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ABSTRACT OF THE DISSERTATION

Biological-physical interactions in marine plankton: the effects of small-scale turbulence 

on grazing, growth, and swimming of sea urchin larvae

by

Elisa Marie Maldonado

Doctor of Philosophy in Marine Biology

University of California, San Diego, 2009

Michael I. Latz, Chair

 

 Many benthic marine invertebrates have a planktonic larval stage in their life 

cycle. Larval growth is partly determined by environmental factors that ultimately affect 

reproductive success of adults. The goal of this dissertation was to understand the effects 

of small-scale biological and physical environmental factors using both laminar and 

turbulent flow experimental approaches on grazing, growth, and swimming in larvae of 

the white urchin, Lytechinus pictus, and purple urchin, Strongylocentrotus purpuratus.

 Predator-prey encounter models predict that ingestion increases for fluid shear 

levels greater than Gcr, the critical shear level above which encounters due to shear are 
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greater than those resulting from behavior alone. Ingestion rates in larvae exposed to 

laminar shear representing dissipation rates, !, of 0 - 1 cm2 s-3, using simple Couette flow 

matched model predictions incorporating feeding current rather than swimming speed. 

Shear had no effect on ingestion rate for shear levels < Gcr. 

 Model predictions were also tested using turbulent rather than laminar flow, in 

which flow is intermittent and vorticity occurs. There was no difference in ingestion rates 

for dissipation rates lower than the critical level, as predicted. Turbulent flow results were 

similar to those using a laminar flow approach, supporting the prediction that suspension 

feeders such as urchin larvae do not benefit from low to moderate levels of turbulence 

present in the ocean. 

 The swimming ability of larvae was investigated using laminar flow to test the 

hypothesis that urchin larvae do not behave as passive particles in small-scale turbulence. 

L. pictus larvae, which have longer arms than S. purpuratus, exhibited swimming 

stability at low shear levels while all larvae behaved as passive particles at higher shear 

levels. As swimming speed is correlated with arm length, these results suggest that 

swimming stability scales with swimming speed. 

Overall, these results support the new paradigm that larval behavior plays an 

important role in small-scale biological-physical interactions involved in grazing and 

growth. These processes are important in feeding success, duration of the larval period, 

dispersal potential, and recruitment success.
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Chapter 1

Introduction to the Dissertation

Background

Larval dispersal and recruitment are critical to population connectivity of benthic marine 

invertebrates

Most benthic marine invertebrates have indirect development. Out of 31 phyla in 

the animal kingdom with marine representatives, some 170,000 species in 23 phyla 

develop indirectly (Young 2002). Animals with indirect development proceed through 

one or more larval stages prior to metamorphosis into the adult. The larva is defined by 

Hickman (1999) as ‘a structural state or series of states that occurs between the onset of 

the divergent morphogenesis following embryonic development (cleavage, blastula, 

gastrula) and metamorphosis to the adult body plan.’

Larvae are often completely different in form, habitat, and mode of nutrition from 

the adult. The affinity of marine invertebrate larvae to benthic adults was not discovered 

until 1828, when J. Vaughan Thompson observed the metamorphosis of cyprid larvae into 

adult barnacles (Young 1990). Marine invertebrate larvae are typically less than 1 mm in 

size. Exceptional examples of differences between larval and adult morphologies include 

the pilidium larva of nemertean worms and cyphonautes larvae of bryozoans (Fig. 1.1). 

There are two types of larvae - those that are directly cared for by the adults, or brooded, 

and larvae that develop in the water column, that are called planktonic. Planktonic larvae 

obtain nutrition in two ways: lecithotrophic larvae derive their nutrition from yolk in the 

egg while planktotrophic larvae must feed in order to obtain nutrition. Development time 
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to metamorphosis varies greatly among species, but in general planktotrophic larvae 

spend more time in the water column compared to lecithotrophic larvae (Emlet 1995).

Larvae are important because they are the primary means of dispersal for most 

benthic marine invertebrates. Dispersal of larvae away from the parental population 

reduces competition with developing siblings and adults for resources such as food and 

habitat. Dispersal also moderates the effects of inbreeding by transporting larvae away 

from parents and siblings and supplying new individuals to a given population from 

distant populations (Pechenik 1999). Dispersal also facilitates range expansion (Jablonski 

and Lutz 1983; Scheltema 1989; Emlet 1995), colonization of new habitats, gene flow 

among populations (Hedgecock 1986; Palumbi 1992; Bohonak 1999), and minimizes the 

likelihood of extinction (Pechenik 1999).  

However, understanding dispersal remains a great challenge to marine ecology 

because it is impossible to track the movement of most larvae in situ (Cowen 2006). Only 

a few species, mainly tunicates, with large larvae and short development times can be 

tracked in situ (Olson 1985; Davis and Butler 1989). Larvae of most other species are too 

small and have development times too long to enable measurement of dispersal in the 

ocean (Metaxas and Saunders 2009).

Historical paradigm of long-distance dispersal was based on estimates of larval 

development

Historically, species with long larval development times were predicted to have 

the greatest dispersal potential and connectivity among populations (Scheltema 1971). 

Supporting this paradigm, some larvae with long development times are found in the 

middle of ocean basins (Scheltema 1971). And field measurements of dispersal distances 
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correlate with pelagic larval duration for some species with long development times 

(Shanks et al. 2003; Shanks 2009).

Larval pelagic duration is traditionally estimated from laboratory growth studies. 

Based on these studies, pelagic larval durations have been estimated to vary from hours 

(Chia et al. 1984; Bingham and Young 1991) to more than one year (Matsuda et al. 2006; 

Goldstein et al. 2008). These studies have also revealed that environmental factors greatly 

affect development time.

Planktonic larvae are exposed to a variety of environmental conditions that may 

affect development time. These factors include temperature, salinity, and food availability 

(Thorson 1950; Rumrill 1990). For example, larvae of the barnacle Balanus albicostatus 

raised at 20 °C have a longer naupliar development duration and lower rate of 

metamorphosis compared to those raised at 30°C (Desai et al. 2006). Increasing 

temperature shortens the development time of the sea urchin Arachnoides placenta (Chen 

and Chen 1992). Food availability is an important factor regulating development time and 

dispersal of larvae. Specifically, when food-limited, larvae from a wide variety of taxa 

have lower growth rates and longer development times (Lasker et al. 1970; Wyatt 1972; 

Vidal 1980; Anger and Dawirs 1981; Jones 1986; McClatchie 1988). The effects of food 

concentration on development have been well characterized in sea urchin larvae, the 

focus of this dissertation. For example, 14 day old larvae of the purple urchin 

Strongylocentrotus purpuratus that are fed a satiating concentration of food have 2x104 

cells and 35 ng DNA individual-1, suggesting larvae are larger, compared to 2x103 cells 

and 2 ng DNA individual-1 in unfed larvae (Meyer et al. 2007). Although it is difficult to 

measure in situ food concentrations at the scale of individual larvae, laboratory studies 
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suggest that sea urchin larvae are food-limited in the ocean because maximal growth 

occurs at phytoplankton concentrations higher than naturally occur in the ocean (Paulay 

et al. 1985; Olson and Olson 1989).

A shifting paradigm toward restricted dispersal

Recently, the paradigm of long-distance dispersal is shifting towards a view of 

more restricted dispersal due to local hydrodynamics and larval behavior. In a meta-

analysis of laboratory growth studies, pelagic larval duration correlates with dispersal 

distance; however, the distribution of dispersal distances is bimodal (Shanks et al. 2003; 

Shanks 2009). Many organisms with long pelagic durations have dispersal distances 

similar to those with pelagic durations shorter than 1 hour (Shanks et al. 2003; Shanks 

2009). Computer simulations based on passive transport of larvae also overestimate 

dispersal distances, suggesting that other factors such as local hydrodynamics and larval 

behavior profoundly affect dispersal (Siegel et al. 2003; Shanks 2009).

Computer simulations of larval dispersal support the paradigm shift. The main 

goals for these models are to 1) conduct sensitivity analyses to determine the factors that 

influence dispersal or 2) predict whether distant populations of certain species are 

connected through long-distance dispersal or retained close to the parental population 

(Metaxas and Saunders 2009). To do this, these models include physical (i.e., local 

circulation patterns) and biological (i.e., larval development time, behavior) components.  

Local circulation strongly affects dispersal outcomes. Early models of dispersal 

using advection by mean currents in advection-diffusion models or passive particle 

models predicted that larvae are dispersed long distances (Siegel et al. 2003). More 

recently, dispersal models based on realistic ocean circulation and biological factors 
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predict some species have limited dispersal. Local retention of larvae due to the presence 

of mesoscale flows, such as anticyclonic eddies, may be more common than previously 

believed (Cowen et al., 2000; James et al., 2002). !

Larval behavior is another important component of biophysical dispersal models. 

Enhanced local retention has been predicted for different species of larvae when behavior 

(i.e., vertical and horizontal swimming) is incorporated into the model, compared to 

purely passive scenarios (Cowen et al., 2006; Guizien et al., 2006). For example, 

including ontogenetic vertical migration in an offline Lagrangian stochastic model of 

larval coral reef fish in the western Caribbean results in greater retention compared to a 

purely passive scenario (Paris et al. 2007). Including both behavior and oceanography, 

however, results in the greatest retention to the source population (Paris et al. 2007).

Behaviors that affect vertical distribution may influence larval dispersal

 One way that larvae may control transport is by changing their vertical 

distribution in the water column (Young 1995). Very few species of larvae have 

swimming speeds greater than or equivalent to ocean currents (Young 1995). But vertical 

mixing is on the same order as larval swimming speeds (mm s-1) (Huyer 1983; Ledwell et  

al. 1993; Metaxas 2001; Shanks and Shearman 2009). Current strength and direction in 

overlying waters is variable (Young 1995; Metaxas 2001). 

 Larval behaviors can regulate their vertical distribution in the water column. Most 

larvae are negatively buoyant, so they must actively swim to prevent sinking (Chia et al. 

1984). Many use negative geotaxis and positive photaxis to swim to the surface (Chia et 

al. 1984). The best examples are crab larvae, which have horizontal swimming speeds 
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that can reach 2.5 cm s-1 and vertical swimming speeds that can reach 8 cm s-1 (Chia et al. 

1984). Crab larvae regulate their vertical position to navigate stratified flows in estuaries 

in order to enhance dispersal or retention (Epifanio et al. 1984; Queiroga et al. 1997; 

Forward et al. 2003; Gibson 2003; López-Duarte and Tankersley 2007). 

 Feeding behavior can also influence dispersal (Woodson and MacManus 2007). 

Marine invertebrate larvae have been found associated with spatially and temporally 

heterogeneous vertical distributions of physical and biological properties (Gallager et al. 

1996; Fetzer and Duebel 2006). Foraging behavior most likely contributes to 

aggregations of larvae associated with high concentrations of phytoplankton in regions of 

minimal flow (e.g., fronts) (Tiselius 1992; Metaxas and Young 1998; Leising and Franks 

2002; Gallager et al. 2004; Woodson et al. 2005, 2007). One example is area-restricted 

search behavior, defined by a reduction in swimming speed and net vertical displacement 

and increase in turning frequency in the presence of prey compared to no prey (Leising 

and Franks 2002). In a meta-analysis of studies that document plankton distributions in 

relation to oceanographic conditions, foraging behavior resulted in reduced dispersal 

compared to a passive scenario (Woodson and MacManus 2007).   

Biophysical models rely on correct parameterization of the ‘bio’ components 

Although local hydrodynamics and larval behavior influence dispersal, models are 

limited by a lack of knowledge of larval behavior, especially at small scales. Larvae are 

usually modeled as passive particles (Seigel et al. 2003; Aiken et al. 2007). Sometimes 

biological parameters such as larval development rate under different temperature and 

food conditions (Dekshenieks et al. 1996; Pfeiffer-Herbert et al. 2007), larval swimming 
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behaviors in response to a salinity gradient (Dekshenieks et al. 1996; North et al. 2008), 

and ontogenetic changes in depth distribution (Paris et al. 2007) are incorporated. In 

order to improve the predictive capability of such models, several other factors, such as 

growth, larval mortality, and swimming behavior under different environmental 

conditions need to be quantified (Leis 2007; Metaxas and Saunders 2009; Pineda et al. 

2009). The predictive performance of these models is also constrained by the scale of 

spatial grids in biophysical dispersal models. Most larvae interact with biophysical 

conditions on scales approaching their body size that may result in reduced dispersal 

(Metaxas and Saunders 2009; Pineda et al. 2009). But most models study the influence of 

tidal and meso-scale driven flows on dispersal (Metaxas and Saunders 2009; Pineda et al. 

2009). Small-scale physical-biological interactions also need to be quantified and 

incorporated into these models. 

Biophysical models have important implications for management

Biophysical models of larval dispersal have important implications for the design 

of marine reserves. Marine Protected Areas (MPAs) are zones in which fisheries 

exploitation is spatially limited and are used to protect critical habitat, such as spawning 

sites and nursery grounds. Marine reserves are fully protected MPAs that are designed to 

protect all species in a marine ecosystem (Palumbi 2004). The size of marine reserves 

depends, in part, on dispersal distance because a reserve that is smaller than the dispersal 

distance of a target species may not effectively protect it. In cases where organisms have 

a large dispersal distance, the most effective solution is to design a network of closely 

spaced reserves that cover the species range (Shanks et al. 2003). Knowledge of 

connectivity between local populations also allows identification of sources and sinks. It 
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is becoming evident that the most effective marine reserves are also those that protect 

source populations, which supply new individuals to sinks, ensuring supply of new 

individuals to the fishery (Kritzer and Sale 2006). Managers increasingly are relying on 

models that estimate dispersal potential to evaluate whether a marine reserve is effective 

at protecting a target species. 

Biophysical models have also revealed that marine reserves have the potential to 

increase fisheries yields of marine invertebrates. Quinn et al. (1993) modeled the effect of 

reserves on population dynamics of the red urchin S. franciscanus. Urchins including S. 

franciscanus exhibit Allee effects, or depressed survivorship or fecundity as populations 

become small, because fertilization success and recruitment depend on population 

density. The model showed that reserves have the potential to prevent collapses and 

maintain sustainable catches of species that exhibit Allee effects, such as S. franciscanus. 

These results are also applicable to other marine invertebrates. The Gaylord et al. (2005) 

model shows the effects of a multiple-parcel network of marine reserves on population 

dynamics of fished species. The model accounts for larval dispersal because the 

effectiveness of reserves depends, in part, on dispersal distance. It also accounts for 

population size structure, individual growth rate, and longevity because increases in 

population densities and individual size are often observed within a reserve. The model 

predicts higher fishery yields due to increased population density within reserves that 

facilitate high levels of total larval production. The model also predicts large increases in 

yields using reserves for species that produce longer dispersing larvae and are long-lived, 

which is typical of most invertebrates. 
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This dissertation focuses on a commercially important purple urchin, 

Strongylocentrotus purpuratus, for which biophysical models of larval dispersal can be 

used for the spatial management of the fishery. The fishery for S. purpuratus began in the 

1970s and about 40% of the fishing effort is concentrated in southern California (CDFG 

2001). California exports most of its catch to Japan, where sea urchin roe is a delicacy. 

But the catch has steadily declined since 1985 due to an economic recession in Japan that 

resulted in decreased demand; catch decreased from 390 million pounds in 1991 to 5 

million pounds in 2001 (CDFG 2001). Purple urchin populations could support a larger 

fishery, and there is increasing effort to promote a domestic market (CDFG 2006).

Biophysical models may be used to explain genetic differentiation among 

subpopulations of S. purpuratus along the coasts of California and Baja California that 

suggests protection of fishery stocks should occur on small scales. For example, 

mitochondrial DNA reveals a genetic break south of Point Conception between Laguna 

Beach and La Jolla, which may be due to variability in the California Current (Edmands 

et al. 1996). In Baja California, mtDNA RFLP reveals three haplotypes at all sites along 

the peninsula, suggesting population connectivity due to the California Current (Olivares-

Bañuelos et al. 2008). However. San Miguel, Isla Todos Santos, and Punta Baja Sites 

have several unique haplotypes suggesting greater genetic differentiation (Olivares-

Bañuelos et al. 2008). This could be due to increased local retention of larvae in the area, 

which is characterized by a strong southward current and strong eddies that result in year-

round upwelling (Olivares-Bañuelos et al. 2008). The results suggest that the Baja 

California sea urchin fishery stocks should be redefined by separating stocks at the Punta 

Baja sites, just as the North American sea urchin population has been divided into 

9



northern and southern population stocks based on local circulation patterns (Olivares-

Bañuelos et al. 2008). Knowledge of larval dispersal will help explain these patterns of 

genetic differentiation and provide more support for the separation of fishery stocks in 

Baja California.

On a smaller scale, marine reserves have been established in southern California 

that include S. purpuratus populations. Marine reserves were designed to ‘protect…

aquatic organisms or specialized habitat types, both terrestrial and nonmarine aquatic, or 

large heterogeneous natural gene pools for the future use of mankind’ (CDFG Code 

Section 1580). In Los Angeles County, Pt. Fermin State Marine Park was established in 

1969 to protect all invertebrates except lobsters. In San Diego, the La Jolla, San Diego-

Scripps, and Mia J. Tegner State Marine Conservation Areas were established to protect 

intertidal and subtidal invertebrates from recreational and commercial fishing. But despite 

protection, ‘poaching frequently occurs here and a number of citations are written each 

year’ (CDFG 2005). However, there is no evidence that these marine reserves are 

contributing to increased fisheries stocks of sea urchins. 

This dissertation

The goal of this dissertation is to describe small-scale biological-physical 

interactions in larvae of the purple urchin, Strongylocentrotus purpuratus, and white 

urchin, Lytechinus pictus. These two species were chosen because adults live in different 

habitats with different turbulence exposure, and the larvae are morphologically different. 

However, there is limited information on distribution of the larvae. Additionally, S. 

purpuratus was a commercially important species in Southern California. Results from 

this study may be helpful in understanding how larval behavior affects dispersal for both 
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S. purpuratus and L. pictus, which will be important for modeling larval dispersal and 

understanding genetic differentiation for the design of marine reserves. This dissertation 

is organized into four research chapters summarized below.

Chapter 2 describes species-specific effects of laminar shear on grazing and 

growth of larvae of S. purpuratus and L. pictus. Laboratory studies support predator-prey 

encounter model predictions that relatively low levels of laminar shear can increase 

ingestion in nonmotile and slow-swimming plankton (Shimeta et al. 1995). However, the 

effect of laminar shear on encounters and ingestion on the slow-swimming larvae of 

benthic marine invertebrates is unknown. The hypothesis that ingestion rates increase 

above predator-prey encounter model predictions of  Gcr, the critical level above which 

encounters due to fluid shear are greater than behaviour alone, were experimentally 

tested. Larvae were exposed to laminar shear representing dissipation rates, !,  of 0 - 1 

cm2 s-3, using simple Couette flow. Sea urchin larvae were chosen because they swim 

relatively slowly using ciliary currents, with swimming speeds slightly faster than their 

phytoplankton prey but much slower than some copepods and fish larvae (Strathmann 

1971). According to the model, ingestion rates are predicted to increase in larvae exposed 

to relatively low levels of turbulence because their swimming speeds are similar to 

flagellates (Shimeta and Jumars 1991; Shimeta et al. 1995). But sea urchin larvae are also 

suspension feeders; when the feeding current is incorporated, low levels of turbulence are 

predicted to have no effect on ingestion rates. Because sea urchin larvae are most likely 

food limited in the ocean, (Paulay et al. 1985), any increases in food availability could 

reduce larval development time (Meyer et al. 2007) and increase post-metamorphic 
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juvenile survival (Jarrett 2003; Pineda et al. 2007). The survival of juveniles to 

reproduction is critical to reproductive population connectivity (Pineda et al. 2007). 

Consistent with encounter model predictions incorporating feeding current speed, 

ingestion rates were 30% greater in L. pictus larvae exposed to 10 s-1 shear compared to 

shear levels <Gcr. There was no significant difference in ingestion rates in both L. pictus 

and S. purpuratus larvae exposed to shear levels <Gcr. Using a threshold of 50% for an 

increase or decrease due to turbulence (Peters and Marrassé 2000), these results support 

the prediction that low to moderate turbulence does not increase ingestion and food 

availbility to suspension feeding sea urchin larvae. 

Chapter 3 describes the effects of small-scale turbulence on grazing in L. pictus 

larvae. Chapter 2 described how low levels of laminar shear generated using simple 

Couette flow has no effect on ingestion rates in larvae of the sea urchin Lytechinus pictus, 

which is consistent with encounter model predictions for suspension feeders. However, 

shear rate and vorticity are constant in Couette shear flow. Turbulence is characterized by 

random fluctuations in shear rate and vorticity that could affect particle capture. The goal 

of this study was to determine whether small-scale turbulence generated using the 

laboratory turbulence apparatus (T-box) developed by Webster et al. (2004) affects 

grazing in sea urchin larvae. There was no increase in ingestion rates in L. pictus larvae 

exposed to dissipation rates ! =0 - 0.25 cm2 s-3 using the T-box, similar to the laminar 

flow experiments. Variability was greater in the turbulence experiments, which was most 

likely due to greater variability in flow conditions in the turbulence treatment. These 

results are consistent with encounter model predictions that low to moderate turbulence 
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does not affect grazing in suspension feeders. They also support the use of laminar 

Couette flow to investigate plankton predator-prey encounters in organisms smaller than 

the eddy scales of turbulence.

Chapter 4 describes swimming behavior of larvae of the urchins S. purpuratus 

and L. pictus in still water and laminar shear. Historically, benthic marine invertebrate 

larvae were thought to be transported passively long distances by ocean currents 

(Scheltema 1971). Recently the paradigm is shifting towards a view of more restricted 

dispersal due to larval behavior (Levin 2006). Larvae may be able to control transport by 

exhibiting feeding and swimming behaviors that affect vertical distribution in the water 

column (Young 1995; Woodson and McManus 2007). However, most studies of larval 

behavior are conducted in still conditions or unquantified flow conditions in the 

laboratory. The goal of this study was to test the null hypotheses that swimming behavior 

in sea urchin larvae does not change in the presence of prey, and sea urchin larvae behave 

as passive particles in laminar shear. To test the first null hypothesis, larval swimming 

behavior was determined in still water in which larvae were incubated with different 

concentrations of the unicellular alga, Rhodomonas lens. In still water, larvae exhibited 

behaviors, such as negative geotaxis and helical klinotaxis, that would influence their 

vertical distribution in the water column. The first null hypothesis was refuted because 

swimming behavior changed in both L. pictus and S. purpuratus larvae in the presence of 

the prey R. lens. L. pictus larvae exhibited area-restricted search behavior because 

swimming speed and vertical displacement decreased in the presence of prey. L. pictus 

larvae may have adapted behaviors to exploit patches of prey in the ocean. Swimming 
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speed increased in S. purpuratus when incubated with 300 cells ml-1, which is 

inconsistent with area-restricted search behavior. Instead, this could be an adaptation to 

increase encounters in limiting concentrations of prey because swimming speed 

decreased again in the 5000 cells ml-1 treatment to the same swimming speed as the no 

prey treatment. To test the second null hypothesis, larval swimming behavior was 

compared to a passive particle in laminar shear generated using a cone-plate viscometer. 

Net-to-gross displacement ratio (NGDR), rotation rate, and swimming direction were 

used as indices of swimming ability in shear. The null hypothesis was refuted and 

swimming ability in shear scaled with ciliary band length because NGDR was 

significantly different and lower than a passive particle, consistent with station-keeping 

behavior, in the four-arm stage of L. pictus larvae compared to the gastrula stage of L. 

pictus, and the gastrula and four-arm stage in S. purpuratus larvae. The mechanism for 

lower NGDR was reversal of ciliary beat. The gastrula stage of both species, and the 

four-arm stage of S. purpuratus have smaller ciliary bands compared to the four-arm 

stage in L. pictus. In sea urchins, species with relatively long larval arms and later 

development stages most likely will be able to control their vertical position under natural 

levels of turbulence in the ocean. These results are consistent with a paradigm shift 

towards a more active role of larvae. 

Chapter 5 synthesizes results from previous chapters and discusses implications of 

this research as well as future directions. Results from this dissertation support the 

hypothesis that benthic marine invertebrate larvae do not behave as passive particles in 

the ocean. Even though sea urchin larvae have relatively slow swimming speeds, grazing 
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and growth were not affected and they maintained swimming stability when exposed to 

small-scale turbulence. The next step is to include this information in biophysical models 

of larval dispersal to test the hypothesis that these behaviors will enhance local retention 

to adult populations. 
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FIGURES

A. B. C. D.

T. C. Lacalli T. C. Lacalli

Figure 1.1. Examples of benthic marine invertebrate larvae and corresponding adults. A. 

Nemertean worm larva (pilidium). Scale bar = 50 µm. B. Adult nemertean worm. Scale 

bar = 1 mm. C. Bryozoan larva (cyphonautes). Scale bar = 50 µm. D. Bryozoa colony and 

zooid. Scale bar = 0.5 mm. Larval morphology of most benthic marine invertebrates is 

often completely different from the adult.
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Chapter 2

Species-specific effects of small-scale turbulence on grazing by sea urchin larvae: 

comparison of experimental results to encounter model predictions

ABSTRACT

 Small-scale turbulence influences the rate of plankton predator-prey encounters. 

Relatively low levels of turbulence are predicted to increase encounters and ingestion in 

slow-swimming zooplankton such as heterotropic protists and copepods, but not in 

suspension feeders. Theoretically, low levels of turbulence can also increase food 

availability in the slow-swimming larvae of benthic marine invertebrates, which can 

decrease larval duration and enhance larval quality. This study investigates whether 

small-scale turbulence increases ingestion for larvae of the white urchin, Lytechinus 

pictus, and the purple urchin, Strongylocentrotus purpuratus. As sea urchin larvae are 

smaller in size than the smallest eddy scales of turbulence, they experience turbulence as 

a laminar shear flow. The following hypothesis was experimentally tested: ingestion rates 

increase in sea urchin larvae exposed to shear levels > Gcr, the critical shear level 

predicted by encounter models above which encounters due to fluid shear are greater than 

those due to behavior alone. Larvae were exposed to laminar shear representing 

dissipation rates, !,  of 0 - 1 cm2 s-3, using simple Couette flow. Ingestion rates were 30% 

greater in L. pictus larvae incubated with glass beads for 30 min and exposed to 10 s-1 

shear. No difference in ingestion rates was observed in S. purpuratus larvae exposed to 

shear. These results are consistent with encounter model predictions incorporating 
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feeding current speed, suggesting that low levels of turbulence do not increase ingestion 

in suspension feeding organisms such as sea urchin larvae. Species-specific factors can 

dramatically alter small-scale biophysical interactions.

INTRODUCTION 

 The encounters between plankton predators and prey are influenced by small-

scale turbulence (Rothschild and Osborn 1988). Encounter rates are partially dependent 

on the velocity difference between predator and prey (Denman and Powell 1984; Tett and 

Edwards 1984; Rothschild 1986). Turbulence increases this velocity difference, resulting 

in enhanced encounter rates (Rothschild and Osborn 1988). 

 The effect of turbulence on predator-prey encounters is species-specific (Shimeta 

et al. 1995). The critical turbulence level, !cr, above which encounters due to turbulence 

are greater than due to behavior alone, is dependent on the feeding morphology and 

swimming or feeding current speed of the predator (Kiørboe and Saiz 1995; Shimeta et 

al. 1995; Kiørboe 1997). Below !cr , encounter rates are less affected by turbulence 

(Kiørboe and Saiz 1995; Shimeta et al. 1995; Kiørboe 1997). Above !cr, encounter rates 

increase linearly with turbulence level (Kiørboe and Saiz 1995; Shimeta et al. 1995; 

Kiørboe 1997). For nonmotile organisms, !cr is predicted to be relatively low, suggesting 

turbulence is important, because the velocity difference between predator and prey is 

small relative to turbulence, while for slow-swimming organisms !cr is higher and 

turbulence is less important. But turbulence is predicted to have no effect on contact rates 

for fast-moving organisms because the velocity difference between predator and prey is 
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large relative to turbulence and !cr is very high (Rothschild and Osborn 1988; Kiørboe 

and Saiz 1995). 

 Experimental results are consistent with predator-prey encounter theory based on 

aerosol filtration theory. According to predictions from the model proposed by Saffman 

and Turner (1956), !cr = 0.004-0.4 cm2 s-3
 for the slowest swimming flagellates and 

ciliates (swimming speed=20-200 "m s-1) (Shimeta et al. 1995). Consistent with model 

predictions, clearance rates increase up to 200% in the aloricate choanoflagellate 

Monosiga and 600% in the helioflagellate Ciliophrys when exposed to dissipation rates, ! 

= 1 cm2 s-3 compared to still controls (Shimeta et al. 1995). Additionally, clearance rates 

of Acartia tonsa feeding on ciliates in ambush feeding mode increase by up to 400% 

when exposed to turbulence above !cr = 10-3 cm2 s-3 (Saiz and Kiørboe 1995). However, 

turbulence levels above !cr = 10-3 cm2 s-3 have no effect on A. tonsa clearance rates when 

suspension feeding (Saiz and Kiørboe 1995). Consistent with the model proposed by 

Kiørboe and Saiz (1995), the velocity difference generated relative to turbulence may be 

small for the ambush-feeding mode and large for the suspension-feeding mode (Kiørboe 

and Saiz 1995; Saiz and Kiørboe 1995). These results suggest that turbulence may play 

an important role in population and community dynamics because it can increase food 

availability and lead to higher growth rates of certain species, such as flagellates and 

copepods, and result in increased predation on their prey population (Shimeta et al. 

1995). 

26

!

!



  The complete picture of turbulence effects on planktonic predator-prey 

interactions includes post-encounter processes (Holling 1961; MacKenzie et al. 1994; 

Kiørboe and Saiz 1995). Turbulence can negatively affect feeding by eroding the 

hydromechanical signal of a prey detected by the predator or change prey or predator 

behavior (MacKenzie et al. 1994; Kiørboe and Saiz 1995). Ingestion can also depend on 

the difference between the local velocity imposed by turbulence and feeding current 

speed or reaction time of the predator (MacKenzie et al. 1994; Kiørboe and Saiz 1995). 

For example, clearance rates of the chrysomonad Paraphysomonas do not increase when 

exposed to dissipation rates above !cr = 0.4 cm2 s-3, most likely because its feeding 

current is stronger than the imposed turbulence (Shimeta et al., 1995). Encounters 

between cod (Gadus morhua) larvae and their prey are predicted to increase above !cr = 

7.4x10-4 cm2 s-3 because they exhibit a pause-travel swimming mode, which generates a 

smaller velocity difference compared to turbulence, compared to herring (Clupea 

harengus) larvae that cruise while searching for prey (Mackenzie and Kiørboe 1995). 

However, turbulence negatively affects prey capture success in cod larvae even though 

encounter rates are predicted to increase (MacKenzie and Kiørboe 2000).  

 The goal of this study was to experimentally test one formulation (Kiørboe and 

Saiz 1995) of predator-prey encounter theory for sea urchin larvae. While the effects of 

small-scale turbulence on predator-prey encounters have been investigated in 

heterotrophic protists, copepods, and fish larvae (Shimeta et al. 1995; Saiz and Kiørboe 

1995; Kiørboe and Saiz 1995), the effect on encounters and ingestion on the slow-
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swimming larvae of benthic marine invertebrates is unknown. Sea urchin larvae were 

chosen because they swim relatively slowly using ciliary currents, with swimming speeds 

slightly faster than their phytoplankton prey but much slower than most copepods and 

fish larvae (Strathmann 1971). At first glance, they would appear to benefit from low 

levels of turbulence because their swimming speeds are similar to some flagellates 

(Shimeta and Jumars 1991; Shimeta et al. 1995). But sea urchin larvae are suspension 

feeders, which, according to predator-prey encounter theory, would suggest that they 

would not benefit from low levels of turbulence. Sea urchin larvae are most likely food 

limited in the ocean because larvae have higher growth rates and shorter development 

times when raised on food in natural seawater supplemented with cultured algae 

compared to larvae raised on natural seawater alone (Paulay et al. 1985). If turbulence 

enhances food availability, then the added nutrition could reduce larval development time 

(Meyer et al. 2007) and increase post-metamorphic juvenile survival (Jarrett 2003; Pineda 

et al. 2007). The survival of juveniles to reproduction is critical to reproductive 

population connectivity (Pineda et al. 2007). 

 The ingestion rates of larvae of two species of sea urchins, Strongylocentrotus 

purpuratus and Lytechinus pictus, were compared to modeled encounter rates for a range 

of shear levels. These two species were chosen because L. pictus larvae are 50% larger 

than S. purpuratus larvae and have double the swimming speed (Table 2.1), providing an 

interesting test of the effects of perceptive radius and swimming speed on encounters in 

turbulence. This provided a framework for testing the hypothesis that turbulence levels  

>!cr increase encounters and ingestion, and thereby growth, in sea urchin larvae.
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THEORY

 The predator-prey encounter model proposed by Kiørboe and Saiz (1995) was 

selected because it is amenable to experimental verification. The encounter rate, E, per 

predator (cells d-1) is defined as:

E=! Cprey                                                                (1)

where ! is the encounter kernel (ml d-1) and Cprey is the concentration of prey (cells ml-1).

 The encounter kernel, !, quantifies the different behavioral and physical processes 

that can cause a velocity difference between predator and prey to result in an encounter. 

Two expressions for ! are derived so that: 

E=(!beh+!turb)Cprey                                                          (2)

where !beh is the encounter kernel due to behavior of predator and/or prey and !turb is the 

encounter kernel due to turbulence (Kiørboe and Saiz 1995). 

Kernel due to behavior

 The behavior encounter kernel depends on perception of the predator, size of the 

prey, and speed of the prey relative to the predator (Kiørboe and Saiz 1995). One 

expression for !beh was tested in this study: 

!beh= "(r1+r2)2 v1                                                        (3)

where r1 is the perceptive radius of the predator, and r2 is the radius of the prey (Kiørboe 

and Saiz 1995). In the case of a predator searching for nonmotile prey, v1 is the 

swimming velocity of the predator. However, the feeding current generated by a 

suspension feeding predator can also cause the prey particle to move relative to the 
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predator. In this case, v1 is the speed of the feeding current and the swimming speed of 

the predator is irrelevant. 

Kernel due to turbulence

 Ocean turbulence is generated by wind, waves, currents, and tides. Turbulence is 

characterized by large-scale eddies, whose energy is transferred to progressively smaller 

eddies until it is dissipated as heat (Gargett 1989; Jiménez 1997). Thus, turbulence can be 

described by the dissipation rate of turbulent kinetic energy, ! (cm2 s-1). The minimum 

size of turbulent eddies is characterized by the Kolmogorov length scale, Lk:

Lk = (!3/!)0.25                                                     (4)

where ! is the fluid kinematic viscosity (cm2 s-1). At length scales < Lk, viscosity 

dominates and turbulence is experienced as laminar shear (i.e., fluid rate of strain) (Lazier 

and Mann 1989). Then the velocity difference, w, between two points can be described 

as:       

w = 0.42dG                                                          (5)

where d is the distance between two particles (cm) and G is the shear level (s-1) (Kiørboe 

and Saiz 1995).

 The kernel due to shear is:

"shear = !d2w                                                       (6) 

which becomes:

"shear= 4/3G(r1+r2)3                                                  (7)

after incorporating the velocity difference due to shear, w, as described in Eq. 6 (Kiørboe 

and Saiz 1995).
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  Significance of shear for prey encounter 

   When !shear > !beh, shear is predicted to dominate prey encounters. This is used to 

calculate a critical shear level, Gcr, above which encounters due to shear are greater than 

those due to behavior alone. For G < Gcr, encounter rate is less affected by shear level 

(Shimeta et al. 1995). For G > Gcr, encounter rate should rise linearly with shear level  

(Kiørboe and Saiz 1995; Shimeta et al. 1995).

For a cruising (straight swimming) predator:

Gcr = 2.56(v1/r1)                                                          (8)

where v1 is the predator swimming or feeding current speed. 

MATERIALS AND METHODS

Test organisms

 Adults of the purple urchin Strongylocentrotus purpuratus and white urchin 

Lytechinus pictus were held at ambient temperature in flow-through aquaria at the 

Experimental Aquarium Facility at Scripps Institution of Oceanography. Adults were 

injected with 0.5 M KCl to induce spawning. The eggs from one female were then 

fertilized with the sperm of one male. Two days after fertilization, prism stage larvae 

were transferred to 3 L glass jars filled with 0.45 "m filtered seawater (FSW) (20ºC for L. 

pictus and 16ºC for S. purpuratus) at a concentration of 2 larvae ml-1 unless stated 

otherwise. The antibiotic penicillin was added to the cultures at a concentration of 50 mg 

ml-1 to prevent bacterial growth. Larvae were fed the alga Rhodomonas lens at an initial 

concentration of 300 cells ml-1. This prey species was chosen for its high nutritional value 

to urchin larvae (Strathmann 1975; Schiopu et al. 2006). Experiments were conducted 

31

!

!



three days after fertilization, when larvae were at the early four-arm stage of 

development. The early four-arm stage was studied because: (1) larvae are fully 

competent to feed; and (2) it is the most critical to development because larvae that are 

food-limited during this time have a lower likelihood of recovering and surviving to 

metamorphosis (Fenaux et al. 1988; Kelly et al. 2000). 

 Parameters for the encounter model

 The first parameter for the encounter model, perceptive radius, was based on 

morphology of sea urchin larvae. The perceptive radius is the distance at which particles 

are sensed, which in sea urchin larvae was estimated as the length of the larval arms (Fig. 

2.1A, B). Particles are sensed at the tips of cilia that run in bands along the larval arms 

and are moved towards the mouth using a local reversal of ciliary beat (Fig. 2.1A, B) 

(Strathmann 2007). A perceptive radius based on length of the larval arms of 0.28 mm 

was used for L. pictus larvae, while 0.18 mm was used for S. purpuratus larvae (Table 

2.1). For modeling purposes, the larval arms are equivalent to the antennules in copepods, 

the lengths of which are used as the perceptive radius (Fig. 2.1C). 

 The second parameter for the behavioral encounter kernel was speed, v1, of the 

prey particle relative to the sea urchin larvae. Sea urchin larvae are considered as 

suspension feeders that use a feeding current and can sense and actively capture 

individual particles (Strathmann 2007). In this case, v1 would be the velocity of the prey 

in the feeding current as it enters the perceptive radius (Kiørboe and Saiz 1995). Feeding 

currents in sea urchin larvae range between 0.8 to 2.5 mm s-1 (Strathmann 2007), which 

were used in the encounter models.
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 In the case of sea urchin larvae searching for nonmotile prey, v1 is the swimming 

speed of the larvae (Kiørboe and Saiz 1995). Swimming speed was determined by video 

observations of early four-arm stage S. purpuratus and L. pictus larvae swimming in still 

water. Larvae were added to 160 mL FSW at a concentration of 2 larvae ml-1. A final 

concentration of 300 cells ml-1 of R. lens was then added. They were then acclimated for 

10 min in a clear plexiglass chamber with dimensions 10 x 10 x 2 cm. Two-dimensional 

video recordings were taken for 10 min using a CCD video camera (DAGE MTI 

CCD-72S, Michigan City, IN) connected to a digital video recorder (Sony Video 

Walkman GV-D900 NTSC; frame rate 30 Hz) with the chamber illuminated by red light. 

The center of the field of view was 3.5 cm from the bottom, 6.5 cm from the top, and 1 

cm deep to avoid boundary interactions. In all experiments, recordings were carried out at 

a constant temperature (20˚C for L. pictus and R. lens, and 16˚C for S. purpuratus).

 Video clips were converted to image stacks for single frame analysis using the 

ImageJ software (NIH, Bethesda, MD) particle tracker plugin. The duration of each 

analyzed track ranged from 3 to 75 s. To characterize swimming patterns, the root mean 

square (RMS) distance covered was plotted as a function of time, t. RMS distance versus 

time has two phases, from which the swimming speed can be estimated from regression 

analysis (Kiørboe et al. 2004; Jakobsen et al. 2005). The average swimming speed, v,  

was determined from the slope of the linear regression of RMS distance versus time 

during the first phase, in which the RMS is linear in time (Kiørboe et al. 2004; Jakobsen 

et al. 2005).
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Flow apparatus

 Larvae were subjected to either still conditions or constant shear using simple 

Couette flow generated in the gap between concentric cylinders with only the outer 

cylinder rotating at constant speed. This flow field is characterized by a linear velocity 

gradient in the seawater-filled gap between the two cylinders, where the larvae are held, 

resulting in nearly constant shear (Coles 1965). Simple Couette flow has been used 

previously to study the sensitivity of marine organisms to shear (Thomas and Gibson 

1990, 1992; Latz et al. 1994; Juhl et al. 2000, 2001; Juhl and Latz 2002) and the effect of 

shear on suspension feeding by planktonic protists (Shimeta et al. 1995).

The flow chambers used in this study were the same previously used in growth 

studies (Juhl et al. 2001; Latz et al. 2009). They were constructed of clear acrylic and 

consisted of a seawater-filled gap formed by two concentric cylinders. The dimensions 

were: inner radius (ri) = 20.5 mm; outer radius (ro) = 24 mm; height of fluid (h) = 200 

mm; fluid volume in gap = 265 mL. The bottom end cap of the outer cylinder was 

mounted to a pulley system with plastic chain and a 6:1 gearbox driven by a Silvermax 

servomotor (QuickSilver Controls, Inc.). Four replicate chambers were coupled to each 

servomotor. Motor speed was controlled by custom software on a personal computer 

(Latz et al. 2009). 

 Characteristics of the flow field, such as velocity and shear, can be determined at 

any radial position within the gap. The mean shear rate, G, within the gap is calculated as:

G = [(2!orori)/(ro
2-ri

2)]                                                    (12)
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where ! is the angular velocity (! = 2"N/60, where N is the rotational speed in rpm), and 

ro and ri are the outer and inner cylinder radii, respectively (Schlichting 1979). The 

rotation rate of the outer cylinder in all experiments was either 0, 1.5, 6, or 15 rpm, 

representing shear rates of 0 (still control), 1 (‘low’), 4 (‘moderate’), and 10 (‘high’) s-1, 

respectively. These shear levels represent dissipation rates, #, of 0 - 1 cm2 s-3 which 

represent oceanic conditions in near-surface waters under the influence of moderate to 

strong winds (Soloviev et al. 1988; Thomas and Gibson 1990). 

Prey growth experiments 

 To calculate grazing rates using the Frost (1972) equations, the growth rates of R. 

lens in the absence of larvae were measured. R. lens was added to each chamber at an 

initial concentration of 300 cells ml-1. After 4 d, a 20 ml sample was removed from each 

chamber and cell concentration was measured using the particle counter. There were four 

replicate chambers for each shear treatment, and each experiment was performed twice. 

The exponential net growth rate (k) was calculated based on the change in concentration 

over 4 d and expressed as the mean with standard deviation of the mean. Exponential 

growth rates were tested for statistical significance using a one-way analysis of variance 

(ANOVA) with Tukey’s test used for post-hoc comparisons. Statistical differences were 

based on an $ = 0.05 criterion. All statistical analyses were performed using Prism 

(GraphPad Software, Inc.).

Short-term grazing experiments 

 To determine the effects of shear on encounters between sea urchin larvae and 

nonmotile prey, L. pictus larvae were incubated with beads flavored with the green alga 
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Dunaliella tertiolecta CCMP strain 1320 and S. purpuratus were incubated with beads 

flavored with the red alga Rhodomonas lens CCMP strain 739. Choice of these two prey 

species was based on initial preference tests. Although L. pictus larvae preferred the taste 

of D. tertiolecta, a unialgal diet of this species is insufficient for larval culture (George et 

al. 2004). To flavor beads, 1.5 ml of the D. tertiolecta or R. lens culture in exponential 

growth phase was added to an Eppendorf tube and centrifuged for 15 min at 13,000g to 

pellet the cells. The supernatant was removed and combined with 1.0 ml of autoclaved 

FSW that contained a 60 !L volume of 20 !m polystyrene DVB microspheres (SPI) that 

had been rinsed twice in autoclaved FSW. The beads were soaked overnight in the algal 

exudate. 

 At the beginning of the experiment, 85 larvae were added to 170 ml of FSW in 

each flow chamber and acclimated in the chambers for 30 min. After this time, each 

chamber was inoculated with beads to achieve an initial concentration of 300 or 2500 

ml-1. Larvae were then exposed to either 0 (still control), 1, 4, or 10 s-1 for 30 min. 

Preliminary experiments suggested that maximal ingestion was achieved in 30 min 

compared to 10 and 20 min. After the 30 min incubation, larvae were removed from the 

chambers, fixed in formalin, and observed under a compound microscope to count the 

number of beads in the stomach and intestine. There were four replicate chambers for 

each shear treatment, and each experiment was performed twice. 

 Values of ingestion rates (No. beads ingested larva-1 h-1) and clearance rates (ml 

larva-1 h-1), obtained by dividing the ingestion rate by the concentration of beads, were 

expressed as means plus standard deviation of the mean, with n equaling the number of 
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larvae per treatment. Data were log-transformed and tested for statistical significance as a 

function of shear level using a one-way analysis of variance (ANOVA) with Tukey’s test 

used for post-hoc comparisons. Statistical differences were based on an ! = 0.05 

criterion. 

 Observed ingestion rates were compared to predicted encounter rates as a function 

of shear level. Differences between predicted versus observed rates were tested for 

statistical significance using a chi-squared test, with statistical differences based on an ! 

= 0.05 criterion. Linear regression analysis of predicted encounter rates and observed 

ingestion rates versus shear was then performed. Assuming that the original estimate of r1 

was correct, the fraction of encountered prey ingested ingested as a function of shear 

level was determined by dividing the linear regression of observed ingestion rates by the 

linear regression of predicted encounter rates. Encountered prey ingested should equal 

one if observed ingestion rates matched encounter theory predictions. 

Short-term gut fluorescence experiments 

 To determine the effects of shear on L. pictus or S. purpuratus larvae and motile 

prey, fluorescence of the unicellular alga R. lens was measured in the guts of L. pictus 

and S. purpuratus. Initial tests revealed that individual cells could not be counted in larval 

stomachs because cells were unrecognizable immediately upon digestion. Gut 

fluorescence can be used as a proxy of ingestion in some zooplankton (Mackas and 

Bohrer 1976; Karakoylu et al. 2009), although this method has not been verified 

experimentally in sea urchin larvae. 
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 To calibrate gut fluorescence with cell ingestion, fluorescence was measured 

within seconds after ingestion of R. lens by L. pictus larvae. A single larva was placed on 

a microscope slide and a small amount of the prey R. lens was added. Individual prey 

were counted as they were ingested. The larva was then fixed in 10% Formalin in FSW 

and the stomach photographed immediately on an epifluorescence microscope (Zeiss 

Axioskop Thornwood, NY) using blue light illumination, which excites phycobilin and 

chlorophyll fluorescence. Pixel brightness in the stomach was then measured using 

ImageJ. Correction was made for background fluorescence by measuring stomachs in 

larvae that had not ingested R. lens. The slope of the simple regression of fluorescence vs. 

prey cell number gave the average fluorescence intensity per prey cell. 

 Short-term feeding experiments were performed to determine the effect of shear 

on cell ingestion. Larvae were fed 300 cells ml-1 of R. lens and exposed to either 0 (still 

control), 1, 4, and 10 s-1 shear. After 30 min, larvae were removed from the chambers and 

fixed in 10% Formalin in FSW. Gut fluorescence in the stomachs of the larvae was then 

measured as described above within 2 h after the end of each experiment and expressed 

as the mean equivalent number of prey cells ingested with standard deviation of the 

mean. There were four replicate chambers for each shear treatment, and each experiment 

was performed twice. Statistical analyses were conducted as described above.

Long-term growth experiments 

 To test the effects of shear on ingestion and growth, larvae were exposed to 

laminar shear flow for 12 h d-1 for 8 days during their night phase. The daily duration of 

shear exposure was insufficient to cause larval mortality, which occurred for longer shear 
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exposure, and simulated diel variability in turbulence due to wind stress or convective 

mixing. In preliminary tests, the time of day of shear exposure had no effect on growth. 

The 8 d experiment duration was chosen to avoid significant mortality, which occurred 

for longer experiment durations. Larvae were added to 250 ml of FSW in each chamber. 

Based on initial tests that revealed density-dependent effects on grazing, optimal larval 

concentrations were 0.5 larvae ml-1 for L. pictus and 2 ml-1 for S. purpuratus. Larvae 

were fed R. lens at a food-limiting initial concentration of 300 cells ml-1. Every 4 d, 20 ml 

samples were removed from each chamber to determine the concentration of R. lens 

using an Elzone II particle counter (Micromeritics, Norcross, GA). There were four 

replicate chambers for each shear treatment, and each experiment was performed twice. 

To determine the effect of shear on grazing, ingestion rates were calculated using the 

Frost (1972) equations. Statistical analyses were conducted as described above.

 To determine the effect of shear on growth, measurements of postoral arm (PO) 

lengths were made using an ocular micrometer attached to a compound microscope. PO 

arm length is typically considered in studies on the effects of food limitation on growth of 

sea urchin larvae (Strathmann et al. 1992; Hart and Strathmann 1994). Specifically, early 

in development, PO arm length relative to body length is greater in starved compared to 

satiated larvae. After several days, however, satiated larvae develop faster and have larger 

overall PO arm lengths compared to starved larvae (Strathmann et al. 1992; Hart and 

Strathmann 1994). For each experimental condition, measurements from 20 larvae were 

made to the nearest 10 !m. PO arm length was expressed as a mean with standard 

deviation of the mean, with n equaling the number of larvae per treatment. Data were 
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tested for statistical significance using a one-way analysis of variance (ANOVA). 

Statistical differences were based on an ! = 0.05 criterion. 

 Finally, the concentration and developmental stage of larvae were also determined 

for each 20 ml sample. Developmental stages in L. pictus and S. purpuratus were defined 

as: early four-armed pluteus (postoral and anterolateral arms fully formed; obvious gut), 

late four-armed pluteus (with ‘bud’ of postdorsal arms), six-armed pluteus (fully formed 

postoral, anterolateral, and postdorsal arms) (Lamare and Barker 1999; Sewell et al. 

2004). The proportions of larvae at each developmental stage were arc-sine transformed, 

plotted as a function of shear level, and differences were tested for statistical significance 

using a one-way ANOVA. Statistical differences were based on an ! = 0.05 criterion. 

RESULTS

Swimming experiments 

 S. purpuratus and L. pictus larvae exhibited very different swimming patterns. 

Both species swam vertically in a helical pattern, consistent with previous observations 

that sea urchin larvae exhibit negative geotaxis and helical klinotaxis (Young 1995). But 

vertical displacement over time of L. pictus larvae was greater than S. purpuratus larvae 

(Fig. 2.2), with a slope of RMS displacement over time equal to an average swimming 

speed of 0.43 mm s-1 for L. pictus and 0.22 mm s-1 for S. purpuratus (Fig. 2.3 A, B). S. 

purpuratus larvae had much shorter ciliary bands than L. pictus larvae, suggesting that 

swimming speed increases as a function of ciliary band length. These values were used in 

encounter models to make predictions about the effect of shear on grazing in sea urchin 

larvae.
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 Calculations based on swimming speed (Eq. 8; Table 2.1) suggested that for early 

four-arm stage larvae: 

1. Gcr = 4.0 s-1 for L. pictus larvae. 

1. Gcr = 3.1 s-1 for S. purpuratus larvae.

 Calculations based on feeding current suggested that (Table 2.1):

2. Gcr = 8.4 s-1 for L. pictus larvae.

3. Gcr = 34.0 s-1 for S. purpuratus larvae.

Prey growth experiments 

 Net population growth of R. lens was similar for the tested shear levels. Mean 

growth rates of R. lens were 0.125 d-1 in the 0 (still control) s-1, 0.244 d-1 in the 1 s-1, 

0.187 d-1 in the 4 s-1, and 0.182 d-1 in the 10 s-1 shear treatments. There was no significant 

difference (One-way ANOVA; F12,3=0.1375, P=0.9355) among these values. These 

growth rates were used to calculate clearance and ingestion rates in the 8d growth 

experiments using the Frost (1972) equations.

L. pictus short-term grazing experiments 

  Ingestion rates were similar in larvae fed a limiting concentration of 300 beads 

ml-1 and exposed to shear levels < Gcr; the pooled average ingestion rate was 3.7±2.6 

beads larva-1 h-1 and clearance rate was 0.01±0.009 ml larva-1 h-1 (n=327) (Fig. 2.4A). 

The overall ingestion rate was significantly different (One-way ANOVA; F467,3 = 7.672; P 

< 0.0001) among treatments because the ingestion rate of 5.1 beads larva-1 h-1 and 

clearance rate of 0.02 ml larva-1 h-1 (n=144) for the 10 s-1 shear treatment were 
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significantly different (Tukey’s test; t220=0.96; P<0.001) and 30% greater compared to 

the pooled average of G < Gcr. 

 Predicted encounter rates based on swimming speed for L. pictus larvae incubated 

with 300 beads ml-1 were 1.5 beads larva-1 h-1 in the 0 (still control) s-1, 1.9 beads larva-1 

h-1 in the 1 s-1, 3.2 beads larva-1 h-1 in the 4 s-1, and 5.7 beads larva-1 h-1 in the 10 s-1 shear 

treatments. Observed ingestion rates were not significantly different (Chi-square analysis; 

X2=4.69; df=3; P=0.19) from predicted encounter rates at all shear levels (Fig. 2.4A). 

Predicted encounter rates based on a feeding current speed of 0.9 mm s-1 were 3.1 beads 

larva-1 h-1 in the 0 (still control) s-1, 3.6 beads larva-1 h-1 in the 1 s-1, 4.8 beads larva-1 h-1 

in the 4 s-1, and 7.4 beads larva-1 h-1 in the 10 s-1 shear treatments The fit of the observed 

ingestion rates to the predictions was improved (Chi-square analysis; X2=1.05; df=3; 

P=0.78) (Fig. 2.4A).

 To determine why observed ingestion rates were lower than predicted encounter 

rates at the highest shear levels, a linear regression analysis of predicted encounter rates 

and observed ingestion rates versus shear was performed. The regression of observed 

ingestion rate versus shear level was: y=4.1x10-5x+9.5x10-4. The regression for predicted 

encounter rate as a function of shear level was: y=1.2x10-4x+4.1x10-4. Next, r1 and v1 

were solved for using the slope and y-intercept of the linear regression of observed 

ingestion rates versus shear (Table 2.2). Because it is unlikely that the swimming speed or 

feeding current speed verified experimentally were underestimated, the difference in 

slope between the predicted and observed lines is most likely due to differences between 

encounters and ingestion. Assuming that the original estimate of r1 was correct, the 
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fraction of encountered prey ingested was then determined as a function of shear level. In 

L. pictus, the fraction of encountered prey ingested was:

Yobserved/predicted = (4.1x10-5x + 9.5x10-4)/(1.2x10-4x + 8.9x10-4)

which is a rectangular hyperbola (Fig. 2.4B) that decreased with increasing shear. 

Specifically, the proportion of encountered prey ingested decreased from approximately 

100% in the 0 (still control) s-1 shear treatment to 66% in the 10 s-1 shear treatment.

  L. pictus larvae fed a satiating concentration of 2500 beads ml-1 showed a 

different pattern. Ingestion rate was not significantly different (One-way ANOVA; F530,3 

= 1.12; P = 0.3402) among treatments, with a pooled average ingestion rate of 6.7±5.9 

beads larva-1 h-1 and clearance rate of 0.02±0.02 ml larva-1 h-1 (n=533) (Fig. 2.4C). 

Predicted encounter rates based on swimming speed were 12.4 beads larva-1 h-1 in the 0 

(still control) s-1, 16.0 beads larva-1 h-1 in the 1 s-1, 26.6 beads larva-1 h-1 in the 4 s-1, and 

47.8 beads larva-1 h-1 in the 10 s-1 shear treatments. Observed ingestion rates were 

significantly different (Chi-square analysis; X2=57.46; df=3; P<0.0001) and greater than 

predicted encounter rates at all shear levels. Predicted encounter rates based on feeding 

current speed were 26.6 beads larva-1 h-1 in the 0 (still control) s-1, 30.2 beads larva-1 h-1 

in the 1 s-1, 40.8 beads larva-1 h-1 in the 4 s-1, and 62 beads larva-1 h-1 in the 10 s-1 shear 

treatments. Observed ingestion rates were significantly different (Chi-square analysis; 

X2=110.5; df=3; P<0.0001) and lower than predicted encounter rates. The regression of 

observed ingestion rate versus shear level was: y=3.3x10-5x+1.7x10-3. The regression for 

predicted encounter rate as a function of shear level was: y=9.8x10-4x+7.4x10-3. The 
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fraction of encountered prey decreased from 23% in the still control to 12% in the 10 s-1 

shear treatment (Fig. 2.4D). 

S. purpuratus short-term grazing experiments 

 In S. purpuratus larvae fed a limiting concentration of 300 beads ml-1, there was 

no significant difference (One-way ANOVA; F217,3 = 1.714; P=0.16) among shear 

treatments (Fig. 2.5A) with a pooled ingestion rate of 4.27±3.34 beads larva-1 h-1 and 

clearance rate of 0.014±0.01 ml larva-1 h-1 (n=220). Predicted encounter rates based on 

swimming speed were 0.35 beads larva-1 h-1 in the 0 (still control) s-1, 0.48 beads larva-1 

h-1 in the 1 s-1, 0.88 beads larva-1 h-1 in the 4 s-1, and 1.67 beads larva-1 h-1 in the 10 s-1 

shear treatments. Observed ingestion rates were significantly different (Chi-square 

analysis; X2=94.17; df=3; P<0.0001) and greater than predicted encounter rates at all 

shear levels. Predicted encounter rates based on a feeding current speed of v1=2.4 mm s-1 

were 3.8 beads larva-1 h-1 in the 0 (still control) s-1, 4.0 beads larva-1 h-1 in the 1 s-1, 4.4 

beads larva-1 h-1 in the 4 s-1, and 5.1 beads larva-1 h-1 in the 10 s-1 shear treatments. There 

was no significant difference (Chi-square analysis; X2=0.53; df=3; P=0.92) between 

predicted encounter and observed ingestion rates. In S. purpuratus larvae, the fraction of 

encountered prey ingested was:

Yobserved/predicted = (2.5x10-6x + 1.1x10-3)/(3.7x10-5x + 1.0x10-3)

in which the proportion of encountered prey ingested decreased from approximately 

100% in the 0 (still control) s-1 shear treatment to 81% in the 10 s-1 shear treatment (Fig. 

2.5B).
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Short-term gut fluorescence experiments 

 Gut fluorescence of L. pictus larvae increased as a function of the number of R. 

lens ingested (Fig. 2.6A). Pixel brightness was 8.9 cell-1 (n=436) based on the slope of the 

linear regression.

 There was no significant difference (One-way ANOVA; F432,3 = 1.029; P=0.38) in 

gut fluorescence of L. pictus larvae among shear treatments (Fig. 2.6B), with a pooled 

ingestion rate of 0.0034±0.02 cells larva-1 h-1. These ingestion rates were 3 orders of 

magnitude lower than those obtained for bead studies.

 To determine whether gut fluorescence decayed soon after ingestion, gut 

fluorescence was imaged using time lapse photography. To control for quenching, 

background fluorescence of individual R. lens cells was measured over time and 

subtracted from gut fluorescence. Gut fluorescence decreased at a linear rate of 0.05 s-1 in 

L. pictus and 0.09 s-1 in S. purpuratus larvae (Fig. 2.7), suggesting that this method could 

not be used because fluorescence decayed immediately after ingestion. 

L. pictus growth experiments 

 After 8 d there was no significant difference (One-way ANOVA; F19,3 = 0.7041; 

P= 0.5619) among shear treatments (Fig. 2.8) for grazing of food-limited L. pictus larvae 

on R. lens prey; the average ingestion rate was 16.8±10.6 cells larva-1 h-1. Observed 

ingestion rates were significantly different (Chi-square analysis; X2=1967.2; df=3; 

P<0.0001) and much greater than predicted encounter rates based on swimming speed or 

a feeding current speed of 0.9 mm s-1 (Chi-square analysis; X2=176.5; df=3; P<0.0001) 
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(Fig. 2.8A). The fraction of encountered prey ingested as a function of shear level 

decreased by 50% (Fig. 2.8B).

 There was also no significant difference (One-way ANOVA; F75,3=1.636; P=0.19) 

in growth with shear treatment. On day 4 at the beginning of the experiment, pooled 

postoral arm length was 383.2±9.8 !m (n=95). After 8 d, pooled postoral arm length was 

461.6±21.4 !m (n=79). There was no significant difference (One-way ANOVA; F14,3 = 

0.8196; P = 0.5097) in developmental stage with shear treatment. After 8 d, 90% of the 

larvae were at the early four-arm stage while 10% were at the late four-arm stage. These 

results demonstrate that the concentration of food was limiting because in preliminary 

tests 80% of the larvae reached the six-arm stage after 8 d when fed a satiating 

concentration (5000 cells ml-1) of R. lens. 

S. purpuratus growth experiments 

 Shear caused high mortality in S. purpuratus larvae. The concentration of S. 

purpuratus larvae surviving after 8 d was significantly different (One-way ANOVA; F10,3 

= 7.034; P=0.007) in the shear treatments compared to the still control. Mortality was 

19% for the 1s-1, 22% for the 4 s-1, and 53% for the 10 s-1 shear treatments compared to 

5% for the still control. Initial tests showed that feeding was strongly density dependent 

(data not shown); therefore it was not possible to obtain reliable ingestion rates for this 

species.
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DISCUSSION

 Clearance rates measured in this study are consistent with previous observations 

that sea urchin larvae demonstrate preferences for size and flavor of prey, with 

preferences dependent on developmental stage (Table 2.3) (Rassoulzadengan et al. 1984; 

Appelmans 1994; Pedrotti 1995). Specifically, larvae preferentially ingest particles of 

10-20 !m diameter compared to smaller particles (Rassoulzadengan et al. 1984; 

Appelmans 1994; Pedrotti 1995). Larvae also ingest more particles that are 

‘flavored’ (i.e., incubated with algal exudate) compared to ‘unflavored’ (i.e., particles 

soaked in FSW) (Rassoulzadengan et al. 1984; Appelmans 1994; Pedrotti 1995). 

Clearance rates also depend on concentration of prey (Pedrotti 1995). Finally, ingestion 

rate depends on developmental stage with ingestion rates increasing as sea urchin larvae 

develop (Pedrotti 1994). 

 This is the first study to measure clearance rates in L. pictus and S. purpuratus 

larvae. The closest comparison to this study was on larvae of the sand dollar Dendraster 

excentricus (Appelmans 1994), which are similar in size to L. pictus larvae (Table 2.3). 

Clearance rates were over 2x greater in late four-arm stage larvae incubated with 2000 

ml-1 beads ‘flavored’ with Dunaliella tertiolecta compared to the early four-arm stage L. 

pictus larvae incubated with 2500 ml-1 beads ‘flavored’ with D. tertiolecta in the current 

study (Table 2.3). This could be due to differences in developmental stage because late 

four-arm stage larvae have buds of an extra set of arms and clearance rates can more than 

double as larvae grow an extra set of arms (Table 2.3) (Pedrotti 1995). Clearance rates 

may have also been greater in the other studies due to greater preference for the ‘flavor’ 
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of the beads. Clearance rates in L. pictus larvae incubated with R. lens in this study were 

slightly higher compared to a study on Arbacia lixula larvae incubated with 

Crichosphaera elongata. A. lixula larvae are similar in size to L. pictus larvae (Table 2.3), 

and R. lens and C. elongata are also similar in size. Differences in ingestion could be due 

to a greater preference of L. pictus larvae for R. lens. A. lixula larvae may have a greater 

feeding preference for algal species other than C. elongata.  

Encounters better correlated with feeding current

 The hypothesis that shear levels > Gcr would increase ingestion in sea urchin 

larvae was supported when feeding current was incorporated into the model. Inconsistent 

with encounter model predictions incorporating swimming speed, there were no 

differences in clearance and ingestion rates in S. purpuratus exposed to shear levels > Gcr. 

However, the results were consistent with model predictions based on feeding current 

speed. Clearance and ingestion rates were 30% greater in L. pictus larvae exposed to 

shear levels > Gcr based on encounter model predictions incorporating either swimming 

or feeding current speed.   

 Observed clearance and ingestion rates in the still controls were consistent with 

the behavioral encounter kernel, !beh, based on feeding current speed rather than 

swimming speed. !beh was equivalent to clearance rates in the still controls. In L. pictus 

larvae, observed !beh was 2x greater than predicted !beh based on swimming speed. 

Similarly, predicted !beh was lower than observed !beh in the other L. pictus and S. 

purpuratus grazing experiments. This suggests problems with the encounter model 

predictions because it is theoretically impossible to ingest particles that aren’t 
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encountered. Instead, observed !beh (0.89 ml h-1 ) for larvae incubated with a limiting 

concentration of glass beads was similar to predicted (0.92 ml h-1) !beh based on feeding 

current speed. Previous studies on heterotrophic protists and copepods demonstrate that 

observed clearance rates in still water correlate with predicted !beh. In the nonmotile 

helioflagellate Ciliophrys marina, !beh was predicted and observed as 1x10-7 ml h-1 

(Shimeta et al. 1995; Kiørboe 1997). In the copepod Acartia tonsa ambush feeding on the 

ciliate Strombidium sulcatum, !beh was predicted to be 193 ml d-1 and observed as 182 ml 

d-1 (Saiz and Kiørboe 1995).

 Observed clearance and ingestion rates at all shear levels were also consistent 

with encounter model predictions based on feeding current rather than swimming speed. 

The model in which !beh depended on swimming speed of the sea urchin larvae assumes 

that sea urchin larvae cannot sense individual prey particles. Based on this, ingestion was 

predicted to increase above Gcr=4.0 s-1 in L. pictus and Gcr=3.0 s-1 in S. purpuratus larvae, 

shear levels found at the ocean surface under the influence of moderate winds (Soloviev 

et al. 1988). But for model predictions based on feeding current speed, Gcr = 8.4 s-1 in L. 

pictus larvae and Gcr = 34 s-1 for S. purpuratus larvae. The observation that ingestion 

rates were 30% greater in L. pictus larvae exposed to 10 s-1 shear compared to the lower 

shear levels is consistent with the prediction based on feeding current speed that ingestion 

rates increase in larvae exposed to shear levels > Gcr. The observation that there was no 

significant difference in ingestion rates in S. purpuratus larvae exposed to shear levels < 

Gcr is also consistent with model predictions based on feeding current speed. The fit of 

observed clearance ingestion rates to model predictions based on feeding current was also 
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stronger at all shear levels compared to model predictions based on swimming speed. 

These results suggest that encounters in sea urchin larvae are better modeled with feeding 

current rather than swimming speed because larvae sense and actively capture individual 

prey.

 Observed ingestion rates did not match predicted encounters for L. pictus larvae 

fed a satiating concentration of glass beads or algal prey. In L. pictus larvae fed a satiating 

concentration of glass beads and with v1=0.9 mm s-1, the maximum predicted encounter 

rate was 62 beads larva-1 h-1 in the 10 s-1 shear treatment. But the maximum number of 

ingested beads observed in a stomach during an experiment was 48 in the 1 s-1 shear 

treatment, so observed ingestion rates could be lower than predicted because larvae could 

not fit that many beads in their stomachs. In the L. pictus grazing experiment, the 

discrepancy between predicted and observed encounters could be because ingestion rates 

were determined indirectly by measuring growth rates of R. lens in shear when larvae 

were not present, and averaged over a long period of time. 

High shear had a negative effect on post-encounter processes

 Shear also had a slightly negative effect on feeding. In L. pictus larvae fed a 

limiting concentration of glass beads, the proportion of encountered prey ingested 

decreased from approximately 100% in the 0 (still control) s-1 shear treatment to 66% in 

the 10 s-1 shear treatment. In S. purpuratus larvae fed a limiting concentration of glass 

beads, the fraction of encountered prey ingested decreased from approximately 100% in 

the 0 (still control) s-1 shear treatment to 81% in the 10 s-1 shear treatment. These results 

suggest that sea urchin larvae did not ingest each particle that they encountered because 
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of negative effects of shear on post-encounter processes. After a prey particle is 

encountered, it can be advected out of the predator’s perceptive radius before it can be 

ingested because the local velocity imposed by turbulence is greater than their reaction 

time (MacKenzie et al. 1994; Kiørboe and Saiz 1995; MacKenzie and Kiørboe 2000). 

Sea urchin larvae feed at scales smaller than the Kolmogorov microscale of turbulence by 

first detecting particles at the tips of their 20 !m long cilia, and then moving the particles 

towards their mouth using reversal of ciliary beat (Strathmann 1971; Strathmann 2007). 

At the scale of the cilia, the local velocity is sufficiently low that larvae can react to the 

prey. Thus, advection of prey out of the perceptive radius of larvae is insufficient to 

explain the effect of high shear on ingestion rates. Instead, shear-induced rotation could 

explain the negative effect of shear on ingestion because rotation causes streamlines to 

close (Shimeta and Jumars 1991), preventing prey cells from entering the perceptive 

radius of sea urchin larvae. Jeffrey’s theory for spheroids predicts that neutrally buoyant, 

rigid spheroids (i.e., passive particles) will undergo periodic rotation in a shear flow 

(Jeffery 1922). When the axis of rotation of the spheroid is perpendicular to a shear flow, 

the flux of particles to it is less than the flux to a non-rotating object, due to the closing of 

streamlines (Trevelyan and Mason 1951; Karp-Boss and Jumars 1996). L. pictus larvae 

directly observed swimming in a shear flow can control rotation and position when 

exposed to shear levels below 3 s-1; however, above this shear level they behave as 

passive particles (Chapter 4). Unlike L. pictus larvae, S. purpuratus larvae exhibited 

rotation and advection similar to passive particles at all shear levels (Chapter 4), which 

could explain the lower ingestion rates observed in this study. Similarly, these 
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observations may also explain shear-induced mortality of S. purpuratus larvae in the 

long-term grazing experiments. 

 Early four-arm stage S. purpuratus larvae appear to be more sensitive to shear 

than L. pictus larvae. While there was no difference in mortality in L. pictus larvae 

exposed to shear levels up to 10 s-1 for 8 d, long-term exposure to shear caused mortality 

in S. purpuratus larvae. S. purpuratus larvae have smaller skeletons and lower swimming 

speeds than L. pictus larvae. Differences in morphology also explain mortality in other 

zooplankton. For example, thin-shelled veligers of gastropods and bivalves have higher 

mortality than larvae with hard shells such as barnacle and bryozoan cyphonaute larvae 

after being transported through a turbulent tidal flow in the ocean (Jessopp 2007). 

Differences in clearance rates rates between heterotrophic protists exposed to laminar 

shear also correlate with swimming speed (Shimeta et al. 1995). Specifically, clearance 

rates decrease by 0.42x in the tintinnid Helicostomella exposed to 10 s-1 shear compared 

to still water conditions. However, shear rates of 10 s-1 increased clearance rates up to 

2.7x in the choanoflagellate Monosiga sp. and 7.0x in the helioflagellate Ciliophrys 

marina compared to still conditions. Helicostomella has the slowest swimming speed of 

all three species, suggesting they may not be able to react to a particle in time in the 

presence of fluid shear (Shimeta et al. 1995). These results suggest that negative effects 

of turbulence on zooplankton are species-specific, depending on factors such as 

morphology and swimming speed.

 At this point, it is too early to modify the encounter models without understanding 

the mechanisms behind the discrepancies between ingestion rates observed in this study 
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and predicted encounter rates. Instead, future studies must first correlate small-scale 

turbulent velocities with movements of sea urchin larvae and their prey. Relative 

velocities and encounter rates between different size particles tracked in turbulence 

revealed that flow diversion around a larger particle can result in lower encounter rates 

than predicted by theory (Hill 1992). When predation events in cod (Gadus morhua) 

larvae are related to instantaneous relative velocity, pursuit success probability decreases 

from 100% to 50% when relative velocities between larvae and their prey increases from 

0.1 mm s-1 to 6 mm s-1. These results support the prediction that prey are advected out of 

the predator’s perceptive radius before they react because the local velocity is greater 

than the predator’s reaction time (MacKenzie and Kiørboe 2000). Similarly, two methods 

can be used to test the prediction that shear-induced rotation of sea urchin larvae rather 

than advection of prey out of the perceptive radius results in lower ingestion rates than 

predicted by encounter theory. Imaging the instantaneous velocity of sea urchin larvae 

and their prey in isotropic turbulence using, for example, the T-box isotropic turbulence 

chamber (Webster et al. 2004; Yen et al. 2008) would allow the encounter rate between 

sea urchin larvae and their prey to be directly correlated with the velocity gradient at their 

location using a particle image velocimeter. Taylor-Couette flow can also be used to test 

the prediction that rotation prevents encounters with prey. Taylor-Couette flow consists of 

a simple laminar shear flow in a velocity gradient with a zone of no net translation 

suitable for imaging organisms (Riffell and Zimmer 2007), allowing direct correlation of 

the rotation rate of sea urchin larvae with encounter rate between sea urchin larvae and 

their prey. This information may then be used to modify existing encounter models based 
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on aerosol filtration theory by including a factor in the turbulence encounter kernel that is 

dependent on turbulence level. 

Low levels of turbulence do not affect food availability in sea urchin larvae

 These results are consistent with previous studies that suggest the effects of 

turbulence on grazing are species-specific. Suspension feeders and fast-swimming 

predators are not predicted to benefit from low levels of turbulence (Kiørboe and Saiz 

1995). Consistent with this, there was no effect of low levels of shear < Gcr on ingestion 

in suspension feeding larvae of the sea urchins L. pictus and S. purpuratus. In a review of 

experimental evidence of the effects of small-scale turbulence on plankton, Peters and 

Marassé (2000) considered a 50% increase or decrease in the turbulence treatment 

compared to the still control to be an effect due to turbulence. Ingestion rates were 30% 

higher in L. pictus larvae exposed to shear >Gcr and there was no difference in ingestion 

rates in S. purpuratus larvae. Similarly, in the copepod A. tonsa in the suspension feeding 

mode, !beh was predicted and observed to be 75 ml d-1. The encounter model predicted 

only a 20% increase in clearance rates to 90 ml d-1 in copepods exposed to a low 

dissipation rate, "=0.02 cm2 s-3, while observed clearance rates were 70 ml d-1 (Siz and 

Kiørboe 1995; Kiørboe 1997). The greatest increase in clearance rates due to low levels 

of turbulence is predicted for nonmotile organisms because the velocity difference 

between predator and prey is low relative to turbulence (Rothschild and Osborn 1988; 

Kiørboe and Saiz 1995). For example, the copepod A. tonsa feeding in  ambush mode 

experiences a greater increase in ingestion due to low levels of turbulence compared to 

suspension feeding because the velocity difference generated relative to turbulence is 
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small (Saiz and Kiørboe 1995). In A. tonsa ambush feeding on the ciliate Strombidium 

sulcatum, !beh was predicted to be 193 ml d-1 and observed as 182 ml d-1. Observed 

clearance rates increased almost four-fold to 715 ml d-1 , which is very similar to the 

predicted clearance rate of 701 ml d-1 for copepods exposed to a dissipation rate, "=0.02 

cm2 s-3 (Saiz and Kiørboe 1995; Kiørboe 1997). In the nonmotile helioflagellate 

Ciliophrys marina, !beh is predicted and observed as 1x10-7 ml h-1. Clearance rates 

increase three-fold when exposed to a relatively low shear level of 1 s-1 (Shimeta et al. 

1995). 

 Results from this study are also consistent with observations that the effects of 

turbulence on ingestion rates are non-linear. Ingestion rates can decrease in organisms 

exposed to high levels of turbulence due to negative effects on post-encounter processes 

(MacKenzie et al. 1994). In L. pictus and S. purpuratus larvae, observed ingestion rates 

were lower than predicted at the highest shear levels. Even though observed clearance 

rates increase three-fold 3x10-7 ml h-1 in C. marina exposed to 1 s-1 shear, they are lower 

than the predicted clearance rate of 8x10-6 ml h-1 (Shimeta et al. 1995; Kiørboe 1997). In 

the copepod A. tonsa feeding in suspension mode, a dissipation rate, "=10 cm2 s-3 has a 

negative effect on feeding because observed clearance rates are 40 ml d-1, which is much 

lower than the predicted clearance rate of 200 ml d-1(Saiz and Kiørboe 1995; Kiørboe 

1997). In A. tonsa feeding in ambush mode, clearance rates decreases to approximately 

300 ml d-1 in copepods exposed to a dissipation rate, "=1 cm2 s-3 which is lower than the 

predicted clearance rate of 2000 ml d-1(Saiz and Kiørboe 1995; Kiørboe 1997).
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 Overall, these results suggest that sea urchin larvae will not benefit from low 

levels of turbulence in the ocean. Based on a criterion of 50% (Peters and Marassé 2000), 

turbulence had no net negative or positive effect on ingestion or growth in sea urchin 

larvae. This is important because sea urchin larvae are most likely food limited in the 

ocean (Paulay et al. 1985). Larvae that are food-limited have longer development times 

(Meyer et al. 2007), are smaller at metamorphosis, and juveniles have lower survival 

rates to reproduction (Jarrett et al. 2003), resulting in lower reproductive population 

connectivity (Pineda et al. 2007). Small-scale turbulence can also cause mortality of some 

species of benthic marine invertebrate larvae, such as S. purpuratus, which is important 

because survival to reproduction influences reproductive population connectivity.

 Chapter 2 is being prepared for submission to Limnology and Oceanography. 

Maldonado, Elisa; Latz, Michael I. The dissertation author was the primary investigator 

and author of this paper.
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TABLES

Table 2.1. Estimates of critical shear level, Gcr, based on perceptive radius, r1, and 

swimming or feeding current speed, v1 (Eq. 8).

v1 (mm s-1) Gcr (s-1)

Species r1 (mm) Swimming 

speed

Feeding 

current

Swimming speed Feeding 

current

S. purpuratus 0.18 0.22 2.4 3.0 34

L. pictus 0.28 0.43 0.9 4.0 8.4

Table 2.2. Perceptive radius and swimming speed used in the encounter model for L. 

pictus and S. purpuratus larvae, compared to actual perceptive radius and swimming 

speed determined by regression analysis. 

Species Predicted Observed

r1 (cm) v1 (cm s-1) r1 (cm) v1 (cm s-1)

L. pictus 0.027 0.043 0.03 0.35

S. purpuratus 0.018 0.022 0.01 0.91
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FIGURES

M
R

C. CopepodA. Lytechinus pictus B. Strongylocentrotus

    purpuratus

M

R

100 !m

M

R

100 !m

Figure 2.1. Parameters included in the encounter model for sea urchin larvae are similar 

to those in copepods. The perceptive radius (R) is the distance from the mouth (M) at 

which particles can be sensed. A. Lytechinus pictus four-arm stage larva, B. 

Strongylocentrotus purpuratus four-arm stage larva, and C. Schematic representation of a 

copepod, modified from Kiørboe and Saiz (1995). 
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Figure 2.2. Representative swimming trajectories in still water of early four-arm stage 

urchin larvae incubated with 300 cells ml-1 Rhodomonas lens. A. Lytechinus pictus. B. 

Strongylocentrotus purpuratus.

60

!

!



0 10 20 30 40 50
0

5

10

15

Y=0.16x
0.41

r
2
=0.953

Time (s)
0 10 20 30 40 50

0

5

10

15

Y=0.43x+0.04

r
2
=0.999

0 10 20 30 40 50

0

5

10

15

Y=-0.30x
0.57

r
2
=0.86

0 10 20 30 40 50
0

5

10

15

Y=0.22x+0.07

r
2
=0.999

Time (s)

A. Lytechinus pictus

B. Strongylocentrotus purpuratus

Figure 2.3. Swimming patterns of early four-arm stage A. Lytechinus pictus larvae and B. 

Strongylocentrotus purpuratus larvae. Lines and equations represent least-squares 

regressions of RMS distance vs. time. The slope of the regression that fit the first phase is 

equivalent to the swimming speed. The regression that best fit the second phase 

determined the type of swimming pattern of the organism, with a linear regression 

representing linear swimming and a power function representing diffusive swimming. 
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Figure 2.4. Effect of shear on ingestion of flavored glass beads by early four-arm stage 

Lytechinus pictus larvae. Symbols represent mean±SE. Solid lines represent linear 

regression of observed ingestion rates. Dashed lines represent linear regression of 

predicted encounter rates, calculated using the model developed by Kiorboe and Saiz 

(1995). A. Ingestion by larvae fed a limiting concentration of beads (300 beads ml-1). 

Asterisk for the 10 s-1 treatment represents a significant difference based on Tukey’s post-

hoc comparisons. B. Proportion of encountered prey ingested versus shear in larvae fed a 

limiting concentration based on regression analysis of predicted encounter rates and 

observed ingestion rates. C. Ingestion of beads by larvae fed a satiating (5000 beads ml-1) 

concentration. D. Proportion of encountered prey ingested versus shear in larvae fed a 

satiating concentration.
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Figure 2.4. Ingestion of flavored glass beads by Lytechinus pictus larvae, Continued.
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Figure 2.5. Effect of shear on ingestion of a limiting concentration (300 ml-1) of flavored 

glass beads by Strongylocentrotus purpuratus larvae. A. Ingestion of beads by larvae. 

Symbols represent mean±SE. Dashed lines represent predicted encounter rates, 

calculated using the model developed by Kiorboe and Saiz (1995). B. Proportion of 

encountered prey ingested versus shear concentration based on regression analysis of 

predicted encounter rates and observed ingestion rates.
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Figure 2.6. Fluorescence of the unicellular alga Rhodomonas lens in the stomachs of 

Lytechinus pictus four-arm stage larvae. A. Gut fluorescence as a function of cells 

ingested. Line represents linear regression, where slope is equal to brightness per prey 

cell. B. Effect of shear on gut fluorescence in L. pictus larvae. Symbols are means±SE. 
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Figure 2.7. Two representative examples of temporal change in gut fluorescence 

following ingestion of a single Rhodomonas lens cell by four-arm stage larvae, based on 

time lapse images. The experiment was replicated three times for each species. A. 

Lytechinus pictus and B. S. purpuratus larvae. Lines represent the least-squares linear 

regressions.

66

!

!

0 25 50 75

11

12

13

14

15

16

17
A. y=-0.047x+16.03

r2=0.59

p=0.04



0 2 4 6 8 10

0

10

20

30

40
A.

0 2 4 6 8 10

0

1

2

3

4

5

Shear (s-1)

B.

Figure 2.8. Effect of shear on ingestion of a limiting concentration (300 cells ml-1) of 

Rhodomonas lens by Lytechinus pictus four-arm stage larvae over 8 d. A. Ingestion of 

beads by larvae. Symbols represent mean±SE. Dashed lines represent predicted 

encounter rates, calculated using the model developed by Kiorboe and Saiz (1995). B. 

Proportion of encountered prey ingested versus shear concentration based on regression 

analysis of predicted encounter rates and observed ingestion rates.
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Chapter 3

Effect of turbulence on grazing of sea urchin larvae: 

comparison with a laminar flow approach

ABSTRACT

 Turbulence influences plankton predator-prey encounters. Two types of 

approaches have been used to understand the effects of laboratory generated turbulence 

on planktonic predator-prey encounters. The goal of this study was to compare the effects 

of turbulence on grazing in larvae of the sea urchin Lytechinus pictus using a laboratory 

turbulence apparatus to a laminar flow approach. Laminar flow fields represent what 

organisms smaller than the smallest eddy scales of turbulence experience within a 

turbulent eddy. The advantages of a laminar flow field such as simple Couette flow are 

that it is fully characterized and organisms will experience similar flow conditions. Low 

levels of laminar shear generated using simple Couette flow had no effect on ingestion 

rates in larvae of the white urchin L. pictus, consistent with encounter model predictions 

that Gcr, the critical shear level above which encounters due to shear level are greater than 

behavior alone, is high in suspension feeders. However, shear rate and vorticity are 

constant in laminar shear while turbulence is characterized by random fluctuations in 

shear rate and vorticity that could affect particle capture. Similar to the laminar flow 

experiments, there was no increase in ingestion in L. pictus larvae exposed to dissipation 

rates ! =0 - 0.25 cm2 s-3, which were lower than the predicted critical dissipation rate, !cr. 

Variability was greater in the turbulence experiments, which was most likely due to 
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greater variability in flow conditions in the turbulence treatment. These results are 

consistent with encounter models that predict low levels of turbulence do not affect 

grazing in suspension feeders. They also support the use of laminar Couette flow to 

investigate plankton predator-prey encounters in organisms smaller than the Kolmogorov 

microscale.

INTRODUCTION

 Turbulence at the ocean surface is caused by wind, waves, currents, and tides 

(Gargett 1989). Turbulence is characterized by random velocity fluctuations in space and 

time (Jiménez 1997). It is also characterized by an energy cascade, in which large eddies 

transfer kinetic energy to progressively smaller eddies. Energy is dissipated as heat at the 

smallest scales, where viscosity overcomes inertia (Jiménez 1997). Thus, the intensity of 

turbulence is often characterized by the energy dissipation rate, ! (cm2 s-3). Turbulence 

levels are relatively low in the open ocean (! =10-8 - 10-2 cm2 s-3), while levels can be 

higher in the coastal zone (! = 10-3-100 cm2 s-3) (for review, Kiørboe and Saiz 1995).  

 Ocean turbulence theoretically increases predator-prey encounters. According to 

predator-prey encounter theory, turbulence increases the velocity difference between 

predator and prey, resulting in increased encounters (Rothschild and Osborn 1988; 

Kiørboe and Saiz 1995). However, the effects of turbulence on plankton are species-

specific and nonlinear. The critical dissipation rate, !cr, the level above which encounters 

due to turbulence are greater than due to behavior alone, is dependent on predator feeding 

behavior and morphology (Kiørboe and Saiz 1995). Relatively low levels of turbulence 
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are predicted to increase encounters and ingestion (i.e., !cr  is low) in nonmotile 

organisms because the velocity difference between predator and prey is low relative to 

turbulence, while low levels of turbulence are predicted to have no effect (i.e., !cr  is high) 

on contact rates and ingestion for suspension feeders and fast-moving organisms because 

the velocity difference between predator and prey is high relative to turbulence 

(Rothschild and Osborn 1988; Kiørboe and Saiz 1995). At some level, however, 

turbulence can negatively affect feeding by eroding the hydromechanical signal of a prey 

detected by the predator, changing prey behavior, or overcoming the feeding current or 

reaction time of the predator (MacKenzie et al. 1994; Kiørboe and Saiz 1995).

 Field observations that correlate predator-prey encounters with ocean turbulence 

are difficult to interpret because of interactions with other environmental variables (Peters 

and Redondo 1997). Although correlations between gut contents and turbulence levels are 

observed in fish larvae (Sundby and Fossum 1990; Ottersen and Sundby 1995; Reiss et 

al. 2002), the patterns can also be explained by vertical prey distribution (Reiss et al. 

2002). Similarly, copepod gut contents and vertical distribution in the field can be 

explained by predator and prey distributions, along with turbulence levels (Lagadeuc et 

al. 1997; Visser et al. 2001; Visser and Stipps 2002; Titelman and Fiksen 2004; Maar et 

al. 2006). Thus, it is challenging to extrapolate the effects of turbulence on zooplankton 

in the ocean in the presence of other environmental factors. 

 Laboratory experiments are important in examining the effects of turbulence on 

plankton under controlled conditions (Peters and Redondo 1997). However, the spatial 

and temporal intermittency of ocean turbulence make it difficult to predict and simulate 
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in the laboratory; it is also technically challenging to reproduce the spatial scale of the 

energy cascade in the laboratory (Jiménez 1997). Because of these challenges, two 

experimental approaches have been used to investigate the effects of turbulence on 

plankton: exposing plankton to either simplified flow fields or flow fields that reproduce 

the theoretical properties of turbulence on a small scale (Jumars et al. 2009). 

 Simple Couette flow is the most common approach to investigate the effects of 

simplified flow fields on planktonic predator-prey encounters. Simple Couette flow is 

justified because larvae are smaller than the Kolmogorov microscale of turbulence, where 

viscosity dominates. At this scale, they experience turbulence as an unsteady laminar 

shear flow (Lazier and Mann 1989). The advantage of using simple Couette flow is that 

the flow is fully characterized and all organisms experience similar conditions. Couette 

flow has been used to examine the effect of turbulence on heterotrophic protist grazing. 

Clearance rates increase up to 200% in the nonmotile aloricate choanoflagellate 

Monosiga exposed to shear levels above Gcr, the critical shear level, using simple Couette 

flow (Shimeta et al. 1995). In Monosiga, Gcr =0.1 s-1, which is equivalent to a dissipation 

rate ! = 0.0001 cm2 s-3 and represents relatively low levels of turbulence in coastal near-

surface waters where many zooplankton occur (for review, Kiørboe and Saiz 1995). 

Ingestion rates increase up to 600% in the helioflagellate Ciliophrys when exposed to 

shear levels above Gcr=3.2 s-1, representing a dissipation rate ! = 0.1 cm2 s-3 (Shimeta et 

al. 1995). These results are consistent with predator-prey encounter model predictions 

that relatively low levels of turbulence can increase ingestion rates in nonmotile and 

slow-swimming organisms.
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 Laminar shear affects grazing in larvae of the sea urchins Lytechinus pictus and 

Strongylocentrotus purpuratus (Chapter 2). Ingestion of nonmotile prey (glass beads) by 

Lytechinus pictus larvae was not significantly different in larvae exposed to shear levels < 

Gcr = 8.4 s-1, equivalent to a dissipation rate ! = 0.7 cm2 s-3. But ingestion rates were 30% 

greater in larvae exposed to 10 s-1 shear, representing a dissipation rate ! = 1 cm2 s-3, 

compared to the still control. These results are consistent with predator-prey encounter 

model predictions that low levels of turbulence are not important for suspension feeders 

because the velocity of prey in the feeding current is high relative to turbulence 

(Rothschild and Osborn 1988; Kiørboe and Saiz 1995). However, laminar shear is a 

simplified picture of what larvae experience in turbulence (Jumars et al. 2009). In simple 

Couette flow, shear level and vorticity are constant so flow conditions do not simulate the 

flow intermittency and unsteady nature of turbulence. Turbulence at dissipative scales is 

also characterized by vortices that can transport particles (Jumars et al. 2009).

 Another way to test the effects of turbulence on plankton in the laboratory is using 

flow fields that approximate the statistical properties of  turbulence. Several methods (e. 

g., vibration, shakers and stirrers, and shear free methods) have been developed (Peters 

and Redondo 1997). The most commonly used laboratory-generated turbulence apparatus 

is the oscillating grid in which turbulence is generated by moving a grid vertically in the 

chamber (Saiz et al. 1992; Saiz and Kiørboe 1995; Caparroy et al. 1998; MacKenzie and 

Kiørboe 2000; Peters and Marassé 2000; Saiz et al. 2003). Most studies on copepods and 

fish larvae using oscillating grid flow have shown that ingestion rates increase when 

exposed to dissipation rates up to ! = 0.1-1 cm2 s-3, at which point they decrease (Saiz et 

78



al. 1992; Saiz and Kiørboe 1995; Caparroy et al. 1998; MacKenzie and Kiørboe 2000; 

Peters and Marassé 2000; Saiz et al. 2003). However, the oscillating grid has several 

disadvantages (for review Webster et al. 2004). First, the flow is not isotropic because its 

direction is perpendicular to the oscillating grid. Second, the turbulence is not spatially 

homogeneous because the intensity decays away from the grid. Finally, the test organisms 

can be damaged by contact with the grid mesh or by high shears that are present at the 

grid (Hopfinger and Toly 1976).

 Webster et al. (2004) described a novel turbulence apparatus (T-box). Turbulence 

is generated in a cubic box using eight actuators, with no physical structures to damage 

test organisms. Turbulence is nearly isotropic and homogeneous in the center of the tank. 

The T-box provides an excellent opportunity to investigate the effects of small-scale 

turbulence on planktonic predator-prey encounters.

 The main goal of this study was to test the hypothesis that relatively low levels of 

turbulence do not affect suspension feeding sea urchin larvae using the T-box. Ingestion 

rates of larvae of the sea urchin Lytechinus pictus were compared to results from a 

previous study with an overlapping range of turbulence levels generated using simple 

shear flow (Chapter 2). The effects of turbulence on ingestion rates were similar in both 

studies, demonstrating that laminar shear generated using simple Couette flow is a good 

representation of turbulence for organisms smaller than the Kolmogorov microscale. 
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MATERIALS AND METHODS

 Organisms

 Adults of the white urchin, Lytechinus pictus, were obtained from Marinus 

Scientific (Garden Grove, CA) and held in artificial seawater (Instant Ocean Sea Salt®) 

at 13ºC in an environmental chamber at the Georgia Institute of Technology during July-

August 2009. This species was chosen because gametes are available in summer months 

(Hinegardner 1969) and the effect of laminar fluid shear on feeding has recently been 

studied (Chapter 2). Adults were injected with 0.5 M KCl to induce spawning. Gametes 

were first diluted in 0.45 !m filtered artificial seawater (temperature: 22ºC; salinity: 36 

psu). The eggs from one female were then fertilized with the sperm of one male. One day 

after fertilization, gastrula stage larvae were transferred to 38 L glass aquaria filled with 

12 L of 0.45 !m filtered artificial seawater. The antibiotic penicillin was added to the 

cultures at a concentration of 50 mg ml-1 to prevent bacterial growth. Two days after 

fertilization, larvae were diluted once more into 28 L of artificial seawater. At this time, 

they were also fed an initial concentration of 300 cells ml-1 of the unicellular alga 

Tetraselmis. Experiments were conducted three days after fertilization, when larvae were 

at the early four-arm stage of development and fully competent to feed.

 Flow apparatus

 The turbulence apparatus (T-box) is a unique laboratory apparatus, developed by 

D. Webster and J. Yen at the Georgia Institute of Technology (described in Webster et al. 

(2004) and Yen et al. (2008)), that simulates turbulence on small scales. The experiments 

were conducted in Georgia to take advantage of the expertise of D. Webster and J. Yen in 
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operating the T-box. It consists of a nearly spherical (0.4 m x 0.4 m x 0.4 m) clear acrylic 

chamber (Fig. 3.1). Turbulent flow is generated by eight synthetic jet actuators located at 

each side of the apparatus and regulated by manipulating the frequency and amplification 

signals driving woofer speakers attached to each of the actuators. ! was previously 

calibrated for only the 4 cm x 4 cm region at the center of the tank. The four levels of 

turbulence used in this study represented dissipation rates ! = 0 (still control), 0.002, 

0.009, 0.096, and 0.25 cm2 s-3, which are found in natural oceanic environments in the 

coastal zone (Jiménez 1997; Webster et al. 2004). 

 Grazing experiments

 To test predator-prey encounter theory, sea urchin larvae were fed nonmotile prey 

and exposed to turbulence using the T-box. Nonmotile prey were represented by 20 "m 

polystyrene DVB microspheres (SPI, West Chester, PA) that were flavored with algal 

exudate. Initial preference tests suggested that L. pictus larvae ingested more beads 

flavored with the unicellular alga Dunaliella tertiolecta strain CCMP 1320 compared to 

other algal species. To flavor beads, 45 ml of the D. tertiolecta culture in exponential 

growth phase was added to a Corning centrifuge tube and centrifuged for 5 min at 8000 

rpm to pellet the cells. The supernatant was removed and added to a 5 mL volume of 

microspheres that had been rinsed twice in distilled water. The beads were soaked 

overnight in the algal exudate. 

 At  the beginning of each experiment, larvae were added at a concentration of 0.5 

larvae ml-1 to 50 L of filtered artificial seawater (ASW) (22ºC; 36 ppt) in the T-box and 

acclimated to the chamber for 30 min. Preliminary experiments suggested that maximal 
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ingestion was achieved in 30 min compared to 10 and 20 min. After this time, beads were 

added to the chamber, which was then sealed, and turbulent flow generated. Larvae were 

exposed to flow with either ! = 0 (still control), 0.002, 0.009, 0.096, or 0.25 cm2 s-3 for 

30 min. After 30 min, the larvae were filtered onto 100 "m Nitex mesh and resuspended 

in 1% glutaraldehyde 1% formaldehyde in FSW. Larvae were then placed onto clay-prep 

slides and viewed under 100x magnification on a compound microscope. The number of 

beads in their stomachs and intestines was counted.

 Values of ingestion rates (No. beads ingested larva-1 h-1) were expressed as means 

with standard deviation of the mean, with n equaling the number of replicate experiments 

and larvae measured per treatment. Data were log-transformed and tested for statistical 

significance as a function of dissipation rate using a one-way analysis of variance 

(ANOVA) with linear trend and Tukey-Kramer tests used for post-hoc comparisons. 

Statistical differences were based on an # = 0.05 criterion. All statistical analyses were 

performed using Prism (GraphPad Software, Inc.).

 To determine whether observed ingestion rates were consistent with encounter 

theory, predicted encounter rates were calculated using the model of a suspension feeder 

that can sense and capture individual particles developed by Kiørboe and Saiz (1995). 

Sea urchin larvae feed using a ciliary current, in which prey are individually sensed and 

captured (Strathmann 2007). Larvae detect prey once they hit the tips of the cilia that run 

in bands along the larval arms (Strathmann 2007), which in L. pictus measure up to 280 

"m long in the four-arm stage of development. The velocity of prey in the feeding current 

ranges between 0.8 - 2.5 mm s-1 (Strathmann 2007). In the model, a perceptive radius of 
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280 !m and velocity of 2.4 mm s-1 was used for L. pictus larvae. Differences between 

predicted versus observed encounter rates as a function of dissipation rate were tested for 

statistical significance using a chi-squared test, with statistical differences based on an " 

= 0.05 criterion. Linear regression analysis of predicted encounter rates and observed 

ingestion rates versus shear was then performed.  

 Results from the laminar flow approach described in Chapter 2 were compared to 

the current study. The proportion of larvae ingesting beads and ingestion rates were first 

compared. To compare the variability of each approach, the coefficient of variation (CV) 

was calculated for each treatment by dividing the standard deviation of ingestion rate by 

the mean ingestion rate. 

RESULTS

 The proportion of larvae ingesting beads was 64% (n=2) in the 0 (still control), 

60% (n=1) in the 0.002, 43% (n=2) in the 0.009, 53% (n=2) in the 0.096, and 53% (n=1) 

in the 0.25 cm2 s-3  turbulence treatments. There was no physical damage or mortality in 

larvae due to the turbulence treatments (Fig. 3.2). Mean ingestion rates were 8.3±5.2 

beads larva-1 h-1 (n=334) in the 0 (still control) cm2 s-3, 8.3±4.6 beads larva-1 h-1 (n=163) 

in the 0.002 cm2 s-3, 7.6±4.7 beads larva-1 h-1 (n=289) in the 0.009 cm2 s-3, 7.5±4.5 beads 

larva-1 h-1  (n=504) in the 0.096 cm2 s-3, and 9.0±5.2 beads larva-1 h-1 (n=208) in the 0.25 

cm2 s-3 turbulence treatments (Fig. 3.3).  

 Overall ingestion rate in L. pictus larvae was significantly different (One-way 

ANOVA; F1493,4 = 3.911; P=0.004) among treatments (Fig. 3.3); Tukey-Kramer post-hoc 

comparison revealed this was because the ingestion rate of 8.99 beads larva-1 h-1 for the 
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0.25 cm2 s-3 turbulence treatment was significantly different and approximately 16% 

greater compared to the 0.009 (Tukey-Kramer; q=4.8; P<0.05) and 0.096 (Tukey-

Kramer; q=4.7; P<0.01) cm2 s-3 turbulence treatments. But ingestion rates were not 

significantly different among the 0 cm2 s-3, 0.002 cm2 s-3, or 0.25 cm2 s-3 turbulence 

treatments. Overall, there was no linear trend in the data (slope=0.0028; R2=0.0002; 

P=0.628).

 In this study, the critical dissipation rate, !cr, was predicted to be 4 cm2 s-3. This 

level of turbulence is much higher than levels found in the coastal zone of the ocean 

(Jiménez 1997); thus, the turbulence levels tested in this study were not predicted to 

increase ingestion rates in L. pictus larvae. Observed ingestion rates were not 

significantly different (X2=0.8; df=4; P=0.94) than predicted encounter rates at all 

turbulence levels (Fig. 3.3). The linear regression of observed ingestion rates was y=3.2x

+7.9. The linear regression of predicted ingestion rates was y=8.0x+8.6. There was a 

hyperbolic decrease in the proportion of encountered prey ingested from 92% in the still 

control to 83% in the 0.25 cm2 s-3 turbulence treatment. 

 In the T-box experiments, the coefficient of variation (CV) was 55% in the 0 (still 

control), 49% in the 0.002, 60% in the 0.009, 58% in the 0.096, and 50% in the 0.25 cm2 

s-3 turbulence treatments. There was no significant difference (One-way ANOVA; 

F8,4=0.7912; P=0.5297) in CV among turbulence treatments. There was no linear trend in 

the data (slope=-0.1319; R2=0.053; P=582) (Fig. 3.4). 
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DISCUSSION

 Comparison to encounter model predictions

 In both laminar and turbulent flow studies, ingestion rates were consistent with 

predator-prey encounter theory predictions that low levels of turbulence do not affect 

ingestion rates in suspension feeders. The turbulence levels tested in this experiment were 

not predicted to increase ingestion rates in L. pictus larvae because they were lower than 

Gcr = 4 cm2 s-3. Consistent with this prediction, ingestion rates did not increase as a 

function of turbulence level. This result is consistent with previous experiments (Chapter 

2) in which L. pictus larvae were incubated with glass beads and exposed to laminar shear 

using simple Couette flow. In the laminar flow experiments, there was no difference in 

observed and predicted ingestion rates in L. pictus larvae exposed to shear levels < Gcr = 

8.4 s-1. The encounter model predicted that ingestion rates should be 60% greater in 

larvae exposed to levels > Gcr compared to the still control. Observed ingestion rates were 

significantly different and 30% greater in larvae exposed to 10 s-1 shear compared to 

shear levels <Gcr=8.4 s-1. 

 In this study, the fraction of encounter prey decreased with dissipation rate as 

observed using a laminar flow approach. In the laminar flow experiments, the proportion 

of encountered prey decreased from approximately 100% to 66% between the still control 

and 10 s-1 shear treatment. In this study, the proportion of encountered prey decreased 

from 90% to 83% between the still control and 0.25 cm2 s-3 turbulence treatment. 

Additionally, pooled ingestion rates in the 0.009 and 0.096 cm2 s-3 turbulence treatments 

were 11% lower than the pooled average of ingestion rates in the 0, 0.002, and 0.25 cm2 
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s-3 turbulence treatments. These results suggest that larvae could not ingest each prey 

particle they encountered at the highest turbulence levels. However, in a review of 

experimental evidence of the effects of small-scale turbulence on plankton, Peters and 

Marassé (2000) considered a 50% increase or decrease in the turbulence treatment 

compared to the still control to be an effect due to turbulence. Using the same criterion, 

levels of turbulence typically found in the coastal zone of the ocean had no net positive or 

negative effect on grazing in sea urchin larvae.

 These results are consistent with encounter theory that low levels of turbulence 

increase ingestion in nonmotile and slow-swimming but not fast-swimming or suspension 

feeding predators (Kiørboe and Saiz 1995). Consistent with encounter model predictions, 

ingestion rates did not increase as a function of turbulence level in suspension feeding sea 

urchin larvae exposed to dissipation rates lower than !=0.25 cm2 s-3. Ingestion rates 

increase in copepods feeding in the ambush mode but not suspension feeding mode with 

turbulence up to !=0.1 cm2 s-3, because the velocity of prey in the feeding current in the 

suspension feeding mode is high relative to the local velocity imposed by turbulence 

(Kiørboe and Saiz 1995; Saiz and Kiørboe 1995; Kiørboe 1997). But clearance rates 

increased three-fold as predicted in the nonmotile helioflagellate Ciliophrys marina 

exposed to the same turbulence level (Shimeta et al. 1995).

Comparisons between laminar flow and turbulence approaches

 The proportion of larvae that ingested particles and average ingestion rates were 

greater in the T-box experiments compared to the Couette experiments, although the 

mean ingestion rates were well within experimental error for both experiments. In the 
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laminar Couette flow experiments (Chapter 2), the proportion of larvae ingesting beads 

was 25% in the 0 (still control) s-1, 34% in the 1 s-1, 32% in the 4 s-1, and 37% in the 10 

s-1 shear treatments. Mean ingestion rates were 3.2±2.2 beads larva-1 h-1 in the 0 (still 

control) s-1, 4.2±3.1 beads larva-1 h-1 in the 1 s-1, 3.9±2.5 beads larva-1 h-1 in the 4 s-1, 

5.1±3.8 beads larva-1 h-1 in the 10 s-1 shear treatments. These differences could be due to 

culture conditions. L. pictus larvae were grown in ASW for the T-box experiments, while 

larvae in the laminar flow experiments were grown in filtered seawater. Larvae were 

cultured for two days on the unicellular alga Tetraselmis for the T-box experiments while 

they were fed Rhodomonas lens for the laminar flow experiments. Perhaps Tetraselmis 

stimulated higher feeding due to greater preference compared to R. lens. 

  There was no effect of turbulence on experimental variability in both the Couette 

and T-box experiments. If turbulence overwhelmed larval feeding behavior, a decreasing 

CV with increasing turbulence would have been expected as more larvae ingested fewer 

particles. But there was no linear trend in CV as a function of dissipation rate, providing 

more support for the possibility that sea urchin larvae can maintain their feeding current 

even when exposed to the highest levels of turbulence tested here. There are no 

comparable studies correlating variability of ingestion rates with turbulence, although 

variability in growth rates and swimming have been correlated with turbulence. For 

example, variability in growth rates of dinoflagellates is greater in steady and unsteady 

laminar shear compared to still controls, consistent with greater variability due to the 

hydrodynamics of the laminar flow fields (Latz et al. 2009). CV of swimming has also 

been correlated with turbulence in field observations. In plankton such as ciliates and 
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copepod nauplii that are relatively weak swimmers, CV of their spatial patchiness 

decreases with increasing turbulent diffusion, suggesting that high turbulence dominates 

swimming behavior and homogenizes their distribution in the ocean (Maar et al. 2003). 

However, there was no effect of turbulence on CV of patchiness in relatively strong-

swimming copepodites, suggesting they can maintain swimming behavior even at the 

highest levels of turbulence in the ocean (Maar et al. 2003).   

 Variability was greater in the T-box experiments compared to the laminar flow 

experiments. Coefficient of variation in the Couette experiments was 47% in the 0 (still 

control) s-1, 48% in the 1 s-1, 46% in the 4 s-1, and 47% in the 10 s-1 shear treatments. The 

pooled coefficient of variation (CV) was significantly different (t-test; t7=2.94; P=0.02) 

and 13% greater in T-box ingestion rates compared to laminar flow ingestion rates. The 

difference was consistent across all turbulence levels, even the still control. This suggests 

that the differences were due to the experimental container, not the flow field. The most 

likely cause for greater variability in the T-box is that larvae were broadly distributed in 

the chamber while dissipation rate was characterized for only the central volume. 

Variability could also be due to differences in larval condition or greater replication in the 

laminar flow compared to the T-box experiments.

 These results are contrary to the expectation that CV would be greater due to the 

hydrodynamic conditions. Greater variability in ingestion rates was expected in the T-box 

due to intermittency of turbulence level in space and time, compared to the laminar flow 

experiments in which shear rate is constant. Vorticity is also variable in space and time in 

the T-box, which could cause variability in ingestion rates, while it is constant in the 
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laminar flow experiments. Vorticity could also prevent particle capture, resulting in lower 

ingestion rates, in organisms larger than the Kolmogorov microscale. Even though L. 

pictus larvae were larger than the Kolmogorov scale in the 0.096 and 0.25 cm2 s-3 

turbulence levels in the T-box (Webster et al. 2004), there was no decrease in ingestion 

rates at these turbulence levels. Larvae feed at even smaller scales by first detecting 

particles at the tips of their 20 !m long cilia and moving the particles towards their mouth 

using reversal of ciliary beat (Strathmann 1971; Strathmann 2007). At the scale of the 

cilia, the local velocity imposed by turbulence is most likely low enough so the larvae 

have enough time to react. Thus, particles are not advected away before the larvae can 

capture individual particles. These results suggest that shear level, not intermittency or 

vorticity, is most relevant to larval feeding because they feed at scales smaller than the 

Kolmogorov microscale.

 This study provides support that laminar shear generated using simple Couette 

flow is a sufficient representation of turbulence for organisms smaller than the 

Kolmogorov microscale. The hypothesis was based on theory for velocity in one 

dimension developed by Lazier and Mann (1989), but is difficult to verify experimentally 

(Jumars et al. 2009). Most results using different flow fields are inconsistent. For 

example, turbulence generated using an oscillating grid enhances population growth of 

the dinoflagellate Lingulodinium polyedrum (Sullivan and Swift 2003), while turbulence 

generated using simple Couette flow inhibits growth (Juhl et al. 2000; Latz et al. 2009). 

Results from other studies can be explained by the physics of the flow field. In a non-

biological system, flocculates were less subject to breakup in simple Couette flow 
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compared to an oscillating grid and paddle mixer (Serra et al. 2008). This is most likely 

because the Kolmogorov scale is smaller in the paddle mixer and oscillating grid 

compared to simple Couette flow, so aggregates larger than this scale would be broken up  

(Coufort et al. 2005; Serra et al. 2008). In this study, results were consistent with a 

previous study using laminar shear (Chapter 2), demonstrating that spatially and 

temporally variable velocity will not affect grazing by organisms that live at scales 

smaller than the Kolmogorov scale.

 Chapter 3 is being prepared for submission to Limnology and Oceanography. 

Maldonado, Elisa; Latz, Michael I. The dissertation author was the primary investigator 

and author of this paper.
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FIGURES

Figure 3.1. Turbulence chamber (T-box) and actuators used in this study, described in 

Webster et al. (2004). The chamber volume is approximately 60 L.

Figure 3.2. Lytechinus pictus larva with glass beads in its stomach after exposure to 

turbulence in the T-box. Scale bar is 100 !m.
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Figure 3.3. Predicted versus observed encounter rates in  Lytechinus pictus larvae 

exposed to turbulence in the T-box. Dashed line represents predicted encounters 

calculated using the model developed by Kiorboe and Saiz (1995). Solid symbols are 

mean ingestion rates, plus standard errors, of a limiting concentration (300 ml-1) of glass 

beads.

92



0.00 0.05 0.10 0.15 0.20 0.25
0.00

0.25

0.50

0.75

1.00

! (cm2 s-3)

Figure 3.4. Coefficient of variation as a function of dissipation rate in the T-box (open 

symbols) and Couette shear (closed symbols) (Chapter 2) experiments. Bars represent 

means with standard errors.
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Chapter 4

Swimming behavior of larvae of the sea urchins Lytechinus pictus and 

Strongylocentrotus purpuratus in response to prey and fluid shear

ABSTRACT

 Behavior may be important in small-scale biological-physical interactions that 

influence feeding success and dispersal of the larvae of benthic marine invertebrates. The 

first goal of this study was to test the hypothesis that behavior in larvae of the sea urchins 

Lytechinus pictus and Strongylocentrotus purpuratus in still water changes in the 

presence of algal prey. L. pictus, but not S. purpuratus, larvae exhibited area-restricted 

search in the presence of R. lens, suggesting that behavior can influence the vertical 

distribution of some larvae. The second goal of this study was to test the hypothesis that 

larvae do not behave as passive particles in small-scale turbulence. Because urchin larvae 

are smaller than the Kolmogorov microscale and experience turbulence as laminar shear, 

their swimming ability was investigated in laminar shear flow generated using a cone and 

plate viscometer. Net-to-gross displacement ratio (NGDR) was significantly different and 

lower than a passive particle in the four-arm stage of L. pictus larvae exposed to 

relatively low levels of shear, suggesting station-keeping behavior, while the gastrula 

stage of L. pictus and the gastrula and four-arm stage in S. purpuratus larvae behaved as 

passive particles. However, L. pictus larvae behaved as passive particles at relatively high 

levels of shear. These results suggest that swimming ability in shear scales with ciliary 
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band length. These results are consistent with a paradigm shift towards a more active role 

of larvae in small-scale biological-physical interactions involved in grazing and growth, 

which has important implications for feeding success, dispersal potential, and 

recruitment. 

INTRODUCTION

 Understanding the dynamics of larval dispersal of benthic marine invertebrates is 

a challenging goal in marine ecology (Cowen et al. 2006). Dispersal of larvae away from 

the parental population reduces competition with developing siblings and adults for 

resources such as food and habitat (Pechenik 1999), facilitates range expansion 

(Jablonski and Lutz 1983; Scheltema 1989; Emlet 1995), colonization of new habitats, 

gene flow among populations (Hedgecock 1986; Palumbi 1992; Bohonak 1999), and 

minimizes the likelihood of extinction (Pechenik 1999). Knowledge of dispersal distance 

is essential to the study of population dynamics, the spread of invasive species, fisheries 

management, and the design of marine reserves. However, the microscopic size of larvae 

makes it difficult to track them in situ. 

 Historically, larvae were believed to be transported passively by ocean currents 

(Scheltema 1971). Supporting this paradigm, most larvae have swimming speeds slower 

than ocean currents (Chia et al. 1984). Larvae with long development times have been 

found in the middle of ocean basins (Scheltema 1971) and field measurements of 

dispersal distances correlate with pelagic larval duration (PLD) for some species (Shanks 

et al. 2003; Shanks 2009).
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 The paradigm of long-distance dispersal is shifting towards a view of more 

restricted dispersal due to larval behavior (Levin 2006). Until recently, dispersal distance 

was predicted to correlate with PLD. However, dispersal distance as a function of PLD is 

bimodal (Shanks et al. 2003; Shanks 2009). Many species with long PLDs have dispersal 

distances similar to species with short PLDs (<1 day) (Shanks et al. 2003; Shanks 2009). 

Models of passive larvae in a coastal current regime (Siegel et al. 2003) also overestimate 

dispersal distances of species with long PLDs (Shanks 2009). This suggests that larval 

behavior may be one factor that plays a role in determining dispersal distance (Shanks 

2009), most likely through behavioral control over vertical distribution (Young 1995).  

 Larvae may be able to control transport by changing their vertical distribution in 

the water column (Young 1995). Very few species have swimming speeds greater than or 

equivalent to ocean currents. Most coastal ocean currents in Southern California, for 

example, range between 0 - 40 cm s-1 (SCCOOS 2009). The fastest swimming crustacean 

larvae have swimming speeds that can only reach 2.5 cm s-1 (Chia et al. 1984). But 

current strength and direction in overlying waters are variable (Young 1995; Metaxas 

2001), and vertical mixing is on the same order as larval swimming speeds. For example, 

the tracer sodium hexafluoride was dispersed vertically at a speed of ~1 mm s-1 across 

depths of equal density in the open ocean west of the Canary Islands (Ledwell et al. 

1993).  

 Larvae exhibit many different behaviors to regulate their vertical distribution in 

the water column. Most larvae are negatively buoyant, so they must swim to prevent 

sinking (Chia et al. 1984). Many use negative geotaxis and positive phototaxis to swim to 
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the surface (Chia et al. 1984). Laboratory and field observations support the hypothesis 

that marine invertebrate larvae can also affect dispersal by controlling their vertical 

distribution. The best examples are crab larvae, which have horizontal swimming speeds 

that can reach 2.5 cm s-1 and vertical swimming speeds that can reach 8 cm s-1 (Chia et al. 

1984). Crab larvae regulate their vertical position to navigate stratified flows in estuaries 

in order to enhance dispersal or retention (Epifanio et al. 1984; Queiroga et al. 1997; 

Forward et al. 2003; Gibson 2003; López-Duarte and Tankersley 2007).

 Feeding behavior can also influence dispersal (Woodson and MacManus 2007). 

Marine invertebrate larvae have been found associated with spatially and temporally 

heterogeneous vertical distributions of physical and biological properties (Gallager et al. 

1996; Fetzer and Duebel 2006). Foraging behavior most likely contributes to 

aggregations of larvae associated with high concentrations of phytoplankton in regions of 

minimal vertical flow (e.g., fronts) (Tiselius 1992; Metaxas and Young 1998; Leising and 

Franks 2002; Gallager et al. 2004; Woodson et al. 2005, 2007). One example is area-

restricted search behavior, defined by a reduction in swimming speed and net vertical 

displacement and increase in turning frequency in the presence of prey compared to no 

prey (Leising and Franks 2002). In a meta-analysis of studies that document plankton 

distributions in relation to oceanographic conditions, foraging behavior resulted in 

reduced dispersal compared to a passive scenario (Woodson and MacManus 2007).  

 The goal of this study was to determine swimming behavior of larvae of the sea 

urchins Lytechinus pictus and Strongylocentrotus purpuratus in still water and small-

scale turbulence. Few studies have investigated whether swimming behavior in sea urchin 
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larvae, which are relatively slow swimmers, influences small-scale biological physical 

interactions. Sea urchin larvae swim and feed using bands of cilia arranged on larval arms 

(Strathmann 1971). In still water, the presence of phytoplankton enhances the aggregation 

of sea urchin larvae around a halocline (Sameoto and Metaxas 2008). Field studies have 

correlated echinoderm larvae with patches of prey (Gallager et al. 1996; Fetzer and 

Deubel 2006). However, it remains unclear whether small-scale behaviors such as area-

restricted search are used by sea urchin larvae to aggregate. In this study, individual 

larvae were videotaped swimming in still water to test the first null hypothesis that larval 

swimming behavior does not change in the presence of prey. 

 There is increasing evidence that slow-swimming larvae, such as echinoderm 

larvae, do not behave as passive particles in turbulence. In still conditions, most four-

armed stage larvae of the sea urchin Strongylocentrotus droebachiensis aggregate at the 

surface of the water column in an annular flume (Sameoto 2007). When exposed to 

relatively low turbulence levels, larvae of S. droebachiensis maintain their vertical 

distribution but behave as passive particles at relatively high levels of turbulence 

(Sameoto 2007). Four-armed stage larvae of the sea urchin Lytechinus variegatus exhibit 

a bimodal distribution in still water, with some larvae within a halocline and others 

directly below it (Metaxas et al. 2009). When exposed to fluid shear levels between 0.3 to 

1 s-1 generated using a salt wedge, the distribution of L. variegatus larvae becomes 

unimodal (Metaxas et al. 2009). These results show that larvae can regulate vertical 

swimming in fluid shear because their distribution is not homogeneous. These results also 
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suggest that the shear levels tested affect swimming stability of larvae, preventing them 

from crossing into the halocline (Metaxas et al. 2009). 

! Swimming stability of sea urchin larvae in shear flows is predicted to depend on 

number and length of arms (Grünbaum and Strathmann 2003). For the purpose of the 

model, stability is defined as the ability of larvae to maintain preferred swimming 

orientation (i.e., upward). The model predicts that long arms, which increase maximum 

clearance rates in feeding, provide the greatest speed and weight capacity in still water, 

but decrease swimming stability in shear flow. Long body dimensions are exposed to 

greater shear and passive drag (Emlet 1983). The model also predicts that larvae with 

more numerous arms have greater swimming stability in shear but lower swimming 

speeds in still water. 

 Because sea urchin larvae are smaller in size than the Kolmogorov microscale of 

ocean turbulence, they most likely experience turbulence as a laminar shear flow. In this 

study, larvae were exposed to quantified laminar shear representing natural levels found 

at the surface of the ocean using a cone-plate viscometer. To test the second null 

hypothesis that larvae behave as passive particles in shear, net-to-gross displacement ratio 

(NGDR), rotation rate, and swimming direction were used as indices of swimming 

ability. Larvae were also exposed to shear in the presence of prey to test the third null 

hypothesis that larvae behave as passive particles in the presence of both prey and fluid 

shear.
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METHODS 

 Organisms

 Adults of the purple urchin Strongylocentrotus purpuratus and white urchin 

Lytechinus pictus were held at ambient temperature in flow-through aquaria at the 

Experimental Aquarium Facility at Scripps Institution of Oceanography. These two 

species were chosen because the adults occur in different habitats, with different 

turbulence exposure (Morris 1980). However, the distribution of their larvae is unclear. 

Gametes from these species can be obtained throughout the year and the larvae can be 

reared in the laboratory (Hinegardner 1969). Adults were injected with 0.5 M KCl to 

induce spawning. The eggs from one female were then fertilized with the sperm of one 

male. One day after fertilization, gastrula stage larvae were diluted in 3L of 0.45!m 

filtered seawater (FSW). Two days after fertilization, prism stage larvae were transferred 

to 3 L glass jars filled with FSW at a concentration of 2 larvae ml-1. The antibiotic 

penicillin was added to the cultures at a concentration of 50 mg ml-1 to prevent bacterial 

growth. Larvae were fed the alga Rhodomonas lens at an initial concentration of 300 cells 

ml-1. This prey species was chosen for its high nutritional value to urchin larvae 

(Strathmann 1975; Schiopu et al. 2006). Experiments were conducted two and three days 

after fertilization, when larvae were at the gastrula and early four-arm stage of 

development. The gastrula stage does not have a fully formed gut while the early four-

arm stage is fully competent to feed. These two stages were chosen to determine whether 

swimming behavior changes in the presence of food when larvae become competent to 

feed.
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Effect of prey on larval swimming in still water

 The swimming behavior of L. pictus and S. purpuratus was first examined in still 

water. Larvae were added to 160 mL FSW at a concentration of 2 larvae ml-1. The prey 

Rhodomonas lens was added to achieve final concentrations of 0 (control), 300, or 5000 

cells ml-1. Larvae and prey were then added to a clear plexiglass chamber with 

dimensions 10 x 10 x 2 cm and acclimated for 10 min. The larvae were illuminated with 

red light using a light-emitting diode (L.E.D.) to minimize behavioral interactions due to 

phototaxis. The chamber was imaged for 10 min using a CCD video camera (DAGE MTI 

CCD-72S, Michigan City, IN) connected to a digital video recorder (Sony Video 

Walkman GV-D900 NTSC; frame rate 30 Hz). The center of the field of view was 3.5 cm 

from the bottom, 6.5 cm from the top, and 1 cm deep to minimize boundary interactions. 

Recordings were carried out at a constant temperature (20˚C for L. pictus, and 16˚C for S. 

purpuratus) in a climate-controlled room.

 Video clips were converted to stacks of TIFF images for single frame analysis 

using ImageJ software (NIH, Bethesda, MD). The ImageJ particle tracker plugin was 

used to characterize the swimming patterns of  individual larvae, with the duration of 

each analyzed track ranging from 3 to 75 s. The root mean square (RMS) distance 

covered was plotted as a function of time, t. RMS distance versus time has two phases, 

from which the swimming speed and equivalent diffusion coefficient, D, can be estimated 

from regression analysis (Kiørboe et al. 2004). The average swimming speed, v,  was 

determined from the slope of the linear regression during the first phase, in which the 
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RMS distance is linear in time. If the motility can be described as a diffusive (Berg 

1993), then the second phase will increase as a power function of time because: 

RMS=2(Dt)0.5                                                                  (1)

 where D (cm2 s-1) is estimated from the slope of the regression of the power law region 

(Kiørboe et al. 2004; Jakobsen et al. 2005).

Flow apparatus

 Larvae were exposed to fluid shear using a cone-plate viscometer (model DVII

+Pro, Brookfield Engineering). Shear was generated by rotating a stainless-steel cone 

against a stationary cup; this shear flow is easily quantified and is constant throughout the 

gap. Cone-plate viscometers have been used to study the shear sensitivity of marine 

dinoflagellates (Chen et al., 2007) and mammalian endothelial cells (Dewey et al. 1981; 

Blackman et al. 2000; Turner et al. 2001; Hentzen et al. 2002).

 The cup used in this study is described in Chen et al. (2007). It consisted of a 2 

mL working volume with a bottom made of translucent polycarbonate to allow video 

imaging from underneath. The cone used in this study (model CPE-41, Brookfield 

Engineering) was 2.4 cm in diameter with an angle of 3º. Trajectories were analyzed 

where the gap depth was greater than 1 mm, which is larger than early four-arm stage L. 

pictus and S. purpuratus larvae. Later developmental stages were not studied because 

they are close in size to the maximum depth of the gap. Provided that the fluid between 

the cone and plate is Newtonian and the flow is laminar, the shear rate (G) is identical at 

every point within the fluid and is expressed as: 
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G = ! / "                                                                        (2)

where ! is the angular velocity (!=2#/N; N is rotation per minute, rpm) and " is the cone 

angle. Rotation of the cone was controlled by a programmable interface on the cone-plate 

viscometer. Rotational speeds used in this study were 0 (still control), 0.6, 1.5, 3, and 6 

rpm corresponding to shear rates of 0 (still control), 1.2, 3, 6, and 12 s-1, respectively. 

These shear rates represent levels at the surface of the ocean under the influence of 

moderate to strong winds (Oakey and Elliot 1982; Soloviev et al. 1988; MacKenzie and 

Legget 1993; Gargett 1997). 

Effect of prey and shear on swimming

  To test the null hypothesis that larvae behave as passive particles in shear, 

swimming behaviors in L. pictus and S. purpuratus larvae were compared to passive 

particles. Three parameters were compared between the passive particle and sea urchin 

larvae: the mean net-to-gross displacement ratio (NGDR), swimming direction, and 

rotation rate. The NGDR was used as an index of station-keeping, or maintaining position 

relative to a fixed point. In this study, the fixed point was the field of view. NGDR is 

calculated as the distance between the initial and final points of the trajectory divided by 

the total distance travelled along the trajectory. Specifically, NGDR is 0 when the starting 

and end point are the same, and is equal to 1 when the trajectory is perfectly linear. To 

accept the null hypothesis, NGDR would have to be similar between larvae and the 

passive tracer.

 Swimming direction in relation to the passive particle was another parameter used 

to test the null hypothesis. Specifically, the null hypothesis would be accepted if 
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swimming direction were similar between larvae and the passive particle. Swimming 

direction was determined by calculating the angles between the principal axis of the net 

swimming orientation of the larvae and the axis parallel to the flow streamlines, after 

converting it to a linear coordinate system. The probability distribution function (pdf) of 

the different angles was then plotted for the different shear levels. The modes were 

compared between the different shear levels. When bacteria are exposed to microscale 

vortices using a microfluidic setup, their swimming orientation becomes aligned with 

streamlines in the strongest vortices (Marcos and Stocker 2007).

 Finally, rotation rate was another parameter used to test the null hypothesis. 

Neutrally buoyant, rigid spheroids subjected to a simple shear flow will undergo periodic 

rotation (Jeffery 1922). The period of rotation, T, depends on the magnitude of the shear 

rate, G (T-1), and the axis ratio of the particle, ra (Jeffery 1922) and was calculated as: 

T=2!/G(ra + 1/ra)                                                                 (3)

In L. pictus larvae, ra was determined by dividing the length of the larval body from arm 

tip to posterior end by the dorsal to ventral width of the body. In L. pictus four-arm stage 

larvae, ra was 2.5. To accept the null hypothesis, T would have to be similar between the 

larvae and a hypothetical passive particle with the same dimensions. Previous studies 

have compared shear-induced rotation rates in phytoplankton to model predictions. For 

example, the chain-forming diatom Skeletonema costatum cannot control their swimming 

ability when exposed to a shear level of 0.5 s-1; their rotation rate is similar to that 

predicted by theory (Karp-Boss and Jumars 1998). 
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 The passive particles in these experiments were 425-600 !m glass beads 

(SIGMA, St. Louis, MO). The beads were added to 2 mL FSW in the cup, which was 

attached to the cone-plate viscometer. Two-dimensional video recordings were taken for 1 

min using the same system as described above. Video clips were converted to image 

stacks for single frame analysis and NGDR and direction were calculated as described 

above. 

 At the beginning of the swimming experiments, larvae were added to 2 mL FSW 

in the cup, which was attached to the cone-plate viscometer. The larvae were then 

acclimated for 10 min. After this time, larvae swimming in still water was recorded for 5 

min. Larvae were then exposed to the first shear level treatment and then swimming 

recorded for 5 min, followed by a 5 min ‘break’ (still water). This sequence was repeated 

for each shear level.   

 The effect of prey and shear was also studied. In these experiments, after the 

larvae were added, the cup was inoculated with either R. lens cells (‘food’) or filtrate 

(‘juice’). In the ‘food’ treatment, R. lens cells were added to achieve a concentration of 

5000 cells ml-1. In the ‘juice’ treatment, the volume required to achieve 5000 cells ml-1 

was centrifuged for 1 min at 8000 rpm to pellet the cells. The supernatant was then added 

to the cup with the larvae. They were then videotaped and exposed to the shear treatment 

as described above. 

 In both experiments, two-dimensional video recordings under red light 

illumination were taken for the specified times the same system as described above. All 

experiments were carried out at a constant temperature (20˚C for L. pictus and 16˚C for S. 
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purpuratus) in a climate-controlled room. Video clips were converted to image stacks for 

single frame analysis and NGDR, swimming direction, and rotation rate were calculated 

as described above.  

Mechanisms of swimming ability in shear

 Sea urchin larvae swim using ciliary currents arranged in bands along the larval 

arms (Strathmann 1971). They can use reversal of ciliary beat to change direction upon 

encountering an interface (Strathmann 1971). To examine the mechanism behind 

differences in NGDR between L. pictus larvae and the passive tracers, larvae were treated 

with MgCl2, which blocks the reversal of ciliary beat (Strathmann 1971). Larvae that are 

treated with MgCl2 swim steadily but ‘stick’ upon encountering a surface because they 

cannot reverse direction (Strathmann 1971; Strathmann and Grünbaum 2006). L. pictus 

larvae were treated with MgCl2 to test the prediction that reversal of ciliary beat is the 

‘braking’ mechanism that results in a lower NGDR in L. pictus larvae compared to a 

passive particle at low shear levels. Larvae were filtered onto 100 !m Nitex mesh and 

soaked in 1:1 isosmotic MgCl2 and seawater for 3 min. The filter was then removed and 

the larvae were resuspended in FSW and placed in the CPV cup. Larvae were allowed to 

acclimate for 10 min. After this time, they were videotaped while exposed to 1.2 s-1 shear 

for 5 min. NGDR was determined from video analysis as described above. To control for 

the effects of MgCl2 on swimming speed, larvae were treated with MgCl2 and videotaped 

while swimming in still water. Swimming speed was determined by regression analysis 

as described above.
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 G-binding (G) proteins are involved in the transduction of mechanical stimuli. 

They modulate surface membrane calcium channels in the ciliate Paramecium calkinsi 

(Bernal et al. 1991). G-proteins also regulate mechanotransduction in the ciliate Stentor, 

resulting in decreased mechanical sensitivity (Marino et al. 2001). G-proteins are also 

involved in the signal transduction of shear forces in dinoflagellates (Chen et al. 2007) 

and mammalian endothelial cells (Traub and Berk 1998). G-proteins have been identified 

in the sea urchin genome (Raible et al. 2006), but in the context of chemical sensing 

(Raible et al. 2006; Bishop and Hall 2009). The function of most other G-proteins in the 

sea urchin genome has not been identified. In this experiment, sea urchin larvae were 

hypothesized to detect fluid shear using G-proteins located in the cell membrane and 

respond using reversal of ciliary beat. To determine whether reversal of ciliary beat in L. 

pictus larvae is in response to mechanotransduction by G-proteins, larvae were treated 

with the enzyme trypsin, a digestive enzyme that cleaves peptide bonds at the carboxyl 

side of the amino acids lysine or arginine. Trypsin prevents the activation of G-proteins 

by cleaving at these sites (Kitamura et al. 1999;  Nishida et al. 2002). Larvae were 

predicted to behave as passive particles due to decreased mechanotransduction after 

digestion of G-proteins by trypsin. To study the effect of trypsin on swimming, larvae 

were filtered onto 100 !m Nitex mesh and treated in either 0.001, 0.005, 0.01, 0.025, and 

0.05 mg ml-1 trypsin for 3 min. The filter was then removed and the larvae resuspended in 

FSW and placed in the CPV cup. Larvae were allowed to acclimate for 10 min. After this 

time, they were videotaped while exposed to 1.2 s-1 shear for 5 min. Data analysis was 

performed as described above.
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Statistical analyses 

 Unless otherwise stated, values represent means with standard deviations. NGDR 

data were arc-sine transformed and tested for statistical significance using a one-way 

analysis of variance (ANOVA); post-hoc comparisons included Tukey’s (compares all 

pairs of columns), Dunnett (compares shear treatments to still control), and linear trend 

tests. To analyze the differences between developmental stages and species, a two-way 

analysis of variance was used. Statistical differences were based on an ! = 0.05 criterion. 

All statistical analyses were performed using Prism (GraphPad Software Inc.).

RESULTS

Effects of prey on swimming in still water

 The swimming patterns of S. purpuratus and L. pictus four-arm stage larvae were 

studied in the presence of algal prey. In both species, larvae swam vertically in the water 

column, which is consistent with negative geotaxis (Fig. 4.1). They also swam in helices 

in a clockwise direction, although the helical pattern was more pronounced and vertical 

displacement was lower in S. purpuratus larvae compared to L. pictus larvae. In L. pictus 

larvae, RMS distance initially increased linearly with time, with a slope equal to an 

average swimming speed of 0.49 mm s-1 in the no food treatment, 0.43 mm s-1 in 300 cells 

ml-1, and 0.42 mm s-1 in 5000 cells ml-1 (Fig. 4.2A). L. pictus larvae displayed diffusive 

swimming in all food treatments. At times longer than 6.0 s, the distance increased with 

time according to a power function suggesting that larvae swam in random directions. 

Using equation (1), D was estimated as 6.4x10-5 cm2 s-1. Mean NGDRs were 0.78 (n=50) 

in the 0 cells ml-1, 0.70 (n=87) in the 300 cells ml-1, and 0.81 (n=97) in the 5000 cells ml-1 
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treatments. NGDR was significantly different (One-way ANOVA; F231,2 = 9.218; 

P<0.0001) among treatments; post-hoc comparisons revealed that NGDR was up to 13% 

lower in the 300 cells ml-1 treatment compared to the no food (Tukey’s Multiple 

Comparison test; q=3.5; P<0.05) and 5000 cells ml-1 (Tukey’s Multiple Comparison test; 

q=6.0; P<0.001) treatments (Fig. 4.3A). 

 In S. purpuratus larvae, swimming speed in the 300 cells ml-1 (0.22 mm s-1) 

treatment was approximately double those for either the no food (0.12 mm s-1) or 5000 

cells ml-1 (0.13 mm s-1) treatments (Fig. 4.2B). S. purpuratus larvae also exhibited 

diffusive swimming only in the presence of food (Fig. 4.2B). D was estimated as 6.0x10-5 

cm2 s-1 for both food conditions. Mean NGDRs were 0.30 (n=47) in the 0 cells ml-1, 0.44 

(n=79) in the 300 cells ml-1, and 0.33 (n=63) in the 5000 cells ml-1 treatments (Fig. 4.3B). 

NGDR was also significantly different (One-way ANOVA; F186,2 = 8.14; P<0.0004) 

among treatments; post-hoc comparisons revealed that NGDR was up to 32% greater in 

the 300 cells ml-1 treatment compared to the no food (Tukey’s Multiple Comparison test; 

q=5.0; P<0.01) and 5000 cells ml-1 (Tukey’s Multiple Comparison test; q=4.5; P<0.01) 

treatments.

 Effects of fluid shear on swimming

 NGDR– Mean NGDRs of the passive particles were 0.00 (n=10) in the 0 (still 

control) s-1 , 0.99 (n=12) in the 1.2 s-1, 0.98 (n=14) in the 3 s-1, 0.97 (n=12) in the 6 s-1, 

and 0.99 (n=4) in the 12 s-1 shear treatments. NGDR was slightly less than 1 (straight 

line) in all shear treatments due to curvature of the flow field (Fig. 4.4).
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 In the gastrula stage of L. pictus, NGDR was not different from a passive particle 

(Fig. 4.5A). Mean NGDRs were 0.52 (n=20) in the 0 (still control) s-1, 0.91 (n=19) in the 

1.2 s-1, 0.88 (n=22) in the 3 s-1, 0.90 (n=25) in the 6 s-1, and 0.87 (n=32) in the 12 s-1 

shear treatments (Fig. 4.6A). NGDR was significantly different (One-way ANOVA; F113,4 

= 15.79; P<0.0001) among treatments; post-hoc comparisons revealed that NGDR was 

lower (Dunnett test; P<0.01) in the 0 (still control) shear treatment compared to the other 

shear treatments. The pooled NGDR for the 1.2, 3, 6, and 12 s-1 shear treatments was 

0.89±0.11 (n=98). 

 In the four-arm stage of L. pictus, trajectories were shorter than those of a passive 

particle at the 1.2 and 3 s-1 shear levels (Fig. 4.5B). Mean NGDR was 0.13 (n=14) in the 

0 (still control), 0.55 (n=26) in the 1.2 s-1, 0.74 (n=39) in the 3 s-1, 0.92 (n=44) in the 6 

s-1, and 0.95 (n=40) in the 12 s-1 shear treatments (Fig. 4.6A). NGDR was significantly 

different (One-way ANOVA; F158,4 = 214.9; P<0.0001) among treatments; post-hoc 

comparisons revealed that NGDR was lower (Tukey’s Multiple Comparison test; 

P<0.001) in four-arm stage larvae exposed to the 0 (still control), 1.2, and 3 s-1 shear 

levels compared to the other shear treatments. 

 NGDR was significantly different between the passive particle, gastrula stage, and 

four-arm stage (Two-way ANOVA; df=2; F=31.06; P<0.0001) (Fig. 4.6A). NGDR was 

lower (Bonferroni test; t=10.29; P<0.001) in gastrula stage larvae at the 1.2 s-1 shear level 

compared to the passive particle. NGDR was lower in the four-arm stage larvae at the 1.2 

s-1 (Bonferroni test; t=9.476; P<0.001) and 3 s-1 (Bonferroni test; t=5.914; P<0.001) shear 

levels compared to the passive particle. Finally, NGDR was lower in four-arm stage 
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larvae at the 1.2 (Bonferroni test; t=9.006; P<0.001) and 3 s-1 (Bonferroni test; t=3.959; 

P<0.001) shear levels compared to the gastrula stage. Based on these results, the null 

hypothesis that larvae behave as passive particles in low shear can be rejected. They also 

suggest that four-arm stage larvae have greater swimming stability compared to the 

gastrula stage when exposed to shear levels up to 3 s-1.

 NDGR was characterized in developmental stages of S. purpuratus exposed to 

shear. For the gastrula stage, mean NGDRs were 0.75 (n=32) in the 0 (still control), 0.73 

(n=42) in the 1.2 s-1, 0.87 (n=43) in the 3 s-1, 0.89 (n=39) in the 6 s-1, and 0.92 (n=47) in 

the 12 s-1 shear treatments (Fig. 4.6B). NGDR was significantly different (One-way 

ANOVA; F198,4 = 20.01; P<0.0001) among shear treatments; post-hoc comparisons 

revealed that NGDR was lower (Tukey’s Multiple Comparison test; P<0.001) in larvae 

exposed to still control and 1.2 s-1 shear compared to the other shear treatments. 

 In four-arm stage larvae, mean NGDRs were 0.47 (n=15) in the 0 (still control), 

0.90 (n=41) in the 1.2 s-1, 0.88 (n=54) in the 3 s-1, 0.93 (n=36) in the 6 s-1, and 0.94 

(n=33) in the 12 s-1 shear treatments. NGDR was significantly different (One-way 

ANOVA; F174,4 = 32.39; P<0.0001) among shear treatments; post-hoc comparisons 

revealed that NGDR was lower (Dunnett test; P<0.01) in the still control compared to the 

shear treatments. The pooled average NGDR for the 1.2, 3, 6, and 12 s-1 shear treatments 

was 0.91±0.09 (n=164). 

 There was a significant difference in NGDR between the passive particle, gastrula 

stage, and four-arm stage (Two-way ANOVA; df=2; F=3.31; P<0.0375). NGDR was 

lower (Bonferroni test; t=6.272; P<0.001) in gastrula stage larvae at the 1.2 s-1 shear level 
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compared to the passive particle (Fig. 4.6B). There was no significant difference between 

the passive particle and four-arm stage larvae in shear. Finally, NGDR was lower 

(Bonferroni test; t=6.314; P<0.001) in gastrula stage larvae in the 1.2 s-1 shear treatment 

compared to the four-arm stage. Based on these results, the null hypothesis can be 

rejected for the gastrula stage exposed to 1.2 s-1 shear but not four-arm stage in S. 

purpuratus.

 NGDR was different between L. pictus and S. purpuratus larvae. NGDR was 

significantly different (Two-way ANOVA; F=50.19; df=2; P<0.0001) between four-arm 

stage L. pictus and S. purpuratus larvae. Specifically, NGDR was lower in L. pictus 

larvae compared to S. purpuratus larvae exposed to the 0 (still control) s-1 (Bonferroni 

test; t=8.34; P<0.001), 1.2 s-1 (Bonferroni test; t=12.77; P<0.001), and 3 s-1 (Bonferroni 

test; t=6.1; P<0.001) shear levels compared to the other shear treatments. These results 

suggest that S. purpuratus larvae have lower swimming stability in the lower shear levels 

compared to L. pictus larvae. 

 Direction– In L. pictus, swimming direction was affected by shear treatment (Fig. 

4.7). In the still control, gastrula stage larvae swam in random directions. However, 

swimming direction became aligned with the flow as shear level increased. In the gastrula 

stage, the mode was 20-30º in the 1.2 s-1, 10-20º in the 3 s-1, 10-20º in the 6 s-1, and 0-10º 

in the 12 s-1 shear treatments. In the four-arm stage, larvae swam in random directions in 

still water. The mode was 20-30º in the 1.2 s-1, 10-20º in the 3 s-1, 10-20º in the 6 s-1, and 

0-10º in the 12 s-1 shear treatments 0-10º in all shear treatments except 6 s-1. These results 

indicate that swimming direction in gastrula stage larvae does not become oriented 
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parallel to the flow until the highest shear levels, while swimming direction in four-arm 

stage larvae becomes oriented parallel to the flow at lower shear levels.

 Rotation– Rotation rates were compared between L. pictus larvae and model 

predictions. Mean rotation rates in rpm were 12 (n=20) in the 0 (still control), 0.02 

(n=14) in the 1.2 s-1, 0.12 (n=21) in the 3 s-1, 0.29 (n=19) in the 6 s-1, and 0.48 (n=12) in 

the 12 s-1 shear treatments. Neutrally buoyant, rigid spheroids with an axis ration of 2.5 

were predicted to have rotation rates of 3.95 min-1 in the 1.2 s-1, 9.88 min-1 in the 3 s-1, 

19.77 min-1 in the 6 s-1, and 39.53 min-1 in the 12 s-1 shear treatments. In L. pictus four-

arm stage larvae, rotation rate was significantly different (One-way ANOVA; F51,3=46.29; 

P<0.0001) among shear treatments; post-hoc comparisons revealed that rotation rate 

increased linearly as a function of shear. Observed rotation rates were lower (X2=14,379; 

P<0.0001) than predicted rotation rates for a spherical body of the same size at the 0 (still 

control) s-1 and 1 s-1 shear treatments (Fig. 4.8). However, observed rotation rate was not 

different (X2=0.58; P=0.75) from predicted rotation rates at the higher shear levels. 

Rotation rates could not be measured in gastrula stage of L. pictus, and both 

developmental stages in S. purpuratus larvae, because the arms, used as a point of 

reference, were not distinguishable.

Effect of prey and fluid shear on swimming of L. pictus larvae

 In L. pictus gastrula stage larvae incubated with 5000 cells ml-1 R. lens, mean 

NGDRs were 0.64 (n=11) in the 1.2 s-1, 0.84 (n=16) in the 3 s-1, 0.89 (n=15) in the 6 s-1, 

and 0.86 (n=18) in the 12 s-1 shear treatments (Fig. 4.9A). Not enough larvae were 

visualized to perform statistical analyses in the still control. NGDR was significantly 
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different (One-way ANOVA; F56,3=5.833; P=0.0015) among shear treatments. Tukey-

Kramer and Dunnett post-hoc comparisons revealed that NGDR was lower (P<0.001) in 

larvae exposed to the 1.2 s-1 shear treatment compared to the other shear treatments. In 

gastrula stage larvae incubated with R. lens ‘juice’, mean NGDRs were 0.76 (n=20) in the 

1.2 s-1, 0.89 (n=23) in the 3 s-1, 0.86 (n=27) in the 6 s-1, and 0.91 (n=28) in the 12 s-1 

shear treatments. NGDR was also significantly different (One-way ANOVA; F94,3=7.673; 

P=0.0001) among shear treatments; Tukey-Kramer and Dunnett post-hoc comparisons 

revealed that NGDR was lower (P<0.001) in larvae exposed to the 1.2 s-1 shear treatment 

compared to the other shear treatments. 

 NGDR was significantly different (Two-way ANOVA; df=2; F=8.56; P=0.0003) 

between food treatments. Post-hoc comparisons revealed that NGDR was lower 

(Bonferroni test; t=3.79; P<0.001) in larvae exposed to 1.2 s-1 shear and incubated with 

food or ‘juice’ compared to the no food treatment. Pooled mean NGDR was 

0.875±0.091 for the food and ‘juice’ treatments.

 In L. pictus four-arm stage larvae incubated with 5000 cells ml-1 R. lens, mean 

NGDRs were 0.46 (n=8) in the 0 (still control), 0.78 (n=22) in the 1.2 s-1, 0.91 (n=30) in 

the 3 s-1, 0.96 (n=31) in the 6 s-1, and 0.93 (n=15) in the 12 s-1 shear treatments (Fig. 

4.9B). NGDR was significantly different (One-way ANOVA; F101,4=83.79; P<0.0001) 

among shear treatments. Tukey-Kramer and Dunnett post-hoc comparisons revealed that 

NGDR was lower (P<0.001) in larvae exposed to the 0 (still control) and 1.2 s-1 shear 

treatments compared to the other shear treatments. In larvae incubated with R. lens 

‘juice’, mean NGDRs were 0.35 (n=19) in the 0 (still control), 0.70 (n=19) in the 1.2 s-1, 
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0.90 (n=33) in the 3 s-1, 0.91 (n=24) in the 6 s-1, and 0.93 (n=15) in the 12 s-1 shear 

treatments. NGDR was also significantly different (One-way ANOVA; F105,4=49.89; 

P<0.0001) among shear treatments. Tukey-Kramer and Dunnett post-hoc comparisons 

revealed that NGDR was lower (P<0.001) in larvae exposed to the 0 (still control) and 

1.2 s-1 shear treatments compared to the other shear treatments. 

 NGDR was significantly different (Two-way ANOVA; df=2; F=60.13; P<0.0001) 

among food treatments. NGDR was lower in larvae exposed to the no food treatment and 

the 0 (still control) (Bonferroni test; t=6.205; P<0.001), 1.2 (Bonferroni test; t=5.0; 

P<0.001), and 3 s-1 (Bonferroni test; t=6.67; P<0.001) shear treatments, compared to the 

other food treatments. 

 Mechanisms of swimming ability in shear

 The purpose of this experiment was to test whether low NGDR in L. pictus larvae 

exposed to 1.2 s-1 is due to ciliary beat reversal. This was done by treating larvae with 

MgCl2, which prevents reversal of ciliary beat. Mean NGDRs were 0.99 (n=12) in the 

passive particle, 0.77 (n=19) in larvae treated with MgCl2, and 0.55 (n=26) in the 

untreated control. NGDR was significantly different among a passive particle, the 

untreated control, and MgCl2 treatment (One-way ANOVA; F51,2 = 78.15; P<0.0001); 

post-hoc comparisons revealed that NGDR was 30% greater (Tukey’s Multiple 

Comparison test; q=7.21; P<0.001) in larvae treated with isoosmotic MgCl2 compared to 

the untreated control and 22% lower compared to the passive particle (Fig. 4.10). This 

suggests that reversal of ciliary beat accounts for some of the ability of L. pictus larvae to 

control swimming stability.

118



 Trypsin caused larvae to stop swimming normally. Larvae were treated with five 

concentrations of trypsin. In all treatments, larvae sank to the bottom of the chamber and 

swam very slowly after exposure to trypsin. Because trypsin is non-specific, it probably 

cleaved membrane proteins that are involved in swimming. 

DISCUSSION 

Sea urchin larvae exhibited control of swimming behavior in still water

 Sea urchin larvae exhibited behavioral control of swimming in still water. Larvae 

swam in helical paths and in a clockwise direction, which is a common swimming pattern 

in microorganisms (Crenshaw 1996). Sea urchin larvae swim using ciliary bands 

arranged on long arms. Their swimming pattern suggests laeoplectic metachrony of cilia, 

where the cilia beat in a wave 90º to direction of movement (Chia et al. 1984; Young 

1995). There are several theories for why microorganisms swim in helical patterns. 

Cessation of swimming and changes in ciliary beat would interrupt feeding, but helical 

swimming allows depth-regulation for feeding by modifying the radius and pitch of the 

helix (Jonsson et al. 1991). Swimming in helical patterns could also be helical klinotaxis, 

which is the orientation of an organism to a stimulus through helical swimming 

(Crenshaw 1996).   

 Sea urchin larvae also exhibited negative geotaxis in still water. Geotaxis is an 

orientation behavior in which an organism swims up or down with respect to the direction 

of gravity (Young 1995). In this study, most L. pictus and S. purpuratus larvae swam up 

in the water column at speeds of 0.43 and 0.22 s-1, respectively. This is consistent with 

previous studies that suggest sea urchin larvae exhibit negative geotaxis (Pennington and 
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Strathmann 1990). Geotactic orientation could be possible due to nonuniform density 

across the larval body (Grunbaum and Strathmann 2003). But most likely it is also due to 

active swimming because dead sea urchin larvae, representing passive particles, sink 

because they are negatively buoyant (Pennington and Strathmann 1990). 

 The first null hypothesis that swimming behavior does not change in the presence 

of prey was refuted. The prey R. lens induced changes in swimming behavior in both S. 

purpuratus and L. pictus larvae, but the responses were species-specific and dependent on 

prey concentration. In L. pictus larvae, swimming speed decreased and NGDR decreased 

when larvae were exposed to 300 cells ml-1 R. lens which is consistent with area-

restricted search behavior. For the lowest concentrations of R. lens tested, swimming 

speed and NGDR increased in S. purpuratus larvae. This result is inconsistent with area-

restricted search behavior, which predicts a decrease in swimming speed and NGDR. 

Instead, their behavior could increase encounters with prey at low prey concentrations. 

Encounters with prey are dependent on the concentration of prey and swimming speed of 

the predator (Rothschild and Osborn 1988). According to the encounter model developed 

by Kiørboe and Saiz (1995), an increase in swimming speed in the presence of 300 cells 

ml-1 R. lens results in a 40% increase in encounters with prey in S. purpuratus larvae 

compared to no prey. If S. purpuratus larvae keep the same swimming speed when 

incubated with 5000 cells ml-1 R. lens as with no prey, encounters are predicted to be 10x 

greater than in the low concentration due to the higher concentration of prey. Thus, S. 

purpuratus larvae can benefit from an increase in encounters by increasing their 

swimming speed in food limiting conditions. This behavior may be an adaptation to 
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encountering patches of prey. The nondimensional Frost number can be used to predict 

the availability of prey patches to planktonic predators (Grünbaum 2002). It partly 

depends on swimming speed and a higher Frost number indicates a greater availability of 

patches to predators (Grünbaum 2002). Because L. pictus larvae have a greater swimming 

speed compared to S. purpuratus larvae, prey patches may be more available to them and 

they may have evolved behaviors to exploit patches of prey in the ocean. Future studies 

in which larval behavior on large scales and small-scales in response to patches of prey 

are required to test these predictions. 

Sea urchin larvae exhibited control of swimming behavior in fluid shear

 The second null hypothesis that sea urchin behave as passive particles in fluid 

shear was refuted. Swimming direction was different from a passive particle in gastrula 

stage larvae exposed up to 12 s-1 shear. However, swimming direction in four-arm stage 

larvae was similar to that of a passive particle at all shear levels. Also, both four-arm 

stage L. pictus and S. purpuratus larvae were unable to maintain vertical swimming 

direction due to lower swimming stability in shear. Similarly, eight-armed larvae of the 

sand dollar Dendraster excentricus could not maintain vertical swimming and were 

carried into downwelling water when placed in a vertical shear (Strathmann and 

Grunbaum 2006). These findings support predictions based on computer simulations of 

the effects of arm length on swimming ability of pluteus larvae (present in sea urchins 

and brittlestars) in shear (Grunbaum and Strathmann 2003). Larvae with longer arms are 

predicted to swim faster but not be able to maintain vertical swimming in shear.
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 Station-keeping behavior scaled with ciliary band length and swimming speed. 

Sea urchin larvae swim using ciliary currents (Strathmann 1971). Gastrula stage larvae do 

not have larval arms, so they swim using ciliary bands that run along the body. In the 

early four-arm stage, larvae swim using ciliary bands that run along the body and larval 

arms. Ciliary band length could explain differences in station-keeping, characterized by 

NGDR, between the different developmental stages and species. S. purpuratus larvae, for 

example, have much smaller larval arms than L. pictus larvae. L. pictus four-arm stage 

larvae had a smaller NGDR  compared to the gastrula stage and both developmental 

stages of S. purpuratus larvae. This is most likely due to greater swimming speeds caused 

by their longer ciliary bands. These results contradict model predictions that sea urchin 

larvae with longer arms will have lower swimming stability in shear; the model did not 

take into account station-keeping behavior. Thus, ciliary band length and swimming 

speed are also important for swimming stability and should be taken into account in the 

model. Finally, these results also suggest that sea urchin larvae with more arms (i.e., later 

developmental stages) will have greater station-keeping ability in shear, but the 

dimensions of the gap in the cone-plate viscometer prevented testing this aspect of the 

model. 

 Overall, these results suggest that echinoderm larvae with small arms (e.g., 

gastrula stage of both species, four-arm stage S. purpuratus larvae) will be able to control 

their swimming direction under relatively low levels of fluid shear found in the ocean but 

not their position. On the other hand, arvae with long (e.g., four-arm stage L. pictus 

larvae) and more numerous (e.g., eight-arm stage larvae) arms would be able to control 
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their position but not swimming direction. This is important because swimming stability 

could affect distribution and transport in the ocean. Field observations of sea urchin 

larvae are consistent with the prediction that later developmental stages of larvae will be 

able to better control their vertical position in the water column. Late-stage larvae of the 

sand dollar D. excentricus were collected below 10 m depth in inshore waters near Coos 

Bay, Oregon (Shanks and Shearman 2009). Their distribution was similar to those with 

stronger-swimming larvae such as crab zoea and megalopae. This suggests that larvae 

could control their vertical position and prevent transport by upwelling and downwelling 

currents (Shanks and Spearman 2009).

 The third null hypothesis that larvae would behave as passive particles in the 

presence of prey and fluid shear was also refuted, although the response depended on 

developmental stage. Gastrula stage larvae of L. pictus exhibited a greater response to the 

presence of prey compared to four-arm stage larvae when exposed to shear. NGDR was 

similar to that of a passive particle in gastrula stage larvae exposed to the no food 

treatment compared to to food or ‘juice’ compared. But NGDR was significantly different 

and lower in the no food treatment compared to the food or ‘juice’ treatments. Gastrula 

stage larvae may exhibit a greater response to prey in preparation for their first feeding. 

Sea urchin larvae controlled swimming stability in fluid shear through ciliary reversal

 Sea urchin larvae exhibit active control of swimming in fluid shear through 

reversal of ciliary beat because NGDR was more similar to that of a passive particle in L. 

pictus four-arm stage larvae treated in isotonic MgCl2 compared to the untreated control. 

However, it remains unclear how larvae detect shear. Larvae were predicted to detect 
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shear using G-proteins. Trypsin was hypothesized to cleave G-proteins located on the 

ciliary membrane as observed in other cells (Katimura 1999; Nishida et al. 2002), 

resulting in decreased ability of larvae to detect shear. However, trypsin affected 

swimming, suggesting that trypsin is not specific and affected other proteins. Trypsin 

digested proteins in the axonemes of the ciliate Paramecium caudatum, preventing 

changes in swimming direction through ciliary reorientations (Noguchi et al. 2000). 

Trypsin may have digested endogenous cAMP-dependent protein kinases that are 

responsible for the movement of microtubules by dynein motors (Noguchi et al. 2000; 

Smith 2002). It is possible that trypsin also affected swimming in sea urchin larvae by 

digesting proteins important for normal ciliary function. 

Sea urchin larvae maintain swimming stability under natural conditions

 This is the first study to directly correlate swimming ability in sea urchin larvae 

with conditions of small-scale turbulence. Previous laboratory studies have shown that 

sea urchin larvae can regulate their vertical position when exposed to shear rates up to 1 

s-1 (Metaxas et al. 2009). However, the shear was generated using unnaturally high 

gradients in salinity, which can cause mortality and possibly affect behavior (Sameoto 

and Metaxas 2008; Metaxas et al. 2009). In this study, sea urchin larvae were exposed to 

quantified shear that represented levels found in near-surface waters of the ocean 

(Soloviev et al. 1988). The results suggest that some early stage sea urchin larvae are able 

to maintain their swimming ability up to shear levels of 3 s-1, which are common in near-

surface waters under conditions of moderate wind forcing (Soloviev et al. 1988).
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 This was a simple shear flow that was a first order approach towards 

understanding larval dispersal. It demonstrates the successful use of a cone-plate 

viscometer to study quantified small-scale turbulence on larval swimming. Laboratory 

approaches are fundamental to understanding complex problems such as larval dispersal 

(Pineda et al. 2007). Laboratory studies have provided valuable information on the 

species-specific behaviors that can influence larval distributions and dispersal (Sulkin 

1986, 1990; Forward 1988; Young 1995). 

 Information from this study can be used in biophysical models of larval dispersal. 

Models simulations of larvae as passive particles overestimate dispersal distances (Siegel 

et al. 2003; Shanks 2009), while those that incorporate larval behavior such as 

ontogenetic changes in vertical migration result in more local retention (Cowen et al. 

2006). But most biophysical models use relatively large grid sizes. Recently, there has 

been a call for studies on small-scale interactions between larvae and their physical 

environment (Pineda et al. 2009; Metaxas and Saunders 2009). Small-scale behaviors, 

such as orienting within a patch of prey, can result in reduced local dispersal (Woodson 

and McManus 2007). Recently, modeling studies based on individual larvae and finer 

scale model grids are beginning to reveal that small-scale processes can result in reduced 

dispersal. For example, a Lagrangian Stochastic Model of larval fish dispersal in the 

Caribbean that parameterized subgrid-scale processes such as submesoscale vortices and 

ontogenetic vertical migration predicted that larvae would be retained closer to the site of 

release compared to a passive scenario (Paris et al. 2007). As advances are made in 

measuring and incorporating small-scale physical processes into biophysical models, the 
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swimming behaviors of urchin larvae such as L. pictus and S. purpuratus described here 

should be used in computer simulations of larval dispersal. 

 Chapter 4 is being prepared for submission to Biological Bulletin. Maldonado, 

Elisa; Latz, Michael I. The dissertation author was the primary investigator and author of 

this paper.

126



FIGURES

0 100 200 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300
0

100

200

300

X-position

300 cells ml-1

5000 cells ml-1

A. Lytechinus pictus B. Strongylocentrotus purpuratus

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300
0 cells ml-1

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 100 200 300
0

100

200

300

X-position

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

160 170 180 190 200 210

0

100

200

300

0 100 200 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 50 100 150 200 250 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300
0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 100 200 300

0

100

200

300

0 cells ml-1

300 cells ml-1

5000 cells ml-1

Figure 4.1. Representative swimming trajectories of  four-arm stage urchin larvae in still 

water. Larvae were incubated with either 0 cells ml-1, 300 cells ml-1, or 5000 cells ml-1 

Rhodomonas lens. A. Lytechinus pictus. B. Strongylocentrotus purpuratus.
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Figure 4.2. Root mean square distance versus time of early four-arm stage sea urchin 

larvae in still water. Larvae were incubated with either 0 cells ml-1, 300 cells ml-1, or 

5000 cells ml-1 Rhodomonas lens. A. Lytechinus pictus. B. Strongylocentrotus 

purpuratus. Lines represent linear regression.
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Figure 4.3. Net-to-gross displacement ratio (NGDR) in still water as a function of food 

treatment in A. Lytechinus pictus and B. Strongylocentrotus purpuratus larvae. Asterisks 

represent Asterisk represents a significant difference based on Tukey’s post-hoc 

comparisons. The bars represent one standard error of the mean. 
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Figure 4.4. Trajectories of glass beads representing passive particles in 1.2 s-1 shear in the 

cone-plate viscometer. Net-to-gross displacement ratio (NGDR) was used as an index of 
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Figure 4.5. Representative swimming trajectories of Lytechinus pictus A. gastrula stage 

and B. four-arm stage larvae exposed to shear in the cone-plate viscometer.
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Figure 4.6. Comparison of NGDR as a function of shear level among a passive particle 

and the gastrula and four-arm stage of A. Lytechinus pictus and B. Strongylocentrotus 

purpuratus larvae. Bars represent one standard error of the mean.
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Figure 4.7. Swimming direction of Lytechinus pictus A. gastrula and B. four-arm stage 

larvae. !" is angle relative to flow streamlines in the cone-plate viscometer.
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Figure 4.8. Comparisons between rotation rate predicted by theory for a rigid spheroid 

(Jeffery 1922) and Lytechinus pictus four-arm stage larvae as a function of shear level. 

Bars represent one standard error of the mean.
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135



passive particle MgCl2 Control
0.00

0.25

0.50

0.75

1.00

Treatment

Figure 4.10. Effect of MgCl2 on NGDR of L. pictus four-arm stage larvae exposed to a 

shear level of 1.2 s-1. Bars represent one standard error of the mean.
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Chapter 5

Conclusions and future directions

CONCLUSIONS  

 Understanding larval dispersal and recruitment of benthic marine invertebrates is 

a challenging goal in marine ecology. Because most larvae are microscopic in size, it is 

almost impossible to track them in situ. Consequently, little is known about their 

horizontal and vertical distributions, or the effects of environmental factors on the growth 

of larvae, which determines the duration of the larval period and is important for survival 

of recently settled juveniles to reproduction. Instead, biophysical models are used to 

make predictions about larval dispersal and recruitment. Most biophysical models, 

however, use spatial resolution of 1 km while larvae most likely interact with their 

physical environment on much smaller scales (Metaxas and Saunders 2009; Pineda et al. 

2009). 

 This dissertation has focused on the small-scale biological-physical interactions 

that can influence growth and dispersal in larvae of the white urchin Lytechinus pictus 

and purple urchin Strongylocentrotus purpuratus. Specifically, this research has explored: 

1) the effects of laminar shear on grazing and growth of sea urchin larvae; 2) the effects 

of small-scale turbulence generated using a laboratory apparatus on grazing of sea urchin 

larvae; and 3) the swimming behavior of sea urchin larvae in the presence of prey and 

fluid shear. 

 Predator-prey encounter model predictions incorporating sea urchin larval 

swimming speed suggest that low levels of small-scale turbulence should increase 
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ingestion, while model predictions incorporating feeding current speed suggest low levels 

of turbulence have no effect on ingestion. As marine invertebrate larvae larvae are 

smaller than the smallest eddy scales of turbulence, they experience turbulence as laminar 

shear flow. There was no effect on ingestion rates in sea urchin larvae exposed to laminar 

shear levels < Gcr, the critical shear level above which encounters due to shear are greater 

than due to behavior alone, generated using simple Couette flow (Chapter 2). In L. pictus 

larvae exposed to shear levels > Gcr, ingestion rates were 30% greater. There was no 

effect of low levels of laminar shear on growth of L. pictus larvae, however long-term 

exposure shear caused mortality in S. purpuratus larvae (Chapter 2). Observed ingestion 

rates matched predator-prey encounter model predictions that incorporated feeding 

current speed rather than swimming speed (Chapter 2), suggesting that ocean turbulence 

would not increase food availability, and consequently growth, in sea urchin larvae. 

These results are also consistent with encounter models that predict suspension feeders 

will not benefit from low levels of turbulence.

 Turbulence is characterized by intermittent shear and vorticity. Small-scale 

turbulence levels lower than the critical dissipation rate, !cr, generated using a laboratory 

apparatus had no effect on grazing in L. pictus larvae (Chapter 3), consistent with results 

from Chapter 2. This suggests that shear level, and not flow intermittency or vorticity, is 

the most relevant to larval feeding, confirming the use of laminar shear flows for 

organisms smaller than the Kolmogorov microscale of turbulence.

 Historically, larvae were believed to be transported as passive particles in the 

ocean (Scheltema 1971). Larvae of the urchins L. pictus and S. purpuratus exhibited 
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swimming behaviors to regulate their vertical distribution, such as negative geotaxis, in 

still water (Chapter 4). Swimming behavior changed in the presence of prey in both 

species, which can also affect vertical displacement. Finally, swimming ability in a 

laminar shear flow scaled with swimming speed. L. pictus four-arm stage larvae did not 

behave as passive particles in laminar shear, providing support for the recent paradigm 

shift towards a view of active larvae (Levin 2006). However, L. pictus gastrula stage and 

S. purpuratus gastrula and four-arm stage larvae behaved as passive particles. But 

swimming speed increases as the larvae develop, so S. purpuratus larvae are predicted to 

control their swimming ability in turbulence at later stages of development.

FUTURE DIRECTIONS

‘While resolving separate components may be done within a few years, and 

optimistically within the duration of a grant or of a doctorate thesis, resolving whole 

systems may take an entire lifetime’ (Pineda et al. 2009). 

 Realistically, it will take many lifetimes to put all the pieces of the complex 

puzzle of larval dispersal together. This dissertation has focused on only one piece. There 

are many more studies that need to be done, several of which are described here.

 The biggest challenge in this research was to develop grazing methods that 

produced reliable results. Initially, the goal was to develop a method to examine the 

effects of long-term exposure of turbulence on grazing and growth of sea urchin larvae. 

But after years of being ‘so close’, it became apparent why most grazing studies focus on 

short-term studies. Most organisms clear their guts in a short period of time, so grazing 

rates in long-term studies are based on indirect and often unreliable estimates from net 
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population growth rates of the algal prey. Mortality in experimental chambers can also be 

another limitation. After struggling with this, only the most reliable data are presented 

which were ingestion rates after 8 d in both L. pictus and S. purpuratus larvae. Most of 

the other data are from short-term grazing experiments.

 Elucidating the mechanisms behind some of the results observed was another 

unrealized goal. Because so much time was spent on developing methods, time and other 

resources became limited. But the observation that long-term exposure to turbulence 

causes mortality in S. purpuratus larvae but not L. pictus larvae was very intriguing. If 

there were unlimited resources, it would have been interesting to examine changes in 

gene expression in both species after exposure to turbulence using microarray analysis. 

Microarray analysis facilitates elucidation of the mechanisms that support adaptation to 

environmental stress. It also allows system-wide survey of adaptation at the most 

fundamental level. In combination with gene ontology (GO) it is becoming possible to 

identify functional features of differentially expressed genes (Ashburner and Lewis 

2002). For example, up-regulation of 256 genes occurs when the common carp, Cyprinus 

carpio, is exposed to decreasing temperature (Ashburner and Lewis 2002). The largest 

number of genes are involved in transcriptional regulation, RNA splicing, and translation, 

according to gene ontology biological functions. These genes include RNA chaperone 

proteins and translation initiation factors (e. g., EIF1A, etc.). Because low temperature 

decreases the unfolding of mRNA, preventing translation, the up-regulation of RNA 

chaperone proteins and translation initiation factors presumably rescues translation. 

Changes in expression of eukaryotic translation factors appears to be a universal response 
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to environmental stress because they are also differentially expressed in mouse muscle 

(EIF4E; Jagoe et al., 2002) and rainbow trout Oncorhynchus mykiss (EIF2-alpha; Salem 

et al. 2007) after starvation for 24 h and 1 week, respectively. In sea urchin larvae, 

differential expression of genes involved in the GO biological functions such as protein 

synthesis, mitochondrial function, and the stress response (Ashburner and Lewis 2002) 

would have also been expected under different feeding regimes and turbulence exposures.

 It also would have been interesting to elucidate the mechanisms that allowed sea 

urchin larvae to feed in laminar shear and turbulence. This involves imaging biological-

physical interactions at the small scale of individual larvae. This can be done in the 

laboratory by imaging the instantaneous velocity of sea urchin larvae and their prey in 

isotropic turbulence using, for example, the T-box (Webster et al. 2004; Yen et al. 2008), 

which allows the encounter rate between sea urchin larvae and their prey to be directly 

correlated with the velocity gradient at their location using a particle image velocimeter 

(PIV). Imaging individual larvae while simultaneously measuring the instantaneous 

velocity at their location will allow much finer resolution of their swimming behavior in 

turbulence. Observations could also be made in situ by simultaneously imaging larvae 

using holography and measuring water motions using particle image velocimetry (Osborn 

2007). In situ holographic measurements reveal that copepods were not associated with 

aggregations of the diatoms Pseudo-nitzchia, but some species of copepods such as 

Aegisthus were attached to fecal pellets and microaggregates (Malkiel et al. 2006). The 

digital holographic microscope can resolve particles as small as 0.75 !m, which may be 
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used to measure swimming behavior and interactions between phytoplankton and 

zooplankton in situ (Sheng et al. 2006). 

 One important step in resolving small-scale biological physical interactions is 

describing turbulence at the small spatial scales of larvae. The smallest spatial resolution 

using hot film anemometers and airfoil probes, for example, is centimeters, while most 

biological-physical interactions in the plankton occur at much smaller scales (Osborn 

2007). Once turbulence at small scales is fully understood, researchers can attempt to 

simulate it in the laboratory. 

 Biophysical models should then incorporate small-scale turbulence and 

interactions to determine how they can influence large-scale dispersal, recruitment, and 

survival of benthic marine invertebrate larvae. Most biophysical models are based on 

spatial grid sizes from meters to kilometers, while biological-physical interactions most 

likely occur at the small scale of individual larvae (Pineda et al. 2009). Modeling studies 

should be based on individual larvae and finer scale model grids (Leis 2007). Recently, 

individual-based models are beginning to reveal that small-scale processes can result in 

reduced dispersal. For example, a Lagrangian Stochastic Model of larval fish dispersal in 

the Caribbean that parameterized subgrid-scale processes such as submesoscale vortices 

and ontogenetic vertical migration predicted that larvae would be retained closer to the 

site of release compared to a passive scenario (Paris et al. 2007).

 Finally, validation of biophysical models is the most important, yet most 

challenging, step to understanding larval dispersal of benthic marine invertebrates. 

Mesocosm experiments may be one way to link laboratory results to field observations 
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(Leis 2007). Mesocosms allow simultaneous measurement of both small-scale and large-

meso-scale processes, such as the influence of small-scale swimming behaviors on meso-

scale distributions. In the field, measuring the horizontal and vertical distributions of 

larvae is one way to validate the model (Metaxas and Saunders 2009). Distribution of 

released larvae of the hard clam Mercenaria in a semi-enclosed lagoon did not correlate 

with predictions from a particle tracking model because the model did not account for the 

spread of larvae (Arnold et al. 2005). Such studies are cost- and time-intensive, however, 

and may not be feasible along open coastlines (Metaxas and Saunders 2009). Another 

way to validate model predictions is larval tagging using elemental finger printing of 

larval shells or skeletons. Larvae of the mussels Mytilus californianus and Mytilus 

galloprovincialis cultured in situ retain the elemental fingerprint of their natal origin, 

which allows resolution of their dispersal (Becker et al. 2007). Larvae of both species are 

retained within 20-30 km of their natal origin, although connectivity patterns differ 

(Becker et al. 2007). The potential exists to use elemental fingerprinting for sea urchin 

larvae, which have a larval skeleton made of calcium carbonate. However, the 

microscopic size of their skeletal precludes measurement using existing technologies. 

Hopefully, future advancements in technology will allow researchers to overcome these 

challenges that preclude validation of biophysical models. 
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