions with stronger 

thermoclines and lower energy dissipation rates. The strain Froude number (ε / N2ν) is a 

ratio of the strain rate (measured as the energy dissipation rate divided by kinematic 

viscosity) to the rate at which gravity returns unstable density anomalies to their original 

positions (Imberger, 1994). It indicates whether the rate of strain is influenced by internal 

wave activity. It is similar to the Richardson Number, in that it gives the ratio of mixing 

intensity to the stability of the water column to resist overturning. Figure 4.31 indicates 

D. mendotae are found in regions with higher DO levels and warmer temperatures. D. 

pulicaria were found more often in low DO waters towards the bottom of the lake, and 

sometimes were tinted red from hemoglobin. 
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Figure 4.32 shows Cyclopoid copepods are found in regions with high temperature 

gradients and low dissolved oxygen. This is also evident from looking at the plankton net 

data.  

Nighttime correlations were also drawn from the data. At night, D. pulicaria plankton net 

concentrations were most strongly correlated with the temperature gradient. We did not 

take SCAMP measurements at night, so we do not have data available to calculate 

nighttime correlations with mixing parameters, but the nighttime correlation with 

temperature is better than the daytime values. At night D. pulicaria is more likely to be 

aggregated in the thermocline region. This matches the nighttime correlation of sonar 

data with temperature gradients. Cyclopoid copepods were not as strongly correlated to 

temperature gradient at night as D. pulicaria. The other species were not correlated to any 

of the dimensionless parameters at night.  
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Figure 4.33: Nighttime D. pulicaria plankton net correlation. 
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Figure 4.34: Nighttime cyclopoid copepod plankton net correlation. 
 

4.5 Discussion 

Our hypothesis was that physical variables would affect the vertical distributions of 

zooplankton in the lake. In order to show that in a more quantitative manner, we 

compared the normalized zooplankton distributions to the following dimensionless 

numbers, ⎟⎟
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ε . We used both the sonar data and the plankton 

net data. The results differed between day and night data. In the daytime data, several 

parameters were necessary to describe zooplankton aggregations. At night, the data could 

be fairly well explained by the temperature stratification for a couple of the species, D. 

pulicaria and chaoborus. During the day, dissolved oxygen, normalized temperature and 
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mixing intensity were also important variables. Each species showed a correlation with a 

different set of parameters, and all of them showed different relationships between day 

and night.  

In chapter 2 we showed that temperature controlled the distributions of two species of 

daphnia in the lab, but that turbulence could elicit an avoidance response. Turbulence 

levels were not high enough to trigger the avoidance response for most of the species in 

the lake. Our measured turbulence levels were in the avoidance range of εD = 10-6 to 10-5 

m2s-3 in the surface waters and at the benthic boundary layer, but not in the middle 

depths. Most zooplankton were found in these middle depths. Pringle (2007) derived a 

turbulence avoidance threshold of εD = 10-7 m2s-3 that would cause zooplankton to leave 

the surface layer of the ocean. This is lower than our turbulence thresholds, but the 

differences may be due to the type of species or the differences between laboratory, lake 

and ocean. Both of these ranges are found in the surface and bottom layers during our 

field measurements. The turbulence levels in Square Lake are high enough to elicit an 

avoidance response from the zooplankton in the surface layer or at the bottom.  

Our results demonstrate hat it is possible to describe vertical distributions of zooplankton 

using physical variables that we were able to measure in the lake. Daytime distributions 

had a more complicated pattern than nighttime distributions. The variables that we 

measured did not adequately describe the daytime sonar data. Fundamental differences 

exist between the factors affecting daytime and nighttime zooplankton distributions.  

 



 

Chapter 4 122

4.6 Conclusions 

Physical processes have a complex role in the vertical distribution of zooplankton in 

lakes. We have shown that the effects of physical variables are species-specific. These 

effects are different between the day and night. We showed that the temperature gradient 

has a strong impact on the vertical distributions of zooplankton both during the day and 

night. During the day, mixing, dissolved oxygen, and temperature also impact 

zooplankton distributions. We developed dimensionless quantities which can be used to 

predict zooplankton aggregations when temperature, dissolved oxygen and mixing 

conditions in the lake are known. Many biotic factors also affect zooplankton 

distributions, such as predation, growth, and reproduction requirements, and these were 

not considered in our analysis. That is likely the cause for some of the error, but physical 

variables seem to be the underlying controlling mechanism for zooplankton aggregation 

in lakes. With the technology that is currently available, it should be possible to further 

clarify and predict the causes of zooplankton thin-layer formation. In combination with a 

program to model the physical variables in lakes, zooplankton aggregations could also be 

modeled.  
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Chapter 5:  Conclusions 
 

 

5.1 Summary of Major Results 

The understanding of lake dynamics and the ability to predict the response of lake 

communities to changing physical variables, as well as the ability to practice 

biomanipulation on stratified lakes relies upon having a thorough knowledge of how 

physical variables affect zooplankton.  

In our laboratory experiments we were able to vary zooplankton distributions by 

changing temperature conditions in the tank. Zooplankton showed a definite tendency to 

remain at a preferred temperature. When the water cooled, zooplankton responded by 

moving towards the top of the tank to search for warmer temperatures. When the water 

warmed up, they responded by moving towards the bottom of the tank. In the presence of 

a thermocline, the zooplankton would aggregate in the thermocline if it was in their 

preferred temperature range. We did not identify a common correlation to explain all of 

the data under no mixing conditions. This is likely due to the fact that the temperature 

history of the Daphnia influenced their preferred temperature ranges. It was not possible 

to completely control temperatures in the experiments, because they were affected by the 

changing ambient temperature. Zooplankton did vary their aggregations based on 

temperatures, but we were not able to develop a deterministic theory to predict 

aggregation. Sometimes the thermocline was attractive and sometimes it was another 
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temperature. Our hypothesis that temperature controls zooplankton distributions was 

correct in that they are indeed controlled by temperature, but it was flawed in that 

zooplankton do not always aggregate in the thermocline. Woodson et al. (2005; 2007) 

found that a density gradient acted as a barrier to vertical movement, and that may be the 

mechanism in our case as well. Zooplankton may aggregate at the thermocline when they 

encounter it in their effort to reach their preferred temperature depth.  

The mixing experiments showed more uniform results. When zooplankton concentrations 

are plotted against measured turbulence quantities, the results are strongly correlated. 

Zooplankton move downwards to avoid surface turbulence. During the mixing 

experiments, D. magna distributions were correlated most strongly to energy dissipation 

rate, shear rate, rate of rotation and Peclet number. These may be the turbulence 

quantities that they are most able to sense. In the dark experiments with turbulence, D. 

magna was most strongly correlated with the temperature gradient divided by 

temperature. D. magna still moved downwards to avoid high surface turbulence levels, 

but their downward movement corresponded more closely to the changing thermocline 

than to a specific turbulence parameter. In experiments with low levels of dissolved 

oxygen that decreased with increasing depth, D. magna followed the same behavior of 

moving downwards to avoid turbulence, but tolerated higher levels of turbulence in order 

to remain in the more oxygenated upper waters. When the daphnia concentration was 

normalized by the dissolved oxygen concentration, the correlation to turbulence 

parameters matched the normal oxygen case. During mixing experiments, D. mendotae 

was more strongly correlated with (dT/dz)*(h/T) and urms than to energy dissipation rates. 
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They reacted more to the changing thermocline and the horizontal root-mean-square 

velocity than to other variables. D. mendotae were controlled by a different mechanism 

than D. magna, but both of them were influenced by turbulence levels in the tank.  

Finally, we developed a table of threshold turbulence levels for both types of Daphnia. 

These were determined from relating the depth of the peak concentration to the measured 

turbulence quantities. These results can be applied to field experiments to determine what 

levels of turbulence will cause zooplankton to move out of the surface layer or to migrate 

up from the benthic boundary layer of a lake. Our hypothesis that zooplankton react to 

turbulence by moving to avoid it is correct and supported by our laboratory 

measurements. 

We successfully use a commercial fish finder in the field to measure time-series 

distributions of zooplankton concentrations. The sonar unit was calibrated to match 

plankton net concentrations. We were not able to access the raw data from the sonar unit 

and hence could not calibrate the sonar to measure quantitative zooplankton 

concentrations. However, once calibrated to match plankton net data, the sonar unit 

showed patterns of how the zooplankton distributions changed over time. We collected 

24-hour time series of data during five months, and found significant variation between 

day and night and monthly measurements. The sonar unit is useful for interpreting 

plankton net data and for guiding net sampling to effectively sample plankton layers.  

Field measurements showed similar results to the laboratory experiments. Zooplankton 

distributions were found to be correlated to temperature and to mixing, as well as 
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dissolved oxygen in some cases. The responses in the field also differed by species. 

Nighttime sonar data were dominated by chaoborus larvae, and showed a correlation to 

the temperature gradient and to dissolved oxygen. Chaoborus remain in anoxic sediments 

during the day and then ascend into oxygenated waters at night to replenish their oxygen 

supply and to feed. Their nighttime layers were correlated to (dT/dz)*(h/T). Daytime 

sonar echoes had no correlation to any of our dimensionless parameters. It is possible that 

they are correlated to other variables that we did not measure, such as the distribution of 

predators, or algal biomass. The lack of correlation may also be attributed to the fact that 

the daytime sonar data combines together all of the species of zooplankton and that any 

patterns disappear because each species behaves differently. This shows a limitation of 

sonar as a measurement tool, because it is not able to differentiate between different 

species of zooplankton. It must always be used in conjunction with plankton net counts. 

Nonetheless, it adds an invaluable element to zooplankton studies because it can show 

spatial and temporal series of distributions of zooplankton.  

We were able to correlate daytime plankton net data to some dimensionless parameters. 

D. pulicaria were correlated with the temperature gradient (dT/dz)*(h/T) and a strain 

ratio form of the Froude number, ε/(N2ν). D. pulicaria were concentrated in regions with 

large temperature gradients and low mixing levels. Nighttime plankton net distributions 

of D. pulicaria were correlated with only the temperature gradient parameter. At night 

daphnia seem to be more strongly controlled by temperature than by turbulence. This 

echoes the results from the laboratory experiments. D. mendotae were correlated with the 

temperature gradient and the dissolved oxygen concentration during the day. They 
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preferred warmer, more oxygenated waters. They showed no correlation with any of the 

variables we measured at night. Calanoid copepods were not correlated with any of our 

variables either during the day or at night. Their distributions must be controlled by other 

factors than physical variables, or they are merely randomly distributed. Cyclopoid 

copepods were aggregated in layers with strong temperature gradients and low dissolved 

oxygen during the day, and in regions with strong temperature gradients during the night. 

Dissolved oxygen was less important at night. Cyclopoid copepods were present in low 

levels until late in the summer when the zooplankton predators were gone from the 

deeper waters.  

These studies provide information to use in modeling zooplankton aggregations and in 

understanding what makes up a good zooplankton refuge zone. They can be used as a 

tool in optimizing biomanipulation. In creating a model for zooplankton aggregation, it is 

clear that temperature plays the strongest role. The exact details of how temperature 

controls zooplankton aggregation needs further study, but it is clear that turbulence acts 

as a deterrent and will cause zooplankton to migrate in order to avoid high turbulence 

levels. We developed a set of turbulence thresholds for Daphnia which can be used in 

models and field investigations. The threshold levels we measured in the laboratory are 

levels which are found in the surface mixed layers of lakes, and in oceans. These levels 

are also similar to thresholds previously proposed (Fields and Yen, 1997; Incze et al., 

2001; Pringle, 2007).  
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5.2 Suggestions for Future Research 

Each chapter of this thesis provides a basis for further research. The laboratory 

experiments raised almost as many questions as they answered. The near-infrared light 

system could be refined, and measurements could be repeated in the dark to obtain 

additional data. Since we found that different mechanisms controlled plankton 

distributions in the dark for most of the species we studied, more measurements taken in 

the dark would further clarify what controls zooplankton distributions in the dark. We 

were limited in the quality of our measurements because we were not able to measure the 

entire width of the experimental tank and by the difficulty focusing the camera in the 

dark.  

Additional measurements could be taken from the existing data. The zooplankton 

distributions were measured by digital video, so it would be possible to measure 

swimming speeds, swimming trajectories and escape responses from these videos. These 

quantities could be related to temperature and mixing as well. The zooplankton 

distributions could also be analyzed to determine mean zooplankton body length at each 

depth. Some accuracy would be lost because of the perspective. The camera looks at a 

depth of 20 cm, and the closer zooplankton would be larger than the far zooplankton, but 

a mean body length may still change with depth. This would show whether or not smaller 

zooplankton tend to migrate lower to avoid turbulence because they cannot swim as 

quickly. 
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The particle image velocimetry measurements could be performed in a uniform tank and 

a stratified tank to determine what effect the temperature stratification has on the 

turbulence parameters. A function could be developed to scale turbulence parameters 

ased on the temperature gradient, as well as to show what turbulence levels destroy the 

thermocline.  

Other experiments could be performed in the experimental tank to incorporate fish 

kairomones and varying concentrations of chlorophyll a and more variations of dissolved 

oxygen concentrations. The experiments could also be repeated with different species of 

zooplankton to develop species-specific models of zooplankton aggregation.  

Our field samples could be processed to measure zooplankton body size and gender and 

to incorporate those variables into the dimensionless groupings. Bacterioplankton could 

also be measured at each depth. Ideally the fish finder calibration could be improved to 

be able to measure zooplankton concentrations directly. It may be possible to connect 

wires inside the fish finder to access the raw data or to repeat the calibration with a 

different company’s fish finder.  

The field measurements could likewise be expanded upon. We measured the effects of 

seasonal changes in physical variables and diel changes in physical variables on 

zooplankton distributions. It would also be interesting to see what effects changing 

weather patterns would have on zooplankton distributions. A short-term series of field 

measurements could be performed to see whether and how zooplankton distributions 
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change over a period of 1 to 2 weeks, and ideally the measurements would include a 

strong wind or storm event.  

A similar series of measurements could be conducted in another lake with different 

zooplankton communities and different size and depth, and therefore different physical 

conditions. Square Lake did not have much internal mixing because it is fairly small, but 

a larger lake would have more complicated fluid dynamics.  

Further research could also be undertaken to better understand exactly why zooplankton 

are attracted to certain temperatures or temperature gradients. This could be done in the 

laboratory or in the field. Our laboratory measurements were limited in their temperature 

measurements to discrete thermistors measurements. A high-resolution temperature 

profiler was also used, but we needed to remove the lights and oscillating grid at the top 

of the tank in order to use it.  This disrupted the zooplankton distributions, so the high-

resolution temperature measurements could only be taken after the experiments were 

completed. Since the temperature gradient changed as the mixing progressed, it was not 

possible to use these measurements. Another system could be developed for measuring 

temperatures in the tank which would enable higher resolution temperature distributions, 

and this may shed more light on the temperature effects. It would be possible to design a 

set of experiments which could clarify our results and make it possible to come up with a 

complete model for zooplankton aggregation.  
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