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PREFACE 

 This dissertation, which focuses on the potential use of the tunicate Styela plicata 

for bioremediation, is organized into one general background chapter followed by 

individual chapters that have already been or will be submitted for publication.  For this 

reason, there will be redundancy in most of the chapter introductions and discussions as 

different facets of the tunicate’s use are explored. 

 Portions of Chapter Two have been compiled and reprinted with permission from 

two separate publications:   

Draughon, L., Scarpa, J., Keating, P., & Hartmann, J. (2008). Potential estuarine water 

quality improvement via marine invertebrate bioremediation. In M. Theophanides & 

T. Theophanides (Eds.), Environmental Awareness and Management (pp. 97-112). 

Athens: ATINER. 

 and 

Draughon, L. D., Scarpa, J., & Hartmann, J. X. (2010). Are filtration rates for the rough 

tunicate Styela plicata independent of weight or size? Journal of Environmental 

Science and Health, Part A: Toxic/Hazardous Substances and Environmental 

Engineering, 45(2), 168 - 176. 

 During the summer of 2008, south Florida was hit with Tropical Storm Fay that 

resulted in massive rain totals along the Indian River Lagoon counties.  Subsequently the 

salinities in the Lagoon decreased for a prolonged period of time resulting in the loss of 



  

local Styela plicata populations.  The same salinity decreases were found along the Gulf 

Coast of Florida, as well.  For this reason, the tunicate Phallusia nigra was used in the 

last experiment (Chapter Six).  These specimens were collected during the month of June, 

2009 in Bocas del Toro, Panama. 
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ABSTRACT 

Author:  Lisa Draughon 

Title:              The Ascidian Styela plicata as a Potential Bioremediator of 

Bacterial and Algal Contamination of Marine Estuarine Waters 

Institution:  Florida Atlantic University 

Dissertation Advisor:  Dr. James X. Hartmann 

Degree:  Doctor of Philosophy 

Year:   2010 

The tunicate Styela plicata (Ascidiacea) was investigated for its potential use in 

bioremediation of bacteria and microalgae blooms from estuarine waters.  Salinity 

tolerances, filtration rate, substrate selection, and effects on digested bacteria and 

ichthyofaunal communities were examined.  If acclimated slowly, Styela can be placed in 

salinities as low as 24 parts per thousand (ppt) before increased fatalities result.  An 

immediate decrease in salinity from 32 ppt to 20 ppt was not detrimental at short term 

exposure (four days).  One average-sized (~40g) Styela, exposed to 105 and 106 bacteria 

or microalgae mL-1, can filter as much as 4.7 L hr-1 and 3.3 L hr-1, respectively.  

Individual tunicate filtration rates varied from hour to hour, independent of organism 

size, indicating that filtration rates for this species would be better reported on a 

population basis rather than on an individual weight or size basis.  Bacterial viability in 

tunicate feces was assessed by ATP analysis.  Bacteria were found to be non-viable after 
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passage through the tunicate digestive tract.  Filtration of eggs or larvae of recreationally 

or commercially important fish is of concern.  The smallest eggs (~0.6mm) reported in 

the Indian River Lagoon belong to Cynoscion nebulosus (spotted seatrout) and Bairdiella 

chrysoura (silver perch).  Over the course of two hours, 72.5% of 0.5 mm glass beads 

(simulated fish eggs) were initially retained, but many were later expelled by the 

tunicates.  For 1.0 mm beads, 49.4% were initially retained and for 2.0 mm beads, 43.5% 

were initially retained.  Neither the size of the oral siphon nor the size of the overall 

animal was correlated to bead retention.  Substrate selection was investigated using the 

tunicate Phallusia nigra.  Newly hatched larvae preferred settling on wood (53.7%), as 

compared to polyethylene (30.9%), high-density polyethylene (13.0%), and polyvinyl 

chloride (2.4%).  Overall, results of this study indicate S. plicata is very effective at 

removing bacteria and microalgae from estuarine waters.  However, further testing is 

warranted regarding the unwanted removal of fish eggs and larvae before utilization of S. 

plicata for bioremedial purposes.
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CHAPTER ONE: GENERAL INTRODUCTION 

 Development and anthropogenic disturbance have negatively impacted estuarine 

benthic and ichthyofaunal communities with the destruction of mangrove, salt marsh, and 

seagrass habitats that are considered nursery grounds for many organisms (Beck et al., 

2001; Halpern et al., 2007; Heck et al., 2003; Lipcius et al., 2005; Lotze et al., 2006).  

The loss of these habitats results in the subsequent loss of many filter-feeding benthic 

invertebrates (Bingham, 1992; Sime, 2005).  These filter-feeders assisted in providing 

water clarity by removing particulates from the water column (Jørgensen, 1966b; 

Petersen & Svane, 2001).  The reduction of the filtration services has directly contributed 

to declining water quality (Dame et al., 2002) and associated increased harmful algal 

blooms, fish kills, beach closures, and oxygen depletion (Peterson et al., 2006; Worm et 

al., 2006).     

Problems Facing the Indian River Lagoon 

 Of immediate concern to Florida is the Indian River Lagoon (IRL), which spans 

five eastern counties from Martin northward to Volusia.  The 251 kilometer-long lagoon 

is a bar-built estuary comprised of three bodies of water: the Mosquito Lagoon to the 

north and the Banana River and Indian River to the south, with a watershed comprising 

3,575 square kilometers (USEPA, 2006).  It is one of the most biologically diverse 

estuaries in the world, supporting over 3,000 species of plants and animals (Smithsonian 

Marine Station at Ft. Pierce, 2008) including 21 federally endangered or threatened 
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species (USEPA, 2006).  The IRL embodies mangrove dominated marshes and swamps, 

wetland and non-wetland forests, scrub land, salt marshes, shellfish growing areas, oyster 

bars, sand bars, sand/mud and salt flats, submerged aquatic vegetation, drift algae, deep-

water areas, and spoil islands (USEPA, 2006).   

 The IRL is artificially connected to Lake Okeechobee by the St. Lucie River for 

the purpose of water supply and flood control.  High nutrient-containing fresh water exits 

Lake Okeechobee through a series of canals and the St. Lucie River and empties into the 

southern end of the IRL, resulting in extreme salinity fluctuations, eutrophication, and 

sedimentation from excess total suspended solids (TSS).  The St. John’s River Water 

Management District (2004) reported that turbidity in the IRL has increased with 

amplified suspended particulates in the water.  Agricultural run-off of fertilizers has 

caused elevated nitrogen and phosphorus concentrations enabling algal blooms and an 

increase in chlorophyll a.  The combination of increased turbidity and phytoplankton has 

prevented sunlight penetration to sufficient depth.  This has resulted in the loss of 

seagrass beds (Morris & Virnstein, 2004).     

 It is estimated that six billion people will inhabit the coastal regions of the world 

by the year 2025, almost equal to the total world population today (Hameedi, 1997; 

Weber, 1994).  The increased discharge of pollutants and industrial wastes as the coastal 

population continues to expand will exacerbate the problems of reduced water clarity, 

sediment loading, and eutrophication with the eventual loss of nursery grounds.     

 In addition to increasing turbidity is the problem of decreasing water circulation.  

A lock at Port Canaveral, along with the construction of bridges, has reduced water flow 

in the IRL system, which already had minimal tidal exchange (Geiger et al., 2004; Indian 
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River Lagoon National Estuary  Program, 1996).  Poor water circulation and increasing 

water temperature results in elevated  algal and bacterial counts; a threat to human health 

(Florida Department of Health, 2000; Steidinger et al., 1999).  Recent cyanobacterial 

blooms, which are often toxic (Steidinger et al., 1999), cause damage to the nervous 

system and liver of animals that ingest the cyanobacteria, potentially resulting in death  

and massive fish kills (Hauserman, 2007).  Bacterial outbreaks result in Florida beach 

closures, which affect both industry and tourism (Florida Department of Health, 2000).  

Bacteria commonly found during these outbreaks are fecal coliforms, indicative of human 

and animal waste.  Low levels of fecal coliforms are commonly found in natural 

waterways while high levels often indicate sewage contamination (Madigan et al., 2000).    

 Although the IRL is currently in a state of crisis, it is only one of many Florida 

aquatic sites of concern (Florida Department of Health, 2000).  In 1998 Florida began 

monitoring water quality along its coastal beaches.  Currently 34 counties are monitoring 

fecal coliforms such as Enterococcus sp. on a weekly basis (Florida Department of 

Health, 2000).  The State Coordinator of the Healthy Beaches Program in the Florida 

Department of Health explained that elevated bacterial levels resulted in the conducting 

county to either: 1) run a confirmatory re-test followed by a public advisory or warning 

or 2) immediately issue a public advisory if the county could not re-test (Polk, pers. 

comm., 2006).  An effective and ecologically sound method to remove these harmful 

bacteria has not yet been developed.  Therefore, the only current solution is to allow the 

bacterial level to subside on its own.  Beaches have been closed several days while 

waiting for this natural process to occur (Florida Department of Health, 2000). 

 Means of controlling contamination problems vary from mechanical, such as 
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cordoning and partitioning areas by barriers, to remediation by invertebrates.  As 

cordoning does not result in over-all water quality improvements, the search for the ideal 

organism(s) for bioremediation was the target of the present study.   

 Numerous studies have been conducted in recent years utilizing bivalves as 

indicators of metal contamination and other pollutants (Arnold et al., 2006; Damiens et 

al., 2006; Hull et al., 2006; Inoue et al., 2006) as well as to improve water quality 

(Kohata et al., 2003; Newell et al., 2005).  These studies indicate the effectiveness of 

bivalves in reducing large quantities of organic and inorganic particulate matter (Officer 

et al., 1982).  However, there is concern that large volumes of organic and inorganic 

nutrients may be excreted back into the water column in the form of pseudofeces, which 

stimulates primary production by phytoplankton (Kohata et al., 2003; Orlova et al., 

2004), and may  further cause decreased water clarity.  Asmus and Asmus (1991) 

discovered that mussels reduced phytoplankton by 37 ± 20% between upstream and 

downstream areas of a mussel bed; however following a potential N:C ratio of 16:106 

estimated by the study, and assuming the ammonium released by the mussels would 

entirely be taken up by the phytoplankton, the excreted nutrients released by the bed had 

a potential of stimulating even higher primary production than the uptake.  Additionally, 

bivalves are capable of particle selection based on size (Defossez & Hawkins, 1997) or 

composition (Kennedy et al., 1996; Ward et al., 1997; 1998; Ward & Shumway, 2004).  

With particles >4 µm, bivalves have a particle retention efficiency of approximately 

100%.  However, the retention efficiency drops to 20% with 0.6 µm particles (Stuart & 

Klumpp, 1984), making them ineffective against bacterial blooms. 

 Another group of organisms that warrant investigation to remove particles from 
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the marine environment are the tunicates (Chordata: Ascidiacea), also known as ascidians 

or sea squirts.  Tunicates are filter-feeding animals capable of non-discriminate removal 

of inert, inorganic and organic particles (Jørgensen, 1966b) including bacteria (Flood & 

Fiala-Médioni, 1981) from marine waters.  Some benthic solitary and colonial tunicates 

are capable of retaining particles as small as 0.6 µm with approximately 100% efficiency 

(Stuart & Klumpp, 1984).  Additionally, they do not create pseudofeces (Fiala-Médioni, 

1974), which make tunicates a more desirable organism for the bioremediation of 

estuarine waters.  The locally prevalent tunicate species, Styela plicata (Lesueur) is the 

target of this research. 

Styela plicata History 

 A solitary tunicate, S. plicata was first described when found on the hull of a ship 

entering the Delaware River in Philadelphia, Pennsylvania, USA in 1823 (Van Name, 

1912).  Specimens were found during a dredge off Cedar Key, in Levy County, Florida as 

early as 1877 (US National Museum of Natural History, 2002).  In 1884, two separate 

excursions reported finding S. plicata in the Caribbean (U.S. Virgin Islands) and near 

Marco Island, Florida (US National Museum of Natural History, 2002).  In 1887 and 

1902 the species was noted at St. Martins Reef and Key West, respectively, in the Florida 

Keys (US National Museum of Natural History, 2002).  A voyage by the R/V Pelican 

reported finding S. plicata in 1940 off the coast of Jacksonville, Florida, and it was again 

noted in 1950 in Key Biscayne (US National Museum of Natural History, 2002).  

Additional reports of species coverage have been noted throughout the sub-tropical world 

(Carballo & Naranjo, 2002; Cima et al., 1996; da Rocha & Kremer, 2005; Lambert & 
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Lambert, 1998; Thiyagarajan & Qian, 2003; Tujula et al., 2001).   

Although reported as an introduced species to Florida through ship fouling or 

ballast water (Mook, 1983), populations are now well established in the IRL complex.  

David Mook (1983) was the first to report finding S. plicata in the IRL in a review 

encompassing surveys from 1976 through 1981 .  At that time, he reported their presence 

in the St. Lucie Inlet, the Ft. Pierce Inlet, Link Port, Vero Beach, and the Sebastian Inlet.  

During this investigation, specimens were also collected from the Mosquito Lagoon, 

Little Jim Island, Bear Point, the waters behind the Smithsonian Marine Station in Ft. 

Pierce, and in the Lake Worth Lagoon at MacArthur Park.  It is now reported by the 

United States Geological Survey as having a native range from North Carolina to Florida 

and the West Indies (Fuller, 2006). 

Species Populations 

 As with all benthic invertebrates, populations are limited by available space for 

larval settlement (Dayton, 1971; Mook, 1983; Stachowicz et al., 2002; Svane & Petersen, 

2001) and by the presence of proper environmental cues (Svane & Petersen, 2001).  The 

equilibrium dynamics of heterogenic assemblages are controlled by interspecific 

competition that is constantly changing both spatially and temporally (Connell & Glasby, 

1999; Roughgarden et al., 1988; Svane & Petersen, 2001).  Annual patterns and densities 

are questionable and variable due to fluctuations in environmental conditions (Svane & 

Petersen, 2001), especially when large salinity and temperature fluctuations occur in the 

IRL (Mook, 1983), as well as hydrodynamics (Young & Braithwaite, 1980b).  This has 

been witnessed by the author following the long term drop in salinity from Tropical 
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Storm Fay in 2008.  Waters along the IRL complex remained at a salinity of 10 parts per 

thousand (ppt) for extended periods resulting in drastic decreases of S. plicata 

populations as well as other benthic assemblages (personal observation).   

Styela plicata Filtration Advantages 

 Styela  plicata has a remarkable ability to filter greater volumes of water than 

some of the other ascidian species due to its complex branchial structure (Fiala-Médioni, 

1978b).  Its feeding mechanism explains the high efficiency of particle capture.  

MacGintie (1939) was the first to describe this mechanism in detail.  A current of water is 

drawn in through the incurrent siphon into the branchial basket, facilitated by beating 

cilia that line the stigmata.  While feeding, mucous glands situated along the endostyle 

secrete a sheet of mucus that is propelled around the surface of the branchial basket by a 

second type of cilia.  As water enters the cavity, particulates are trapped in this mucous 

layer.  The mucus continually moves toward the dorsal groove on the opposite side of the 

branchial basket from the endostyle where it is formed into an unbroken thread and fed 

into the esophagus at the base of the basket.  This thread remains intact upon entering the 

stomach where it is folded back and forth.  As the thread nears the pyloric valve it 

becomes semi-liquid and enters the intestine.  The particle depleted water in the branchial 

basket exits through gill slits to the excurrent siphon where it is expelled (Meglitsch, 

1967).  When the animal is not feeding, the mucous lining is absent and particles in the 

water can be seen entering the incurrent siphon and immediately exiting the excurrent 

siphon (MacGinite, 1939).  Extensive studies of the mucous film of S. plicata conducted 

by Flood and Fiala-Médioni (1981) determined that it could filter and retain particles 
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larger than 0.5 µm.  The ability of S. plicata to remove these bacterial sized particles, its 

abundant population world-wide, and its physical competence are the basis for selection 

of this species in the present study use in a bioremediation.



  

CHAPTER TWO:  POTENTIAL ESTUARINE WATER QUALITY 

IMPROVEMENT VIA FILTRATION BENEFITS OF TUNICATE STYELA 

PLICATA (LESUEUR 1823) 

Abstract 

The subtropical rough tunicate Styela plicata was examined for its prospective reduction 

of microalgal and bacterial particle concentration in estuarine water.  Filtration rates were 

determined from individual tunicates exposed to the microalgae Nannochloropsis sp. 

(n=14) and the bacteria Escherichia coli (n=12) in concentrations of 105 and 106 cells 

mL-1 over four hours.  Results revealed that one average-sized (~ 40 g) S. plicata, 

exposed to 105 algal cells mL-1 had an average filtration rate of 3.1 L hr-1and those 

exposed to 106 algal cells mL-1 had an average filtration rate of 3.3 L hr-1, with 100% 

particle retention.  Average filtration rates for tunicates exposed to bacteria at 105 cells 

mL-1 were 4.7 L hr-1 and were 2.3 L hr-1 in the 106 treatment, with 100% particle 

retention.  However, individual tunicate filtration rates differed by 3.5 L hr-1 for 

microalgae and 2.3 L hr-1 for bacteria.  No relationship was found between hourly 

filtration rate and whole animal weight (r2= 0.0001) or dry organ weight (r2= 0.0067), 

indicating that filtration rates for this species should not be reported on a live weight 

basis.  Results suggest that filtration should be quantified by averaging the filtration rate 

of a population of animals over time, especially when establishing models for 

bioremedial use.  It is estimated that 200 rough tunicates could fully remove 105 bacteria 
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mL-1 from 22,600 L each day; size and concentration of suspended particulates, water 

flow, and temperature would affect the rate of bacterial removal.  Controlled densities of 

filter-feeders, such as Styela plicata, strategically placed in contaminated areas could 

substantially reduce unwanted bacteria and microalgae, thus improving water quality.   

INTRODUCTION 

    Healthy marine ecosystems are dependant on maintenance of the delicate balance 

between the intricate interactions of organisms from microscopic marine diatoms to 

macroscopic marine mammals (Costanza & Mageau, 1999).  Catastrophic changes to the 

entire system can occur when this balance is interrupted (Marques et al., 1997).  The past 

century of development and anthropogenic disturbances have negatively impacted 

estuarine benthic and ichthyofaunal communities with the destruction of mangrove, salt 

marsh, and seagrass habitats, that are considered nursery grounds for many organisms 

(Beck et al., 2001; Heck et al., 2003; Lipcius et al., 2005; Lotze et al., 2006).  The major 

causal factor of a worldwide decline in seagrass populations is reduced water clarity and 

eutrophication (Short & Wyllie-Echeverria, 1996), which can result in elevated microbial 

and microalgal growth (Aslan-Yilmaz et al., 2004).  Mangrove and salt marsh habitats are 

additionally stressed through anthropogenic disturbances and shoreline modifications as 

coastal populations increase (Kennish, 2002).  It is estimated that six billion people will 

inhabit the coastal regions of the world by the year 2025, almost equal to the total world 

population today (Hameedi, 1997; Weber, 1994).  The increased discharge of pollutants 

and industrial wastes as the coastal population expands will exacerbate the problems of 

reduced water clarity, sediment loading, and eutrophication with the eventual loss of 

aquatic animal nursery grounds. 
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    Loss of habitat correlates with a loss of filter-feeding benthic invertebrates that 

inhabit those grounds (Bingham, 1992).  Filter-feeders assist in providing water clarity by 

removing particulates from the water column (Bone et al., 2003; Jørgensen, 1966b; 

Petersen & Svane, 2001).  The loss or reduction of filtration benefits provided by 

suspension feeders has potentially contributed to declining water quality (Dame et al., 

2002) with a direct correlation in the increase of harmful algal blooms, bacterial 

outbreaks, fish kills, beach closures, and oxygen depletion (Worm et al., 2006).  A recent 

study of Florida Bay revealed a direct correlation between phytoplankton and 

cyanobacterial blooms with the large scale decline in dominant sponge populations; the 

microbial blooms occurred without any increase in nutrient loads (Peterson et al., 2006). 

    Alterations in water current due to the construction of seawalls, bridges, locks, 

and marinas result in pockets with poor water circulation, often stagnant, producing 

elevations of potentially pathogenic bacteria, such as fecal coliforms.  Low levels of fecal 

coliforms are commonly found in natural waterways while high levels often indicate 

sewage contamination (Madigan et al., 2000) that results in human health risks.  Methods 

to control these problems vary from mechanical, such as cordoning and partitioning areas 

by barriers, to remediation by invertebrates.  As cordoning does not result in over-all 

water quality improvements, the search for the ideal organism(s) for bioremediation was 

the target of this investigation.   

    Historically, bioremediation by filter-feeding benthic invertebrates has been 

successful (Dame et al., 1984; Officer et al., 1982; Ulanowicz & Tuttle, 1992).  Therefore 

considerable effort has been devoted to studying their use for water quality improvements 

(Akhtar et al., 2003; Arnold et al., 2006; Damiens et al., 2006; Giangrande et al., 2005; 
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Hull et al., 2006; Inoue et al., 2006; Kohata et al., 2003; Milanese et al., 2003; Takeda & 

Kurihara, 1994).  Studies by Officer et al. (1982) indicate effectiveness of bivalves in 

reducing large quantities of organic and inorganic particulate matter.  However, there is 

concern that even larger volumes of organic and inorganic nutrients may be excreted 

back into the water column in the form of pseudofeces.  Bivalve excrement stimulates 

primary production of phytoplankton (Kohata et al., 2003; Orlova et al., 2004), a further 

cause of decreased water clarity.  Asmus and Asmus (1991) discovered that mussels 

reduced phytoplankton biomass by 37 ± 20% between upstream and downstream areas of 

a mussel bed.  However the excreted nutrients released by the bed could potentially 

stimulate even higher primary production than the uptake.  Additionally, bivalves are 

capable of particle selection based on size (Defossez & Hawkins, 1997) or composition 

(Kennedy et al., 1996; Ward et al., 1997; Ward et al., 1998; Ward & Shumway, 2004).  

With particles >4 µm, bivalves have a particle retention efficiency approaching 100%; 

however, the retention efficiency drops to 20% with particles less <0.6 µm (Stuart & 

Klumpp, 1984) making them ineffective against bacterial blooms. 

    Milanese et al. (2003) examined the sponge Chondrilla nucula as a potential 

bioremediator.  Their extrapolated results estimated that a one meter square patch of this 

sponge could retain up to 7.0 x 1010 Escherichia coli cells hr-1. 

    Another group of organisms that warrants investigation for its members’ abilities 

to remove particles from the marine environment is the tunicates (Chordata: Ascidiacea), 

also known as ascidians or sea squirts.  Tunicates are filter-feeding animals capable of 

non-discriminate removal of inert, inorganic and organic particles (Jørgensen, 1966b) 

including bacteria (Flood & Fiala-Médioni, 1981) from marine waters.  Some benthic 

 
12 

 
 



  

solitary and colonial tunicates are capable of retaining particles as small as 0.6 µm with 

approximately 100% particle efficiency (Stuart & Klumpp, 1984).  Additionally, they do 

not create pseudofeces (Fiala-Médioni, 1974), which make tunicates a more desirable 

organism for the bioremediation of estuarine waters.   

      The rough tunicate Styela plicata is suggested for bioremedial use due to its 

ability to remove micro-particles, such as bacteria and algae, from the marine 

environment.  S. plicata has a global distribution in most tropical and sub-tropical marine 

environments (Carballo & Naranjo, 2002; Cima et al., 1996; Lambert & Lambert, 1998; 

Thiyagarajan & Qian, 2003; Tujula et al., 2001) and was reported by Fiala-Médioni 

(1978a) to have a greater capacity for water filtration than other ascidians due to a more 

complex branchial basket.  Global availability and high filtration rates make S. plicata a 

target species for bioremedial investigation of micro-particle contamination of estuarine 

waters. 

  MATERIALS AND METHODS 

Collection and Acclimation of Organisms  

    Individual S. plicata specimens ranging in weight from 16.8 - 55.7g were 

collected from the Indian River Lagoon near Ft. Pierce, Florida, USA, in June and July, 

2005.  Each organism was carefully removed and placed in an aerated 19 L bucket of 

seawater (28 ppt) and transported to the lab.  Tunicates were manually cleaned of 

commensal organisms and placed unsecured in fiberglass tanks (3.1 m x 0.66 m x 0.3 m) 

with flow-through treated seawater at 28 ppt for 48 hours to remove any remaining debris 

prior to experimentation.  Treated seawater was ozonated, filtered (5 µm) and UV-treated 
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to reduce and remove any micro-organisms present.  During this time, tunicates were fed 

the microalgae Isochrysis aff. galbana (clone T-Iso) at a concentration of 1,000 cells 

 mL-1 to keep gut contents to a minimum.  Only healthy individuals exhibiting open 

siphons and consistent brown color were used for experiments.   

Experimental Design and Statistical Analysis 

    All statistical analyses were conducted using SAS 9.1 software.  Regression 

analyses were conducted on 1) dry organ weight (DOW) versus whole animal wet weight 

(WAWW) , 2) mean hourly filtration rate of each individual tunicate vs. whole organism 

wet weight in both the algae and bacteria experiments, and 3) dry organ weight vs. mean 

hourly filtration rate in the bacteria experiment.  The a priori H0 was that “weight does 

not have an effect on the volume of water cleared hr-1 by a tunicate”.  The response 

variable “Filtration Rate” was analyzed by repeated-measures ANOVA (critical 

alpha=0.05) for comparison of the filtration rates of two food types (microalgae and 

bacteria) and concentrations (105 and 106 cells mL-1) over time.  Triplicate counts of 

hourly densities in the water samples were averaged for comparison.  Differences were 

considered significant for probabilities (p< 0.05).  The a priori H0 was that “no 

significant difference exists between individual hourly or individual average filtration 

rates for the two food types and concentrations over time”.   

Algal Filtration Rate 

Nannochloropsis sp. 1 cultures (clone CCMP531, Bigelow Laboratory for Ocean 

Sciences, Maine, USA) were filtered twice through a 20 µm screen to remove any large 

particle clumps and then placed in a water bath at 45° C for 30 minutes to heat-kill them 
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(i.e., stop proliferation).  Immediately after heat killing, average cell counts from 

triplicate 10 mL samples were determined using a hemacytometer and phase contrast 

microscopy.  Nannochloropsis sp. glows a consistent turquoise green color, 

differentiating it from other particles present in the sample.   

    Fourteen tunicates were placed individually in 8 L beakers containing 6 L of 

treated seawater.  Beakers were randomly placed in an ambient flow-through water bath 

to provide water temperature stabilization.  Specimens were secured by a monofilament 

loop around the body and tied to 12 cm X 12 cm plastic grids and allowed to acclimate 

until each resumed open siphon conditions.  Heat-killed Nannochloropsis sp. was added 

to the beakers to obtain either 105 or 106 cells mL-1 (n=7 for each concentration).  Six 

additional control beakers were established in the same fashion with the absence of a 

tunicate (n=3 for each algae concentration) to monitor any microalgae loss due to 

adherence to the plastic beaker or sedimentation. 

    Water temperature, salinity, and pH remained constant for the experimental 

period at 26° C, 28 ppt, and 8.5, respectively.  Aeration was supplied through a pipette 

secured to the side of each replicate beaker to prevent direct exposure of the tunicate to 

air bubbles.  As microalgae were added, beakers were tapped lightly on the sides causing 

the tunicates to close their siphons so that a 10 mL water sample could be drawn at ‘Hour 

0’ (Hr0) prior to any filtration.  Samples were drawn from the center of the beaker after 

stirring and subsequent samples were taken at 1 hour intervals in this same fashion for a 

total of seven samples (six hours) per beaker.  Samples were fixed with 1 mL of 10% 

buffered formalin after completion of each hourly sampling and refrigerated at 4°C until 

processing.  Nannochloropsis density in all samples was determined within 96 hours in 
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all replicates by taking the mean of three individual hemacytometer counts for each 

sample.  

Establishment of Bacterial Filtration Rate 

   Establishment of bacterial region for flow cytometry analysis. 

    Flow cytometry enables detection of a ‘population of interest’ by the demarcation 

of regions (i.e. gating) on a double parameter histogram.  E. coli was used in the bacterial 

filtration experiment as it is one of the problematic fecal coliforms present in the IRL.   

Additionally, it is similar in size (0.72 µm x 3.1 µm) (Pierucci, 1978) to the microalgae 

Nannochloropsis (2-4 µm) (Rocha et al., 2003).  In three trials a pure culture of E. coli 

grown in Luria broth was used to determine the gating region.  Aliquots of this culture 

were collected, centrifuged at 20,000xg for 15 minutes, and the pellets resuspended in 

0.85% NaCl.  Dilutions of these samples were prepared as 1X, 1/100X, and 1/1000X.  

Samples (1 mL) of each dilution were analyzed with a Becton Dickinson FACSCalibur 

flow cytometer.  A standard 10,000 events was collected for each sample.  A control 

sample of buffer alone was also analyzed.  A double parameter histogram was established 

using Forward Scatter (FS) log vs. Side Scatter (SS) log channels.  Fig. 2.1 A–D reveals a 

decrease in total events with increasing dilutions, indicating a properly established 

region.  Further validation of the established region was achieved by staining E coli 

samples with SybrII green dye (Molecular Probes, Eugene OR).  E. coli samples of 106 

cells mL-1 were centrifuged at 20,000xg for 15 minutes, resuspended and washed twice in 

a solution of 0.85% NaCl followed by re-suspension in 30 mM potassium citrate and 

SybrII green dye at a dilution of 10-4 (Lebaron et al., 1998).  Aliquots (1 mL) of both 
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stained and unstained E. coli samples were analyzed using the same FS log vs. SS log 

region previously established and a FL1 histogram.  Acquisition was stopped at 20 

seconds in each case.  A region was created on FL1 excluding the autofluorescence of the 

control unstained sample (Fig. 2.2).  The stained samples showed 91.35 % positive cells.  

These results were further confirmed by filtering the stained E. coli samples through a 0.2 

µm filter, thus eliminating the bacteria (Fig. 2.3).  As shown in Fig. 2.3, the gated events 

decreased from 91.35% to 2.5% after filtration.  These three experiments indicate that the 

flow cytometry method developed for determining the E. coli population was valid. 

 

4800 events 2133 events 

A B 

 

  1378 events 

C D 

 

 

 

Figure 2.1 A-D  Individual histograms of known pure samples of E. coli prepared in dilutions to 
determine flow cytometric gating region.  A – 1X sample shows 4800 events within gated region.  B – 
1/100X dilution shows 2133 events in gated region.  C – 1/1000X dilution shows 1378 events in gated 
region.  D – Overlay histogram of the three dilutions.  The small spike to the right is calibration 
microbeads (6µm) reflecting the small calibration gate visible in the upper right corner of histograms 
A – C. 
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Figure 2.2  Overlay histogram of FL1 region, gated on E. coli.  Light peak is unstained control of sample 
buffer alone.  Dark peak in region M1 is E. coli stained with SybrII Green bacterial stain.  Histogram 
statistics indicate 91.35% positive cells in targeted M1 region.   
 
 
 
 

 

    

Figure  2.3  Overlay histogram of stained unfiltered E. coli (Region M1, light gray peak) vs. E. coli 
filtered through a 0.2 µm filter (dark gray peak) that eliminates bacteria.  M1 gated peak indicates 91.35% 
positive cells prior to filtration and decreases to 2.5% after filtration. 

   Bacterial filtration rate. 

    Twelve tunicates were placed individually in 8 L beakers with 6 L of treated 

seawater as described in the above section, “Algae Filtration Rate”.  Three control 

beakers with no tunicates were also established.  The experimental method of the 

bacterial filtration experiment was the same as that described for the algae filtration 

experiment with changes only to numbers of replicates.  Ethanol-killed E. coli (Oie et al., 

1999) were added to each beaker to provide one of two treatment concentrations, 105 and 

106 cells mL-1 (n=6 for each concentration).  Control beakers were established containing 
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105 cells mL-1 of ethanol-killed E. coli (n=3).  Hourly water samples (10 mL) were taken 

in the same fashion as in the algae experiment for a total of seven samples (six hours) per 

beaker.  Water samples were fixed with 1 mL 10% formalin and refrigerated at 4º C until 

preparation for flow cytometry. 

   Preparation of bacterial water samples for flow cytometry. 

 Water samples were vortexed to assure even mixing.  One mL was removed from 

each sample and centrifuged at 20,000xg for 15 minutes.  The supernatant was decanted 

and the pellet resuspended in 1 mL 0.85% NaCl.  This procedure was repeated, but the 

pellet was resuspended in 1 mL 30mM potassium citrate containing 0.1 µl SyberII Green 

dye (10-4 dilution).  Samples were analyzed with a Becton Dickinson FACSCalibur flow 

cytometer gated on the previously established region.  Acquisition parameters were set to 

run a standard 20 seconds in each case.  Triplicate acquisitions were obtained per water 

sample.  Only the third acquisition was used in each case to assure uniformity and 

untainted results from cross contamination of sample tubes. 

Calculation of Filtration Rate 

    Filtration rate is defined as the specific volume of water that has been completely 

cleared of suspended particles over a defined amount of time.  With the algae filtration 

experiment, these particles were counted as cells mL-1 while the bacteria filtration 

experiment measured flow cytometer events mL-1.  Filtration rates were calculated 

following Quayles’s formula, modified by Willemsen for the adjustment of particle 

sedimentation as suggested by Coughlan (1969): 

F = (V0 + Vt) (ln (SE
0/SE

t) - ln (SC2
0/SC2

t)) / (2nt) 
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where F = filtration rate in mL hr-1; V0 = volume of water remaining in experimental 

beaker after withdrawal of sample at time 0; Vt = volume of water in experimental beaker 

before withdrawal of sample at time t; n = number of animals; t = duration of experiment; 

SE
0 , SE

t  = suspension loads in cells or events mL-1 in experimental beaker at times 0 and t; 

SC2
0 , SC2

t = suspension loads in cells or events  mL-1 in control beaker at times 0 and t. 

RESULTS AND DISCUSSION 

Filtration Rate - Algae 

    Initial cell counts taken at Hour 0 (Hr0) were lower than target concentrations of 

105 and 106 cells mL-1.  Actual Hr0 densities for microalgae were 8.3 x 104 cells mL-1  ± 

2.3 x 104 cells mL-1 s.d. for the 105 cells mL-1 treatment and 6.8 x 105 cells mL-1 ± 6.8 x 

104 cells mL-1 s.d. for the 106 cells mL-1 treatment  Microalgal cell concentrations fell 

below the threshold of reliable hemacytometer counting of 100 cells mL-1 after only three 

hours in the 105 cells mL-1 treatment and four hours in the 106 cells mL-1 treatment.  For 

this reason, statistical analyses of filtration rates are only from (Hr0) through Hr3 for both 

concentrations.  Change in mean cell count mL-1 hr-1 for each treatment was analyzed by 

regression analysis over time:  cell count mL-1 = 79881 - 23571(hour), (r2=0.7109, 

p<0.0001, n=27) for the 105 cell mL-1 treatment and  

cell count mL-1 = 600265 -143162(hour), (r2=0.8289, p<0.0001, n=35) for the 106 cell 

mL-1 treatment (Fig. 2.4). 
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Figure 2.4  Mean (± s.d., n=7) cell concentrations over time for tunicates Styela plicata, exposed to two 
different concentrations of the microalgae Nannochloropis sp.  A)  105 algal cells mL-1 treatment.  

 

Linear decrease (y = 79881 - 23571(hour), (r2=0.7109)) in the average hourly suspension load of algal 
cells, (n=27).  B)  106 cells mL-1 treatment.  Linear decrease (y = 600265 -143162(hour), (r2=0.8289)) in 
the average hourly concentration of cells remaining, (n=35). 

Calculated hourly filtration rates for individual tunicates exposed to microalgae 

ranged from -2,644 mL hr-1 to 4,295 mL hr-1 (mean=1,663 mL hr-1, n=7) in the 105 cell 

mL-1 treatment and -570 mL hr-1 to 5,750 mL hr-1 (mean=2,836 mL hr-1, n=7) in the 106 

cell mL-1 treatment.  Negative filtration rates would indicate the addition of particulates 

instead of depletion.  Such addition would have to come from either feces or gametes.  As 

each tunicate began the experiment with a cleared digestive tract, gametes would be the 

only other source.  This situation was not observed.  However, close examination of the 

algal control beakers revealed erratic hourly densities instead of the expected steady 
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decline due to settlement or affinity to the plastic beaker (Fig. 2.5).     
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Figure 2.5  Hourly cell counts of microalgae control beakers containing no tunicates (n=3 for each 
control) showing hourly fluctuation. Darker lines indicate moving average. A. 105 cell mL-1 treatment 
controls.  B. 106 cell mL-1 treatment controls. 
 

A possible explanation for the non-homogeneity of Nannochloropsis sp. in the 

control beakers is the absence of the water circulation caused by the tunicates themselves.  

A strong current of water enters the incurrent siphon at the top of the animal and exits the 

sides adding to the mixing effect.  The purpose of the controls was to account for loss of 

particulates from sources other than filtration.  As there was no obvious loss from 

sedimentation or affinity, the data were re-analyzed with the control beakers omitted 

from the calculations.  Filtration rates calculated without the controls ranged from 0.0 

 
 



  

mL-1 (when the tunicate had a closed siphon or did not have the mucous net extended 

across the pharyngeal basket) to 4,812 mL hr-1 (mean=3,065 mL hr-1 ± 1,264 s.d., n=7) in 

the 105 cell mL-1 treatment and 771 mL hr-1  to 5,950 mL hr-1 (mean=3,252 mL hr-1 ± 

1,039 s.d., n=7) in the 106 cell mL-1 treatment (Table 2.1).    

The average filtration rate per organism exposed to 105 algal cells mL-1 with 

controls factored in was 1,663 mL hr-1 whereas the106 treatment specimens filtered 2,744 

mL hr-1.   Filtration rates without controls were more similar and higher; 3,065 and 3,252 

mL hr-1 for the 105 and 106 treatments, respectively.  It is believed that filtration rates 

calculated without controls are more reliable in these experiments.   
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    TABLE 2.1 – Calculated filtration rates for individual tunicates exposed to the microalgae 
Nannochloropsis sp.; per hour and specimen average.  # = specimen number; WAWW = Whole Animal 
Wet Weight in grams;  HFR = Hourly Filtration Rates in mL hr-1 AFR = Average Filtration Rate in mL 
hr-1 for individual specimens over the course of three or four hours. 

 
 

105 Cell mL-1 Treatment 106 Cell mL-1 Treatment 

# WAWW 
(g) HFR AFR # WAWW 

(g) HFR AFR 
           
1 20 0 1729 8 30 2224 3324 
   3114     3705   
   2074     4048   
        3321   
           
2 21 1336 2329 9 32 3582 2471 
   1066     2541   
   4586     1765   
        1994   
           
3 48 2578 3770 10 17 4994 3862 
   4145     3427   
   4586     3523   
        3504   
           
4 23 4148 4246 11 26 771 1744 
   4812     1997   
   3778     1903   
        2303   
           
5 24 4719 4460 12 34 4405 4802 
   3885     3927   
   4776     5950   
        4925   
           
6 19 4561 3684 13 24 3421 3914 
   3285     3737   
   3205     3756   
        4743   
           
7 39 1091 1236 14 21 3075 2645 
   2618     2317   
   0     2558   
            2630   
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Filtration Rate- Bacteria 

    Individual hourly filtration rates for tunicates exposed to the bacteria E. coli 

ranged from 1,990 mL hr-1 to 7,505 mL hr-1 for the 105 cell mL-1 treatment and from 

 -1,211 mL hr-1 to 4,970 mL hr-1 in the 106 treatment (Table 2.2).  The negative filtration 

rate of -1211 mL hr-1 involved one specimen out of 12 and was recorded during the first 

hour.  No gametes were found in the water sample although it is possible that there was 

some type of contamination on the animal’s test when first placed in the beaker.  As this 

was an isolated incident, the data were kept and utilized in calculations.  The calculated 

average filtration rates for individual tunicates exposed to bacteria ranged from 3,845 to 

6,068 mL hr-1 per animal for the 105 treatment and from 750 to 4,458 mL hr-1 per animal 

for the 106 cells mL-1 treatment (Table 2.2).  Regression analysis for the 105 cell mL-1 

treatment revealed a significant negative relationship (r2=0.8854) between time and flow 

cytometry events with a model of Events = 4,018.3 -1,325(hour).  Linear regression 

analysis for the 106 cell mL-1 treatment similarly resulted in a significant negative 

relationship (r2=0.6758) with a model of Events = 26,418 -5,998.6(hour).  Less variability 

was found in the bacteria control beakers from one hour to the next than was found in the 

microalgae controls.  Therefore, very little difference was found in the filtration rate per 

organism calculated with or without the controls.  Tunicates exposed to the 105 cells mL-1 

treatment filtered 4,654 mL hr-1 when controls were factored in and 4,353 mL hr-1 

without controls.  The 106 treatment resulted in filtration rates of 2,225 mL hr-1 with 

controls and 2,185 mL hr-1 without.    
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    TABLE 2.2 – Calculated filtration rates for individual tunicates exposed to bacteria E. coli; per hour and 
specimen average.  # = specimen number; WAWW = Whole Animal Wet Weight in grams; HFR = Hourly 
filtration rates in mL hr-1 AFR = Average filtration rate in mL hr-1 for individual specimens over the course 
of three or four hours. 

 
 

105 Cell mL-1 Treatment 106 Cell mL-1 Treatment 

# 
WAWW 

(g) HFR AFR # 
WAWW 

(g) HFR AFR 
           

15 43 4515 5005 21 39 1175 1570 
   6010     1721   
   4489     2076   
        1308   
           

16 42 1990 3845 22 28 2591 2369 
   4339     2100   
   5208     2519   
        2265   
           

17 38 4628 4112 23 36 832 1078 
   4198     1309   
   3509     1240   
        931   
           

18 58 4565 4692 24 39 2462 3550 
   5549     3803   
   3962     4374   
        3560   
           

19 50 4170 4200 25 56 -1211 750 
   4396     654   
   4034     1354   
        2201   
           

20 35 7505 6068 26 48 3281 4458 
   5609     4802   
   5091     4970   
            4778   

 

Analysis of Food Types and Treatments 

    Filtration rates calculated without the controls for the two different algal densities 
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(105 and 106 cells mL-1) were very similar: 3,065 and 3,252 mL hr-1 per animal, 

respectively (Fig. 2.6).  However, a 50% reduction in filtration rate was observed in the 

bacterial treatment at the higher concentration.  The importance of bacteria as a 

supplemental food source for invertebrates has long been known (Jørgensen, 1966a).  The 

difference found in filtration rates in this study may be attributed to the nutritional needs 

of the organisms being met more rapidly with bacteria than with microalgae.  It may also 

indicate an overload of material on the mucous net. 
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Figure 2.6 Mean filtration rates per animal for both microalgal treatments (n=7) and bacterial treatments 
(n=6) with and without control densities factored in.  Average filtration rates increased with increasing 
microalgal densities but decreased with increasing bacterial densities. 
 

 For extrapolation purposes of the potential environmental impact that S. plicata 

would have in bioremediation, the combined mean filtration rate for both microalgal 
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treatments calculated with the controls was 2,250 mL hr-1 per animal.  Without including 

the controls, the combined mean was 3,158 mL hr-1 per animal.  The combined mean for 

the bacterial treatment with controls was 3,475 mL hr-1 per animal (Fig. 2.6). 

Repeated measures analysis of combined filtration rate data met the assumptions 

of normality of residuals (p=0.4136) and sphericity (p=0.2836).  A Wilkes-Lambda test 

indicated hourly filtration rates changed significantly with time (F 2,21 =10.69, p=0.0006), 

with the largest difference occurring between Hr0 and Hr1 (p=0.0004).  Slightly less 

difference was found between Hr1 and Hr2 (p=0.0157).  No interactions between 

time*treatment (F 2,21 = 0.37, p< 0.6921), time*food type  (F 2,21 =2.94,  p=0.0746) and 

time*food type*treatment (F 2,21 = 2.71, p=0.0899) were found.  The mean values of 

filtration rate averaged over all three sampling times were not significant between 

individual test subjects for the two concentrations (p=0.1389).  However, a significant 

difference in filtration rate averaged over all three sampling times was found between 

subjects for the two food types (p=0.0122) and food type*treatment (p=0.0015) 

indicating conflicting filtration responses to different food types and concentrations.  

Tunicates had responded in a similar way to both microalgal density treatments; however, 

a 50% reduction in filtration rate was found between the two bacterial density treatments. 

Filtration Rates versus Animal Weight     

       Armsworthy et al. (2001) found that the tunicate Halocynthia pyriformis was able 

to regulate the diameter of the incurrent siphon in response to food quantity and quality in 

an apparent effort to maintain a constant filtration rate.  This is not the case with all 

ascidians.  The filtration rate of Ciona intestinalis decreases with increasing food supply 
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when fed a microalgal diet of Rhodomonas sp. (Petersen et al., 1995).  These same results 

were found by Sisgaard et al. (2003) when they repeated the same experiment.  However 

they found non-uniform filtration rates when C. intestinalis was fed a low quality diet of 

decaying Spartina grass Zostera marina particles (<100 µm).   

 Non-uniform filtration rates were found in the present study with S. plicata 

independent of organism size (Fig. 2.7).  As seen in Table 2.2, the highest average 

filtration rate (6,068 mL hr-1) came from a specimen weighing 35.3 grams (specimen 

#20), and the lowest average filtration rate of 750 mL hr-1 came from a 55.7 gram 

specimen (#25).  Specimen #2 in the microalgae experiment (Table 2.1) had the largest 

difference in filtration rates from one hour to the next with 1,066 to 4,586 mL hr-1 

between Hr2 and Hr3.  Specimen #16 in the bacteria experiment exhibited a change from 

1,990 to 4,339 mL hr-1 between Hr0 and Hr1 (Table 2.2).  No pattern could be detected 

in the filtration rates of an individual tunicate, either increasing or decreasing, as 

particulates were depleted from hour to hour.   
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Figure 2.7 Scatter plot of Styela plicata size (whole animal wet weight in grams) vs. filtration rates in 
mL hr-1.  No relationship was found (r2=0.0001, n=26). 

 

Specimens selected for use in this study differed in size up to 3.5-fold.  It would 

be difficult to find a mature adult specimen smaller than that used for this study 

(16grams); however it is possible to find specimens larger than 58 grams.  It is doubtful if 

a wider variety of sizes would have produced different results than those found here.   

Regression analysis revealed a strong positive relationship between WAWW and 

DOW (r2 = 0.7361) with a resulting linear regression model of  

DOW = 0.0156(WAWW) + 0.02426 (Fig. 2.8).  Dry organs represent 1.62% of the 

WAWW (± 0.02% s.d., n=15).  However, no significant relationship was found between 

wet weight and average filtration rate of tunicates exposed to algae or bacteria (r2= 

0.0035 and 0.0036 respectively), nor with dry organ weight and average bacterial 

filtration rate (r2=0.2637). 

 
30 

 
 



  

0.000

0.200

0.400

0.600

0.800

1.000

1.200

0 10 20 30 40 50 60 7

Whole Animal Wet Weight

D
ry

 O
rg

an
 W

ei
gh

t

0

 

Figure 2.8 Regression analysis of whole animal wet weight (WAWW) in grams and dry organ weight 
(DOW) in grams with a resulting linear regression model of DOW = 0.0156(WAWW) + 0.02426; 
(r2=0.7361). 

 

Many studies have shown the effects of body size on the physiological aspects of 

energetics (Fisher, 1976; Jiang et al., 2008a, 2008b; Petersen et al., 1995) and it was not 

the intent of the present study to dispute such fundamental principles.  However, it is 

important to elucidate the inconsistencies found in average filtration rates of individual S. 

plicata versus size over the course of this experiment, as shown in Tables 2.1, 2.2 and 

Figs. 2.7 and 2.8.  Other inconsistencies in metabolic processes have been found in 

similar species.  Jiang et al. (2008a) found an inconsistency in the oxygen uptake of S. 

clava.  However, they used two to four animals per replicate, which would mask 

individual fluctuations in oxygen consumption. 
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Reporting Filtration Rates  

 Filtration rates, clearance rates, pumping rates, and flow rates have historically 

been based on organism wet weight or dry organ weight (Fiala-Médioni, 1978b; 

Jørgensen, 1949; Olivas-Valdez & Cáceres-Martínez, 2002; Petersen & Riisgård, 1992; 

Petersen et al., 1995; Randløv & Riisgård, 1979; Thompson et al., 1978).  Hecht (1916) 

reported the rate at which carmine particles were drawn into the tunicate Ascidia atra in 

terms of mL hr-1 g-1 wet weight.  This method was identified as problematic by Jørgensen 

(1949) when studying the feeding rates (his term for filtration rate) of several marine 

organisms, including ascidians.  He stated, “Feeding-rates are expressed as per mgm. of 

amino-nitrogen of the experimental animals instead of the normally used weight and 

length or similar measurement, which provide an unsatisfactory basis for comparisons 

between animals”.  He did not elaborate further as to why the normally used basis was 

unsatisfactory.  Despite these objections, weight basis continued to be used by Goldberg 

et al. (1951) when they studied the uptake of vanadium in tunicates. 

 Carlisle (1966) reported filtration rates both in terms of organic nitrogen and wet 

weight.  Walne (1972) studied five species of bivalves, reporting the filtration rate in 

terms of both length and mean dry meat weight.  Weight-based reporting of filtration 

rates, clearance rates, pumping rates, and flow rates became widely accepted by 1978 and 

continues to be used by researchers (Armsworthy et al., 2001; Fiala-Médioni, 1978b; 

Kowalke, 1999; Petersen & Riisgård, 1992; Petersen et al., 1995; Randløv & Riisgård, 

1979; Robbins, 1983) with findings often in disagreement (Jiang et al., 2008b; Randløv & 

Riisgård, 1979; Robbins, 1983).  Inconsistent filtration rates from hour to hour, 

irrespective of size, such as those found in the present study, may explain these 
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differences.   

 Other inconsistencies could also explain these differences, including variations in 

experimental methods, (i.e., maintaining constant particles concentrations versus 

measuring depleting concentrations over time).  However, other causes are likely a factor, 

(i.e., numbers of replicates, variations in size of organisms, and environmental factors). 

 In Fiala-Médioni (1978b), only three replicates of the same appoximatly sized S. 

plicata (7.0 to 7.5 cm in length by 4.0 to 4.5 cm width) were used to determine filtration 

rate.  The present study utilized tunicates from 16.8 to 57.8 grams with six to seven 

replicates per concentration.  Fiala-Médioni’s filtration rate findings for S. plicata were 

8.76 mL hr-1 dry weight of organs.  This equates to 4.1 L hr-1 per animal, which is 33% 

higher than the rate of 3.1 L hr-1 per animal reported here.  In Jørgensen’s (1949) study, 

two to three C. intestinalis of approximately six to seven cm in length were used to 

establish a feeding rate of 552-750 mL hr-1 when fed colloidal graphite particles.  The 

filtration rate of this species was also studied by Randløv and Riisgård (1979) utilizing 

the microalgae Dunaliella marina at a starting concentration of approximately 1.0 x 104 

cells mL-1 with 21 animals.  They based their results on total dry weight 

 (F = 46.4 Wtotal 
0.84).  Dry organs were found to make up 30.4% of the total dry weight.  

However, the total length of the animals was not reported making it difficult to compare 

to Jørgensen’s (1949) findings.   

 There are other factors that affect filtration rates.  Petersen and Riisgård (1992) 

repeated the Randløv and Riisgård experiment on C. intestinalis, a cold water species, 

with manipulation of prior starvation, temperature, and season (over 10 months).  

Filtration rates were dependant on temperature with a positive correlation from 4 to 21°C 
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and a negative correlation above 21°C.  Their findings varied from as low as 390 mL hr-1 

to 1,880 mL hr-1 (n = 16).  Kim and Moon (1998) found similar results when studying the 

effects of water temperature on S. clava, S. plicata,and the blue mussel Mytilus edulis.  

The critical temperature in all three cases was 29° C.  Tunicates used in the present study 

were maintained at 26° C, well within their acceptable range.   Other environmental 

factors may also be significant to filtration rates, such as hydrology (water chemistry and 

current speeds), and particulate density and would require further study. 

CONCLUSION 

    Previous ascidian filtration rate studies have been based on volume filtered hr-1 g-1 

dry organ weight (Armsworthy et al., 2001; Fiala-Médioni, 1978b; Randløv & Riisgård, 

1979).  However, no relation between organism weight and filtration rate was evident in 

the present study, suggesting filtration rates of S. plicata should not be reported in 

weight-based units.  Instead, the filtration rate average of a population of specimens may 

be a more effective method of reporting.   

Most of the specimens tested in the present study exhibited inconsistent filtration 

from hour to hour.  Filtration rates ranged from 1.6–3.3 L hr-1 with algae and 2.2 – 4.7 L 

hr-1 with bacteria.  No selection based on particle size was observed; both particles are 

approximately the same size (2-4 µm for the microalgae and 0.7 x 3 µm for the bacteria).  

Filtration rates increased when the concentration of algal food increased, both with and 

without the controls.  However, filtration rates decreased with an increasing 

concentration of bacteria as a food source.  These results are not expected if tunicates are 

non-discriminate filter-feeders as claimed by Jørgensen(1966b). One possible explanation 

may be that the nutritional value of bacteria satisfies the metabolic needs of the tunicate 
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more sufficiently than does algae, resulting in less water filtered per unit time once this 

need is met.  Further testing is needed to determine if this is the case.   

    By extrapolating the results of this study, 200 S. plicata would be able to filter as 

much as 940 L hr-1 or 22,560 L day-1 of bacterially contaminated waters at a 

concentration of 105 cells mL-1.  These same 200 organisms would filter 100% of the 

particulates in as much as 660 L hr-1 or 15,840 L day-1 of algae at a concentration of 106 

cells mL-1.  One hundred percent clearance of particulates is not necessary for 

bioremediation.  A two to three-fold reduction would restore the water to healthy 

standards in most cases, making the potential impact even higher.  This filtration ability 

of S. plicata warrants further investigation for its potential positive impact on the 

environment.   

     

    



  

CHAPTER THREE:  LONG AND SHORT TERM SALINITY TOLERANCE  

Abstract 

The rough tunicate Styela plicata was exposed to various salinities through long-term 

adaptation and short-term shocks.  Determination of the response of the organism to 

salinity changes was evaluated because the tunicate has been considered for 

bioremediation of microalgal and bacterial blooms.  Tunicates were collected from the 

wild and acclimated for four days preceding experimentation.  Six 100 L vessels 

contained ten tunicates each and were separated into two treatment levels (n=3 per 

treatment) to determine long-term salinity adaptation; 1) decreasing salinities of 1 ppt 

every four days and 2) control specimens maintained at 32 ppt.  S. plicata maintained at 

32 ppt had a survival expectancy from 40 days to the conclusion of the experiment (58 

days), within 95% confidence limits, (mean 46.4 days, ± 2.5 s.e.).  This compares to only 

36 to 46 days (mean 40.7 days ± 2.1 s.e.) of survival expectancy, within 95% confidence 

limits, for the decreasing salinities.  The critical safe salinity was 24 ppt for long-term 

adaptation.  Short-term salinity shocks (i.e., step changes and exposed for maximally 4 

days) from 32 ppt to 20 ppt, resulted in 40% mortality after four days.  Exposure to 16 

ppt resulted in 87% mortality within 24 hours and exposure to 12 ppt resulted in 100% 

mortality within 24 hours.  Biostructures with tunicates for permanent remediation should 

not be placed where salinities fall below the critical safe salinity limit of 24 ppt for 

extended periods of time.  Tunicates may be implemented in emergency situations of 
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microalgal or bacterial blooms in salinities as low as 20 ppt however, fatalities of the 

animals will occur.  Their overall bioremedial effects on the blooms may outweigh the 

loss of tunicates.     

INTRODUCTION 

 As coastal regions become increasingly populated, estuaries are progressively 

affected by coastal development (Beck et al., 2001; Halpern et al., 2007; Heck et al., 

2003; Lipcius et al., 2005; Lotze et al., 2006).   Organic loads from fertilizer run-off, 

increasing turbidity due to dredging, construction, industry, recreation, and the 

destruction of natural wetlands has had a negative impact on the ecological balance of the 

Indian River Lagoon (IRL) along Florida’s east coast.  The IRL’s natural habitat of 

wetlands and seagrass beds was once teeming with benthic filter-feeders (Bingham, 

1992).  Historically, remediation by these filter-feeders was effective (Dame et al., 1984; 

Officer et al., 1982; Ulanowicz & Tuttle, 1992).  As these habitats were destroyed and 

replaced by bridges, locks, and seawalls, the populations of these filterers decreased.  A 

decline in water quality has been attributed to the loss of filtration benefits of filter-

feeders according to Dame et al. (2002) and has been directly correlated to increases in 

bacteria, toxic algae, anoxia, fish kills, and consequential beach closures (Worm et al., 

2006).  Problems such as these force scientists to come up with new methods for 

controlling water quality.   

 The utilization of introduced biostructures to replace the loss of filter-feeder 

habitat is a possible solution.  These biostructures would be populated by organisms that 

could remediate the water by removing seston, both organic and inorganic.  Bivalves, 

such as oysters, clams, and mussels have the ability to remove large amounts of 
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suspended particulates (Grizzle et al., 2006; Kohata et al., 2003; Newell, 1988; Newell et 

al., 2005; Officer et al., 1982), but the retention efficiency with particles <4 µm is low 

(Stuart & Klumpp, 1984) making them ineffective against bacteria and some microalgae.   

 Draughon et al. (2008) examined the use of the rough tunicate Styela plicata for 

the purpose of estuarine bioremediation with fecal coliform bacteria and microalgae.  S. 

plicata is found in the IRL as well as most sub-tropical and tropical marine waters 

globally (Carballo & Naranjo, 2002; Cima et al., 1996; Lambert & Lambert, 1998; 

Thiyagarajan & Qian, 2003; Tujula et al., 2001).  Laboratory tests of filtration rates 

showed a population of 14 animals averaged 3.2 L hr-1 per animal with bacteria and 3.6 L 

hr-1 per animal with microalgae with 100% retention efficiency (Draughon et al., 2008).  

If biostructures housing approximately 200 organisms were strategically placed in areas 

of bacterial or microalgal bloom, roughly 15,000 to 17,000 liters per day would be 

filtered with 100% of all bacterial and microalgal particles removed.   

 Areas of potential placement depend on various environmental factors.  In the 

present study, the possible implementation of S. plicata as a bioremediation agent 

includes examining the tunicate’s salinity tolerance levels, both with long-term 

adaptation exposure and short-term shock exposure.  Conditions in the IRL, as with most 

estuarine bodies of water, are in a constant state of flux due to weather, temperature, and 

discharges of fresh water from rivers, lakes, and canals.  In one week’s time during 

September of 2008, the salinity at the mouth of the St. Lucie River Estuary, centrally 

located in the IRL, dropped from 31.0 ppt to 15.3 ppt due to Tropical Storm Fay.  The 

salinity in this location remained at or below 20 ppt for four weeks.  Over the next four 

months the salinity slowly rose to over 35 ppt at this same site (Florida Oceanographic 
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Society, 2004).  Additional regional variation occurs with proximity to ocean-access 

inlets and freshwater inputs.  Annual averages can vary as well.  To anticipate the 

locations where S. plicata could be used for bioremediation, its salinity tolerances must 

be considered. 

MATERIALS AND METHODS 

Long-term Salinity Tolerance Adaptation  

 Specimens of S. plicata were collected during June, 2006, from the IRL near Ft. 

Pierce, Florida (27° 27’ 52” N and 80° 17’ 41” W).  Salinity was 30.8 ppt and water 

temperature was 27.5ºC at the time of collection.  Ten specimens were each placed in six 

100L tanks containing 40L ozonated, UV-sterilized, and 5 µm-filtered seawater.  Starting 

salinity, pH and temperature were 32 ppt, 8.3, and 28.5º C, respectively.  Water 

temperature was allowed to fluctuate with ambient air similar to that found in the estuary.  

Dissolved oxygen (DO) was maintained above 80% by aeration stones placed in the 

bottom of the tanks.  Treatments were randomly assigned to tanks along two rows with 

three control tanks remaining at 32 ppt and the other three reduced in unison by 1 ppt 

every four days, for a total of 58 days.  A 50% water exchange was performed every four 

days to maintain pH and lower NH3 and NH4
+ levels.  Tunicates were allowed an 

acclimation period of four days prior to any experimentation.  A diet of DT’s Live 

Marine Phytoplankton (DT’s Phytoplankton Farm, Sycamore, IL, USA) was provided at 

a concentration of 1 x 106 cells mL-1 per tunicate every other day during acclimation and 

the experiment. 

 Specimens were tested for responsiveness to the salinity conditions every two 
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days by lightly touching them with a small plastic rod between the incurrent and atrial 

siphons.  Rapid retraction of the siphons was indicative of good health.  Slow siphon 

retraction by any individual was noted and the animal considered stressed.   Subsequent 

responsiveness tests with that animal were given special attention.  Failure of an animal 

to retract the siphons after two consecutive testing periods (four days) was considered 

evidence that the animal had expired.  The date and salinity when the organism first 

failed to respond were noted, and taken as the time of death.  Salinity levels were reduced 

by 1 ppt in the test tanks every four days until 100% mortality was experienced in all 

experimental tanks. 

Short-term Salinity Tolerance Shock 

 Specimens were gathered along the northern seawall of the ship channel of 

Harbor Branch Oceanographic Institute at Florida Atlantic University in Ft. Pierce, FL 

(27° 32’ 05” N and 80° 21’ 07” W) during the month of July, 2008.  Environmental 

salinity, water temperature, and pH were 31.3 ppt, 30.0ºC, and 8.0 respectively, at the 

time of collection.  Specimens were cleaned of commensal organisms and placed in 100L 

tanks containing ozonated, UV-sterilized, and 5 µm-filtered seawater for 18 hours for 

acclimation.  Twenty 8L beakers (four treatments with five replicates) containing 6L 

seawater were randomly placed in 3.1 m x 0.66 m x 0.3 m tanks with flow-through water 

to create a water bath and maintain temperature near 26°C.  Each beaker contained three 

tunicates.  Treatment levels were 32 ppt (controls), 20 ppt, 16 ppt, and 12 ppt.  Salinities 

were prepared by mixing filtered seawater with freshwater purified by reverse osmosis.  

Aeration was provided through a pipette tip placed at the bottom of the beaker secured 
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away from the tunicates to prevent interference with filtration.  Tunicates were fed a diet 

of the microalgae Chaetoceros gracilis at a concentration of 1 x 105 cells mL-1 beaker -1 

per day.  Each beaker received a total water exchange daily to compensate for any 

remaining uneaten food.  Mortality was monitored on a daily basis using the same 

method as done in the long-term adaptation experiment.  Additionally, any tunicate found 

floating at the surface of the water was relocated back to the bottom of the beaker.  Those 

that would not stay on the bottom were allowed to float but this was usually indicative of 

a stressed animal.  Death usually followed soon thereafter. 

Statistical Analysis 

 Statistics for both the long-term adaptation study and short-term shock study were 

analyzed using SAS version 9.1.  Survival data for the long-term study of controls versus 

decreasing salinities utilized the Kaplan-Meier method with PROC LIFETEST to 

determine mean survival times within 95% confidence levels.  Death times were right-

hand censored since death may have occurred any time within a two day window.   

 Survival analysis, sometimes referred to as failure analysis, is a collection of 

statistical methods used to analyze the timing and occurrence of events, (i.e., economical 

trends, equipment failures, arrests, earthquakes, and deaths) (Allison, 2008).  As some 

factors of the individual animals are unknown and will affect the time of death, (i.e., age 

or health of the animal when taken into captivity), results are reported as a mean time of 

death plus or minus standard error, within a time frame.  The method works by assigning 

a probability (survivor function) of surviving beyond a specific time.  PROC LIFETEST 

then compares the survivor functions between the different subgroups in a sample.  The 
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group with the higher survivor function lives longer (Allison, 2008).      

 In the short-term study, PROC MIXED was utilized with salinities as a fixed 

effect nested within beakers to determine the presence of a significant effect of days alive 

between salinities. 

RESULTS AND DISCUSSION 

Long-term Salinity Tolerance Adaptation 

 When S. plicata is in its natural environment, a wide variety of food composition 

is available, enabling all nutritional requirements to be met.  Duplication of this situation 

in a laboratory is difficult making long-term captive maintenance difficult.  Additionally, 

S. plicata only lives approximately one year from hatching to death (Goodbody, 1962).  

The tunicates’ age at time of collection was unknown; however, all were adults.  Of the 

sixty animals examined (thirty as controls and thirty experimental with decreasing 

salinity) rates of failure (death) were very similar at the onset of the experiment when 

salinity rates were comparable.  As seen in Figure 3.1, the first fatality occurred in the 

experimental group on day 10 at 30 ppt, followed by the first fatality among the controls 

(32 ppt) on day 16.  From 28 ppt down to 25 ppt (i.e., days 20 through 30), equal 

numbers of fatalities occurred in both the control and experimental groups).  A noticeable 

difference in mortality began after exposure to 24 ppt for four days (i.e., 38 days after the 

experiment started).  At this time, the experimental group had exhibited a cumulative 

mortality of 46.7%, compared to only 33.3% in the controls.  By day 46, fatalities in 

control groups were extensive, with only 11 specimens remaining, compared to 8 in the 

experimental groups, likely due to time in captivity.       
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Figure 3.1  Mortality of Styela plicata held at stable salinity versus decreasing salinities.  Difference 
in fatality rates occurred after exposure to 24 parts per thousand (ppt).  NOTE:  Data points represent 
2 day intervals.  Salinity decreased 1 ppt every four days. 

Survival analysis revealed an expected survival time for tunicates maintained at 

32 ppt between 40 days and the conclusion of the experiment at 58 days (within 95% 

confidence limits).  Mean survival time was 46.4 days ± 2.5 s.e.  This compares to only 

36 to 46 days with a mean survival time of 40.7 days ± 2.1 s.e. (within 95% confidence 

limits) for those subjected to decreasing salinities.  Salinities on day 36 were 24 ppt and 

decreased by 1 ppt down to 22 ppt by day 46 (Fig 3.2) indicating the critical safe salinity 

for survival was 24 ppt.   
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Figure 3.2 Survival function (probability of surviving beyond a specific time) versus days alive 
for controls remaining at 32 ppt and decreasing salinities.  Light gray box represents survival 
expectancy within 95% confidence limits for 32 ppt with mean of 46.4 days (upward facing 
arrow).  Darker gray box represents survival expectancy within 95% confidence limits for 
decreasing salinities.  Downward facing arrow is mean of 40.7 days, corresponding to 23 ppt.  
Error bars represent standard error.  NOTE:  Survival expectancy should not be confused with 
life expectancy.  Tunicate starting age upon onset of the experiment was unknown.   

 

 

 

Short-term Salinity Tolerance Shock 

 Tunicates involved in the short-term study were examined daily for a response 

when touched, as was described above for the long-term study.  An animal with a closed 

siphon during examination was considered deceased if it was floating in the vessel and 

failed to respond to any subsequent stimulation.  Tunicates were considered “potentially 

alive” until other evidence of death appeared, such as turning white or becoming coated 

with slime.  The lowest salinity tested, 12 ppt, resulted in the death of all exposed animals 

within the first 24 hours.  In the16 ppt salinity treatment, only two tunicates survived the 
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first 24 hours and one of them survived until 48 hours (Fig. 3.3).  Nine out of the 15 

tunicates exposed to a sudden salinity drop to 20 ppt were still alive after four days; 

however, some were slow to respond, exhibiting a stressed state.  They were returned to 

the 32 ppt salinity upon completion of the four-day experiment where they seemed to 

recover after 24 hours and resumed normal filtration, responding rapidly to stimulation.  

All tunicates in the control beakers at 32 ppt were alive at the end of the four-day 

experiment (Fig. 3.3). 
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Figure 3.3  Number of living animals per day in each of four salinities during the short term 
salinity shock exposure study.  Bars denote potential, yet doubtful living specimens. 

 Salinity was found to have a significant effect on survival (F 3,16 = 57.47,  

p<0.001) when all four treatments were analyzed.  As little to no survivorship existed in 

the 12 ppt and 16 ppt treatments, a contrast statement between the 20 ppt and 32 

treatments was added.  Although 60% of the S. plicata survived the four-day exposure to 

20 ppt, the survival difference between tunicates maintained at 20 ppt and 32 ppt was 
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significant (F 1,16 = 56.03, p<0.0001). 

CONCLUSION 

 S. plicata survived exposure to slowly decreasing salinities from 32 to 24 ppt 

signifying tolerance and resilience within this range.  This type of exposure in the natural 

environment would be similar to slow, steady rains over a period of days.  As long as 

salinities remain at or above 24 ppt, no high mortality rates would be expected.  Below 

this salinity fatalities increased, indicating the lower salinity limit had been reached.  

These findings correspond to those published by Thiyagarajan and Qian (2003), who 

found that fertilized eggs of S. plicata in Hong Kong did not develop at or below 26 ppt.  

Prolonged exposure to salinities below 24 ppt may result in a massive die-off, causing 

increased bioload from dead and decaying animals.  For this reason, the use S. plicata for 

the purpose of long term bioremediation in salinities below 24 ppt is not recommended.   

 Lower salinities can be tolerated without catastrophic results if the exposure is 

rapid but temporary.  Of the 15 test animals examined, 60% survived a sudden plunge 

from 32 ppt to 20 ppt for a maximum period of four days.  Sudden changes such as this 

may be necessary when moving animals bred in captivity to areas of elevated algal and 

bacterial levels for the purpose of bioremediation, especially if these areas are near 

freshwater canals or rivers.  Prolonged exposure in these locations is not recommended.     

 Filtration benefits provided by S. plicata is substantial and bioremediation efforts 

utilizing their ability warrants investigation.  However, due to salinity fluctuations in 

estuarine environments, close monitoring is suggested to avoid sudden massive die-offs 

that may increase overall bioload.  In areas of more stable salinities, communities on pre-

seeded substrates could be introduced for long term remediation.  In such cases, these 
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communities should self-perpetuate with breeding seasons in Spring and Fall (West & 

Lambert, 1976) maintaining populations.

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

CHAPTER FOUR:  POST-DIGESTION BACTERIAL VIABILITY 

Abstract 

The tunicate Styela plicata has been suggested for use as a bioremediator of bacterial 

contamination having a filtration capacity of 4.7 L hr-1 with 100% efficiency of removing 

Escherichia coli at a concentration of 105 cells mL-1.  The filtration and removal 

capacities are of limited remedial use if the bacteria removed are still viable and simply 

repackaged in a mucous-bound fecal pellet.  This study investigated the viability of E. 

coli before and after digestion by Styela plicata.  Viability was assessed by measuring 

microbial ATP present in a sample of E. coli before filtration, during filtration, and after 

re-suspension of bacteria within expelled fecal pellets.  The ATP assay has the ability to 

quantify living from non-living microbial cells because only live bacteria produce 

ATP.  Four treatments were established; 1) treated seawater only control (n=3), 2) 

tunicate only in treated seawater control (n=3), 3) 5 x 105 cells mL-1 of Escherichia coli 

in treated seawater control (n=3), and 4) tunicates with addition of 5 x 105 cells mL-1 of 

Escherichia coli in treated seawater (n=9).  Hourly water samples were taken from each 

replicate for five hours and analyzed for ATP.  Initial bacterial density in the water only 

beakers averaged 4.53 x 105 cells ml-1 ± 2.61 x 105 cells mL-1 s.d. and decreased after the 

first hour to 1.47 x 105 cells ml-1 ± 4.45 x 104 cells mL-1 s.d. where it remained relatively 

stable through the fifth hour with an ending density of 1.54 x 105 cells mL-1  ± 4.05 x 104 

cells mL-1 s.d.   Initial bacterial density in beakers containing only tunicates averaged 
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2.44 x 105 cells mL-1 ± 5.33 x 104 cells mL-1 s.d., ending with an average of 2.85 x 104 

cells mL-1 ± 1.13 x 104 cells mL-1 s.d.  Initial bacterial density in beakers containing only 

bacteria averaged 2.85 x 106 cells mL-1 ± 2.76  x 105 cells mL-1 s.d. with an increase to 

2.99 x 106 cells mL-1 ± 3.58 x 105 cells mL-1 s.d. at the end of the five hour experiment.  

Average starting density of bacteria in beakers containing tunicates with the addition of 

E. coli was 2.35 x 106 cells mL-1 ± 6.53 x 105 cells mL-1 s.d. which decreased by 

approximately one order of magnitude within two hours in seven out of the nine 

replicates.  Of the two remaining replicates, 62% and 42% of the bacteria was depleted 

within the first two hours.  No significant change in mean ATP amounts as a result of 

time was found, however MANOVA revealed a significant overall treatment effect 

 F (15, 28.007) = 10.38  p<0.0001 and time*treatment effect F (12,  29. 395) =2.23, 

p=0.0381.  Water samples with resuspended fecal pellets produced by the tunicates 

during the course of the experiment showed an absence of detectable microbial ATP.  

This indicated that bacteria removed from the marine water by S. plicata were effectively 

killed by the tunicate during the filtration/digestion process or by processes that continue 

after expulsion of the fecal pellet.  This is evidence that S. plicata not only removes 

bacteria from a water column but also renders it incapable of replicating and further 

indicates the potential bioremedial benefits provided by the organism. 

INTRODUCTION 

 The viability of bacteria after digestion was investigated in the present study.  The 

bacterial filtration capability of the tunicate Styela plicata is substantial;  200 animals 

have the potential of removing 105 bacteria mL-1 from 22,600 L each day (Draughon et 

al., 2008).  The absence of viable bacterial cells after the completion of the digestive 
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process is of key importance to the success of the bioremedial use of S. plicata.   

 As reviewed by Bone et al. (2003), the tunicate digestive system acts as a 

particulate filter and has been well studied by many researchers.  Mucus is secreted by an 

endostyle along the ventral side of the branchial sac (pharynx) and is moved by cilia 

along a rectangular meshwork of filaments toward the dorsal lamina.  Particulate is 

trapped in the mucus web as water enters the incurrent siphon, circulates through the 

pharynx, and exits the atrial siphon.  This particulate-embedded mucus is formed into a 

continuous string (Goodbody, 1974; Jørgensen, 1966b) at the dorsal lamina, where it is 

fed into the esophagus and continues through the digestive tract.  The size of particulates 

present in the mucous strand varies with species, depending on the complexity of the 

pharynx and the size of the mesh pore.  Styela plicata, of the order Stolidobranchiata, has 

considerably larger mesh pores than most other ascidians.  A study conducted by Flood 

and Fiala-Médioni (1981) found the transverse strands of the mesh net to be only ~10 nm 

in diameter, with the longitudinal strands ~20 nm.  The longitudinal and latitudinal sides 

of the rectangular pore were often two to three times that of the other tested 

stolidobranchs.  The open fraction of the net, or pore size, was 97-98%, yet the width of 

the net pores in S. plicata was only ~0.5 µm, sufficiently small enough to filter bacteria 

(Flood & Fiala-Médioni, 1981).  According to Wallace and Malas (1976), the elongated, 

rectangular shape of the pores represents the most economical way of creating a filtering 

net with the least amount of matter.  Tranter and Smith (1968) added that this shape also 

represents the least amount of energy expenditure for pumping.  The physiology of this 

net enables S. plicata to effectively filter the bacteria in the present study. 

 Difficulty of counting living aquatic bacteria was first documented in the 1930’s 
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(Butkevich & Butkevich, 1936; Butkevich, 1932, 1938; Radsimovsky, 1930) and has 

been the subject of numerous studies and reviews (Amann et al., 1995; Brock, 1987; Bull 

& Hardman, 1991; Hugenholtz et al., 1998; Jannasch & Jones, 1959; Roszak & Colwell, 

1987; Staley & Konopka, 1985; Yasumoto-Hirose et al., 2006).  Staley and Konopka 

(1985) described “The Great Plate Anomaly”, noting that direct microscopic counting of 

bacteria often exceeds cultured colonies on plates by orders of magnitude, which may be 

attributable to various factors (Jannasch & Jones, 1959).  For this reason, the detection of 

viable bacteria after digestion by S. plicata was determined by adenosine triphosphate 

(ATP) assay, which has been validated as an accurate way to isolate and count only 

viable bacteria (Bautista et al., 1997; Deininger & Lee, 2001; Deininger & Lee, 2005; 

Holm-Hansen & Booth, 1966; Kimmich et al., 1975; Trudil et al., 2000).   

 The quantification by ATP assumes that only living organisms produce ATP and 

there is little to no ATP production in non-living organisms.  Background ATP from non-

living material was examined in a study by Holm-Hansen and Booth (1966) when they 

killed various algae and bacteria by heat, freezing, and cyanide.  Any residual ATP was 

found negligible.   

 The ATP assay works by coupling ATP with D-luciferin and O2 in the presence of 

firefly luciferase resulting in the oxidation of luciferin and the admission of light  

(Fig. 4.1).  The intensity of the light is directly proportional to the amount of ATP present 

and can be calculated down to the pmol (10-12 mole) (BioThema, 2007) with a 

luminometer.   
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                        luciferase 
                                ATP + D-luciferin  +  O2 

AMP  +   PPi   +   Oxyluciferin   +   CO2   +   light 
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MATERIALS AND METHODS 

Figure 4.1  Chemical reaction during ATP assay.  ATP present in 
living organisms reacts with D-luciferin in the presence of oxygen 
and firefly luciferase to result in emission of light detectable by a 
luminometer. 

Collection and Acclimation of Specimens 

 Specimens were collected along the ship channel wall of Harbor Branch 

Oceanographic Institute at Florida Atlantic University during April, 2008 (27° 

32’05.28”N, 80°21’07.42”W, Fig. 4.2) and were immediately cleaned of any commensal 

organisms.  Two to three animals (approximate 60 g total weight) were secured by 

fishing line to individual 12 cm x 12 cm plastic grids (1.2 cm x 1.2 cm openings) covered 

with 1 mm mesh and  were placed in 8 L beakers containing 6 L of ozonated, UV-

irradiated, and filtered (5 µm) seawater.  Aeration was provided through a pipette tip 

secured away from the animals.  Specimens were allowed to acclimate for 48 hours prior 

to any experimentation.  During this time, food was withheld to allow clearance of gut 

contents.    
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Experimental Design  

Figure 4.2  Specimen collection site along northern ship channel wall of Harbor Branch 
Oceanographic Institute at FAU, Ft. Pierce, FL (27° 32’05.28”N, 80°21’07.42”W).   

    Four treatments were established; WC) a control containing only treated seawater 

as described above (n=3), TC) a control containing a tunicate in treated seawater to 

monitor additional bacteria originating on the animals, themselves (n=3), BC) a control 

containing 5 x 105 cells mL-1 of Escherichia coli in treated seawater (n=3), and EXP) the 

tunicates with the addition of 5 x 105 cells mL-1 of E. coli in treated seawater (n=9).   

Beakers were each placed on individual stir plates along two rows.  Each contained a 12 

x 12 cm plastic grid (1.2 cm x 1.2 cm openings) covered in 1 mm mesh.  A magnetic stir 

bar was placed in the bottom of each beaker to enhance circulation and to resuspend any 

produced fecal pellets.  Aeration was provided through a pipette.  Each beaker was 

covered with plastic film to exclude atmospheric bacteria from settling in the beakers 

 
 



  

during the experiment. 

    Initially, 5 x 105 cells mL-1 of E. coli were administered to each of the nine EXP 

beakers and the three BC beakers.  The TC and WC beakers did not receive bacteria.  

Hourly water samples from all beakers were analyzed in triplicate in a BMG Labtech 

NOVOstar Multifunctional Microplate Reader (luminometer) using 96 well plates.  

Water samples were taken for five hours in all treatments except EXP beakers containing 

tunicates that did not produce a fecal pellet.  In these beakers, analysis was completed 

through four hours, due to a shortage of reagents.  The averages of the triplicate samples 

were analyzed using SAS 9.1 software.  A repeated-measures design over five hours 

(critical alpha=0.05) was used to analyze the amounts of ATP over time.  Differences 

were considered significant for probabilities (p< 0.05).  The ‘within subject’s main effect 

test’ a priori H0 was that “there is no significant difference in the mean ATP over time”.  

The ‘between subject’s a priori H0 was that “ATP did not change over time differently in 

the different treatments”.  The residuals were normal for Repeated Measures ANOVA 

(p=0.7815), however the data did not meet the assumption of sphericity (p=0.0012).  

Therefore, MANOVA was performed.  Regression analysis was also performed between 

the ln of cells mL-1 and time.  The method used to convert ATP amounts to numbers of 

bacterial cells is explained in the following section. 

   ATP assay and calculations. 

 The assay used to determine ATP was purchased from BioThema Luminescent 

Assays (Handen, Sweden) and is specific for intracellular ATP analysis of microbial 

cells.  The assay is multi-step beginning with the lysing of somatic cells, which are 

 
54 

 
 



  

enzymatically destroyed.  Intracellular ATP released from these cells is extracted and 

assayed, leaving microbial cells and other contents.   

 The amount of ATP (pmol) in each sample was calculated using the following 

formula recommended by BioThema (2007) : 

ATPsmp = I smp1/ (Ismp1 + std – Ismp2) 

where ATPsmp = the amount of ATP (pmol) in the sample, I smp1= sample + lyophilized 

reagent containing luciferase and luciferin, Ismp1 + std = I smp1 + ATP standard, and 

 Ismp2 = light emission immediately prior to addition of ATP standard.   

 The amount of ATP in one bacterial cell is 2 x 10 -18 mol (BioThema, 2007; Satoh 

et al., 2004).  From ATPsmp, the number of bacterial cells per well could be determined 

using the following formula: 

Cellswell  = (ATPsmp / M)  /  ATPbac  

where Cellswell = number of bacterial cells in the 20 µl well, ATPsmp 
= the amount of ATP 

(pmol) in the sample, M = number of pmol per mole, and ATPbac = amount of ATP in one 

bacterial cell.  To determine the amount of ATP mL-1, this amount was multiplied by 50.  

RESULTS AND DISCUSSION 

    Hourly water samples for all controls were analyzed for the duration of the five 

hour experiment, however, reagents became sparse during Hr5, necessitating the analysis 

of water samples only in EXP beakers in which a fecal pellet had been produced.  

Therefore, some graphs will appear through Hr4 and some through Hr5.  Additionally, 

the preparation time of the triplicate water samples for the 96 well plates was extensive.  

Therefore, there is no Hr0 reading.  The first ATP assay was approximately one hour 

after the placement of bacteria in the beakers.  The seawater only (WC) beakers had an 
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average background bacterial cell density of 4.53 x 105 cells mL-1 ± 2.61 x 105 s.d., (n=3) 

at the Hr1 reading that dropped to 1.47 x 105 cells mL-1 ± 4.45 x 104 s.d. by Hr2.  The WC 

starting bacterial density exceeded the TC control of 2.44 x 105 cells mL-1 ± 5.33 x 104 

s.d., (n=3).  It was expected to be lower as there should have been a higher amount of 

bacteria in the beakers containing water plus tunicates than beakers with just water alone.  

Upon examination of the individual WC beakers, it was noted that WC2 started with a 

bacterial concentration that was three times higher than WC1 or WC3.  This was 

potentially caused by contamination in the beaker or some other unknown contaminant.  

The data were retained but are suspect, as the exact cause of the higher reading is 

unknown.  Subsequent average WC readings were similar to the Hr2 reading at 1.71 x 

105, 1.59 x 105, and 1.54 cells mL-1 for Hr3 through Hr5 respectively.   

 Figure 4.3 reveals erratic bacterial counts each hour in the TC beakers, 

potentially indicating sporadic release of bacteria from areas of the animal’s test.  

Tunicate #1 experienced a sudden increase in bacterial concentration; almost triple that of 

the previous hour, without production of a fecal pellet.  The increase went from 2.3 x 105 

cells mL-1 at Hr3 to 6.2 x 105 cells mL-1 at Hr4.  The excess bacteria were quickly filtered 

by the animal with a decrease to 3.5 x 104 cells mL-1 by Hr5.  The mean load of all TC 

replicates were 2.44 x 105 cells mL-1 ± 5.33 x 104 cells mL-1 s.d. at Hr1 and remained 

comparatively steady at 2.25 x 105 cells mL-1 ± 9.30 x 104 cells mL-1 s.d., 2.12 x 105 cells 

mL-1 ± 9.39 x 104 cells mL-1 s.d., and 3.14 x 105 cells mL-1 ± 2.69 x 105 cells mL-1 s.d., for 

Hrs 2-4.  Between Hr4 and Hr5, the mean density decreased by one order of magnitude 

(2.85 x 104 cells ± 1.13 x 104 cells mL-1 s.d.).  Overall, the mean background bacterial 

density in the TC beakers decreased over the five hours following a predictive equation of 
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“density” = 409938 - 62556(Hr); (r2 = 0.7628).   

More uniform filtration from hour to hour by the tunicates in the TC controls was 

expected.  However, as bacteria were released from the tunic, concentrations in the water 

column changed.  As increases occurred, filtration of the excess bacteria by the tunicates 

followed, bringing the concentrations back down (Fig. 4.4).  Even though these 

fluctuations in concentrations occurred, the overall trend for the averages in the TC 

controls was relatively steady; indicating that background bacteria from the animal tests 

would not interfere with the experiment. 

  

y = -62556x + 409938
R2 = 0.7628
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 “density” = 409938 -62556(Hr) (r2 = 0.7628).  Sudden increase in bacterial counts at Hr 4 in 
specimen #1 was from some unknown contaminant likely originating from the tunicate test 
and was not from the production of a fecal pellet.  

Figure 4.3  Hourly bacterial counts in tunicate control beakers over the course of the five 
hour experiment.  Dashed line is trend representing predictive equation of  

The BC controls would establish changes in the bacterial populations over the 

course of the five hour experiment due to replication or die off.  Alkan et al. (1995) noted 

that, under normal circumstances, bacteria do not usually replicate in marine 
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environments.  However it is known that bacteria can replicate in this environment under 

certain conditions (Rozen & Belkin, 2001; Troussellier et al., 1998).  The initial 

background mean (n=3) bacterial density at Hr1 was 2.82 x 106 cells mL-1 ± 2.76 x 105 

cells mL-1 s.d.  Fig. 4.4 reveals an increase in cell counts, (insufficient to indicate cell 

division that would interfere with the experiment).  Average density for Hr2 was 2.86 x 

106 cells mL-1 ± 2.74 x 105 cells mL-1 s.d., Hr3 at 2.97 x 106 cells mL-1 ± 4.11 x 105 cells 

mL-1 s.d., Hr4 at 3.1 x 106 cells mL-1 ± 2.33 x 105 cells mL-1 s.d., and 2.99 x 106 cells  

mL-1 ± 3.58 x 105 cells mL-1 s.d. at Hr5.   

 The addition of 5 x 105 cells mL-1 of E. coli added to the background bacteria 

from the water and on the tunicate resulted in Hr1 readings in the EXP treatment ranging 

from 1.55 x 106 to 3.34 x 106 cells mL-1 with a mean (n=9) of 2.35 x 106 cells 

mL-1 ± 6.53 x 105 cells mL-1 s.d.  Regression analysis of hour versus the natural log of 

bacterial density revealed the average hourly depletion of bacteria, followed a predictive 

equation of  “ln(cells mL-1 ) = 15.041 – 0.06146(hour)” (r2=0.6387, n=9), with the 

majority of tunicates removing the maximum bacterial load by Hr3 (Fig. 4.5).  The first 

fecal pellet was produced by specimen #2 at Hr4.  The pellet fell to the bottom of the 

beaker and was resuspended by the magnetic stirbar preceding subsequent ATP 

measurements.  No detectible spike in ATP was found.  Bacterial counts in this replicate 

were 3.19 x 105 bacterial cells mL-1 at Hr3 that decreased to 2.08 x 105 at Hr4.  After the 

pellet was resuspended the sample was retested at Hr5 and had 1.72 x 105 cells mL-1.  

Production of small fecal pellets was common after Hr4 in several beakers, but resulted 

in no subsequent ATP spikes.  MANOVA revealed no significant change in the mean 

ATP over time (F 4,11 = 2.24,  p=0.1314) however, there was a significant overall 
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treatment effect (F 15, 28.007 = 10.38  p<0.0001), and interaction of time with treatment,  

(F 12, 29. 395 = 2.23, p=0.0381).   
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Figure 4.4  Averages of bacterial cell density over time in water only controls (WC) (n=3), 
tunicate only controls (TC) (n=3), bacterial only controls (BC) (n=3), and experimental beakers 
containing tunicates plus addition of 5 x 105 cells mL-1 of E. coli (EXP) (n=9). 
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 Figure 4.5  Log plot of hourly bacterial counts mL-1 over the course of the four hour 
experiment in each of nine test specimen beakers.  Regression analysis of hour versus ln of 
cells mL-1 revealed average depletion of bacteria per hour followed a predictive equation of  
 “ln(cells mL-1 )=15.041– 0.06146(hour)”, (r2=0.6387, n=9). 

   

 

 
59 

 
 



  

 
60 

 
 

CONCLUSION 

 ATP assay is an extremely sensitive way of determining viable bacteria in a 

sample.  The mean of 2.35 x 106 cells mL-1 of bacteria at Hr1 in the beakers containing 

tunicates plus bacteria was reduced by one order of magnitude in all but two beakers 

within the first two hours by S. plicata.  No increase in ATP production from the 

resuspended fecal pellets was found over time, though several fecal pellets were 

produced over the course of the experiment.   This indicates ingested bacteria were 

rendered non-viable during the digestion process within the tunicate, further indicating 

the potential usefulness of S. plicata as a bacterial bioremediator.



  

CHAPTER FIVE:  POTENTIAL EFFECTS OF STYELA PLICATA ON 

ICHTHYOFAUNAL COMMUNITIES  

Abstract 

The rough tunicate Styela plicata (Ascidiacea) has been suggested as a bioremediator of 

bacterial and algal contamination in estuarine waters, however it may affect the 

ichthyofaunal community by removing sperm, eggs or embryos, such as pelagic Sciaenid 

eggs that are as small as 0.6 mm and sciaenid larvae as small as 1.3 mm.  The present 

study investigated particles, simulating fish eggs, which could be retained by the tunicate. 

Three sizes of glass beads (0.5 mm, 1.0 mm, and 2.0 mm diam.) were utilized.  Fifty 0.5 

mm and 1.0 mm beads and 20 2.0 mm beads were delivered to specimens (n=18) one 

minute apart, with each size delivered on separate days.  Tunicates were monitored for 

bead retention for two hours.  After ingestion, 72.5% of the 0.5 mm beads were retained, 

49.4% of the 1.0 mm beads were retained, and 43.5% of the 2.0 mm beads were retained.  

Many of these beads were later rejected when the animals were laid on their sides.  When 

examining the percentage of particles expelled by the tunicates, neither siphon diameter 

(F 1, 54 = 0.95, p= 0.3342) nor height (F 1,54 = 1.2, p=0.2781) were found to be significant 

factors, nor was their an interaction between siphon diameter and height  

(F 2,54 = 0.57 p= 0.4525).  Percentage of particles expelled according to particle size was 

also marginally not significant (F (1,54) = 3.17, p= 0.0512).    
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INTRODUCTION 

 The Indian River Lagoon (IRL), an estuary system along the northern and central 

east coast of Florida, is home to one of the most diverse arrays of ichthyofauna found in 

any estuary in the United States (Gilmore, 1995; Reyier & Shenker, 2007; Virnstein, 

1995) and is home to 685 fish species (SFWMD et al., 2007).  It is estimated that $30 

million of revenue is generated annually from the IRL’s commercial fisheries with 

additional millions spent on recreational boating and fishing (Montgomery & Smith, 

1983; SFWMD et al., 2007), making it a very closely monitored industry.  Over the past 

century, fish population densities in the IRL declined due to anthropogenic disturbances 

(Gilmore, 1995), salinity changes (Lirman et al., 2008; SFWMD et al., 2007), and loss of 

seagrass beds  (Cardoso et al., 2004; Fletcher & Fletcher, 1995).  These disturbances, 

along with overfishing, have caused some species to be classified as threatened or 

endangered (Smithsonian Marine Station at Ft. Pierce, 2005b).  Stock enhancements and 

other protective measures, such as bag and size limits or season limits are in place for 

several species (MyFlorida.com, 2010) in an attempt to control these declines (Table 

5.1). 

 The tunicate Styela plicata (Ascidiacea) has been suggested as a bioremediator of 

bacterial and algal contamination in the IRL resulting from agricultural runoff, poor 

circulation, and elevated temperatures (Draughon et al., 2008).  Prior to bioremedial 

implementation in vivo, it is necessary to investigate whether the effort would result in 

unintentional filtration and removal of eggs and larvae from commercially or 

recreationally important ichthyofaunal species by the tunicate.   

 A recent survey of the northern IRL complex revealed several species of sportfish 
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larvae from the family Sciaenidae, including black and red drums (Pogonias cromis and 

Sciaenops ocellatus, respectively), southern kingfish (Menticirrhus americanus), spotted 

seatrout (Cynoscion nebulosus), and Atlantic croaker (Micropogonias undulates) (Reyier 

& Shenker, 2007).  In addition to these commercially and recreationally important fish 

are nine species of Lutjanidae (snappers) (Smithsonian Marine Station at Ft. Pierce, 

2005a) and four different species of Centropomidae (snooks) (Smithsonian Marine 

Station at Ft. Pierce, 2005b).  Also potentially present is the extremely rare and 

endangered shortnose sturgeon Acipenser brevirostrum (Acipenseridae) (National Marine 

Fisheries Service, 1998).  Hence, protection of this species is of extreme importance.      

 Not all of the fishes of commercial, recreational, and endangered importance have 

eggs or larvae present in the estuary.  Members of Lutjanidae spawn offshore in 

aggregates with only juveniles greater than 10 mm entering the estuary to seek shelter 

amid shallow water (Smithsonian Marine Station at Ft. Pierce, 2005a; Thompson & 

Munro, 1974; Wicklund, 1969).  Centropomus undecimalis (common snook) spawn at 

the mouths of rivers and canals with the larvae moving immediately into fresh water until 

reaching >40mm (Gilmore et al., 1983; Lewis III, 1991; MyFlorida.com, 2010; 

Smithsonian Marine Station at Ft. Pierce, 2005b).  Other sport fish such as tarpon 

Megalops atlanticus (Megalopidae), Florida Pompano Trachinotus carolinus 

(Carangidae), and sheepshead Archosargus probatocephalus (Sparidae) are found as 

juveniles within the estuary, but spawn offshore (Crabtree, 1995; Crabtree et al., 1992; 

Gilbert, 1986; Gilhen et al., 1976; Jennings, 1985; Muller et al., 2002).       

 Of primary concern are eggs and larvae from members of the Sciaenidae.  Species 

such as silver perch Bairdiella chrysoura, spotted seatrout Cynoscion nebulosus, 
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weakfish Cynoscion regalis, black drum Pogonias cromis, and red drum Sciaenops 

ocellatus use the estuary as spawning grounds (Adams & Tremain, 2000; Connaughton & 

Taylor, 1996; Murphy et al., 1998; Paperno et al., 2006; Roumillat & Brouwer, 2004).  

Other Sciaenidae species such as Atlantic croaker Micropogonias undulates, and spot 

Leiostomus xanthurus spawn offshore with larvae migrating into the estuary (Center for 

Quantitative Fisheries Ecology, 2010).  Most members of the Sciaenidae lay pelagic eggs 

that could potentially be filtered by bioremedial clusters of S. plicata if conditions were 

right.  Many of these eggs are similar in size and morphology making field identification 

difficult (Daniel & Graves, 1994; Joseph et al., 1964).  However, spotted seatrout 

Cynoscion nebulosus has the smallest eggs (0.6 mm) and the smallest hatchling larval 

size (1.3 – 1.6 mm) of the species that utilize the estuary for spawning grounds (Table 

5.1).   

 The minimum size limitation for particulate removal by S. plicata was studied by 

Flood and Fiala-Medioni (1981) and determined to be small enough to trap bacteria; 

however, maximum size limits were not established.  While studying sensory cells, 

Mackie et al. (2006) determined that polystyrene beads of 105 - 125 µm diameter were 

almost always accepted by a related species, S. montereyensis.  Particles of 355 – 425 µm 

were usually accepted if delivered one at a time, but were always rejected if delivered in 

clumps or with larger beads of 500 – 600 µm.  It was hypothesized that the size of 

particles removed by S. plicata would be similar to S. montereyensis.



  

Table 5.1 Egg and larvae sizes of commercially or recreationally important fish species found in the Indian 
River Lagoon, along with any protective measures applicable.  Excluded from this table are Lutjanidae, 
Megalopidae, Carangidae, and Sparidae as spawning normally occurs offshore with only juveniles present 
in the estuary. 

Key to Table terms:  C = Commercial value, R = Recreational value, E = Endangered, SL = Size limits, S = 
Seasonal limits, BS = Bag limits, E = Endangered species (no catch allowed), P = Pelagic, D = Demersal, B 
= Buoyant. 

 
FAMILY/ 

Genus species 

 
Common 
Names 

 
C or 

R 
 

Florida 
Protective 
Measures 

 
Estuary 

Spawning 

 
Eggs (mm) 

Hatchling 
Larvae 
(mm) 

 
References (*) 

SCIAENIDAE        

Bairdiella chrysoura silver perch C 
(bait) None Yes 0.63 – 0.78 

P 1.5 – 1.8 [1-3] 

Cynoscion 
nebulosus 

spotted 
seatrout C R SL, S, BL Yes 

0.6 – 0.8 D 
P 

(depending 
on salinity) 

1.3 – 1.6 [1,3] 

Cynoscion regalis weakfish C R SL, BL Yes 0.68 1.18 
P 1.49 – 1.99 [1-3] 

Leiostomus 
xanthurus spot C R None Rare 0.72 – 0.87 

P B 

1.5 – 1.7 
but arrives 
in estuary 
10 – 24 

mm 

[2,3] 

Menticirrhus 
americanus 

southern 
kingfish  C R None No 0.63 – 0.87 

P 1.7 avg. [2-3,6-7] 

Micropogonias 
undulates 

Atlantic 
croaker C R None 

Spawns 
offshore.  
Larvae 
move to 
estuary 

0.35 
P 2.0 [2-3, 8-11] 

Pogonias cromis black drum R SL, BL Yes 0.8 – 1.0 
P 1.9 – 2.4 [3] 

Sciaenops 
 ocellatus red drum R SL, BL Yes 

0.8 – 0.98 
D P 

(depending 
on salinity) 

4.0 – 6.0 [3] 
 

ACIPENSERIDAE        
Acipenser 

 brevirostrum 
shortnose 
sturgeon E E No 3.0  

D 7.0 – 11.0 [3] 

CENTROPOMIDAE        

Centropomus 
undecimalis snook R SL, S, BL 

Larvae 
move to 

fresh water 
until 

>40mm 

0.6 – 0.8 
P 
 

1.4 – 1.5 [3-4,12] 
 

 
*  [1]  (Daniel & Graves, 1994) [2]  ("Fishbase," 2009)  [3] (Robins et al., 1980)   
[4] (Smithsonian Marine Station at Ft. Pierce, 2005b)  [5]  (Turner et al., 1985)  [6]  (Georgia Department of 
Natural Resources Coastal Resources Division, 2003)  [7]  (Hildebrand & Cable, 1934)  [8]  (Texas Parks and 
Wildlife, 2009)  [9]  (Center for Quantitative Fisheries Ecology, 2010)  [10]  (Poling & Fuiman, 1997)  [11]  
(Whitaker, 2005)   [12]  (MyFlorida.com, 2010) 

 

MATERIALS AND METHODS 

 Collection and Acclimation of Specimens 

 Styela plicata were gathered off Captiva Island, Florida (26°29’06.36” N, 

 
65 

 
 



  

82°10’56.90”W) during the month of October, 2008.  Specimens were placed in a five 

gallon bucket containing aerated seawater and transported to Jupiter, Florida where they 

were cleaned of any commensal organisms and placed in clean Instant Ocean artificial 

seawater (28 ppt).  Animals were fed a diet of DT’s Live Marine Phytoplankton (DT’s 

Phytoplankton Farm, Sycamore, IL, USA) at a concentration of 1 x 106 cells mL-1 per day 

and were allowed to acclimate for 18 hours prior to any experimentation. 

Experimental Apparatus and Procedure 

 Individual tunicates were placed in 4 L 

beakers containing 3 L artificial seawater (28 ppt).  A 

ring stand positioned a 300 mm glass stem funnel 

above the incurrent siphon opening (Fig. 5.1).  The 

height of the animal and the diameter of the incurrent 

siphon of each tunicate was measured and recorded.  

Three treatments of glass beads (0.5, 1.0, and 2.0 mm 

diameter) were individually delivered directly into the 

incurrent siphons.  Over a period of three days (one 

day per size), each tunicate (n=18) received fifty of 

the 0.5 and 1.0 mm beads and twenty of the 2.0 mm beads, one at a time, allowing up to 

one minute for expulsion of each.  After experimentation with a specimen, animals were 

isolated for two hours to monitor any late bead expulsions before being placed back in a 

10 gallon aquarium.  Upon the conclusion of all the tests, the animals were monitored for 

an additional two weeks in the 10 gallon aquarium for continued late expulsions.  At this 

Figure 5.1  Experimental apparatus 
for deliverance of 0.5, 1.0, and 2.0 
mm glass beads directly into the 
incurrent siphons of test specimens. 
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point, it was impossible to know which bead came from which animal, therefore total 

rejection counts only after the initial expulsions are reported.     

Statistical Analysis   

 All statistical analyses were performed using SAS 9.1 software.  Two-way 

ANOVA (critical alpha=0.05) was used on ranked data (percentage expulsion).  

Differences were considered significant for probabilities (p< 0.05).  Regression analyses 

were conducted on 1) siphon diameter versus animal height, 2) height versus percent 

beads expelled and, 3) siphon diameter versus percent beads expelled.   

RESULTS AND DISCUSSION 

Statistical Results 

 There was no relationship between animal height and oral siphon diameter (r2 = 

0.2222, n=18), oral siphon diameter and percent particles expelled (r2= 0.0310, n=18), 

nor animal height and percent particles expelled (r2 = 0.0333, n=18).   

After ranking the data on the percent of particles expelled, assumptions were met 

for two-way ANOVA; residuals were normal (p<0.0759) and variances were 

homogenous (p<0.0687).  No significant difference was found between the percent beads 

retained and main effects (siphon diameter: F (1, 54) = 0.95, p= 0.3342;  

height: F (1,54) = 1.2, p=0.2781; nor siphon size x height: F (2,54) = 0.57 p=0.4525).  The 

difference between percent of beads retained and particle size was also, not significant:   

F (1,54) = 3.17, p=0.0512. 
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Bead Retention   

 Acceptance of the glass beads of all sizes by individual specimens was extremely 

erratic (Table 5.2).  Some specimens appeared more sensitive than others to the 

triggering of the oral tentacles (Fig. 5.2), resulting in rejection of almost all particles, 

while others appeared unbothered by the intrusion.  Still others appeared to become 

desensitized after a number of bead introductions, ceasing to reject the particles.  The 

repeated use of the same specimens for the different bead sizes, although a day apart, 

may have increased this desensitization as a result of fatigue.  Sizes of the test specimens 

were not the determining factor of particle rejection.     

 S. plicata initially accepted 72.5% of the 0.5 mm glass beads; however, a 

considerable difference in bead materials exists.  Glass beads sank easily into the animal 

having a density of 2.4 – 2.8 g cm3 (Giancoli, 

1998).  Polystyrene beads, as used by Mackie et 

al. (2006) have a density of approximately 1.03 

g cm3 (Algers et al., 2004), and may not have 

been as difficult to expel.  This is noteworthy, 

considering that continued rejection of the glass 

beads occurred when the animals were 

positioned on their sides.  However, as the 

purpose of the present study was to determine 

the effects on the ichthyofaunal community by filtration of S. plicata, it is doubtful that 

fish eggs would survive being captured in the mucous net of the tunicate for any extended 

time. 

Figure 5.2  Close up view of the oral 
tentacles lining the incurrent siphon of 
tunicate Styela plicata.  Triggering of 
these tentacles causes expulsion of 
ingested particles. 
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 Of the 1.0 mm beads, 49.4% were initially accepted but many of these were later 

rejected when the animals were placed on their sides.  When the 2.0 mm beads were 

introduced, 43.5% were initially retained.  However, within the first 24 hour period, an 

additional 122 were rejected.  These beads were the heaviest and several animals made 

visible efforts to expel them without success until they were placed on their side.  There 

was a clear overall increase in attempts to expel particles as the bead size increased. 

   0.5 mm bead retention. 

 Specimen #1, a relatively large subject (80 mm in height with an 8 mm incurrent 

siphon), rejected the first twenty 0.5 mm beads in a row, but subsequently started to 

accept them sporadically.  Specimen #7, average sized (65 mm in height with a 5 mm 

incurrent siphon), vigorously rejected the introduction of any beads, retaining only two, 

having an even more forceful reaction to the 1.0 mm beads (see below).  Specimen #2, 

one of the largest specimens (90 mm in height with a 10 mm incurrent siphon), retained 

49 out of 50 particles for the first two hours while Specimen #18, one of the smallest, (45 

mm in height with a 3 mm incurrent siphon) also retained 49 out of 50.    

In total, 900 0.5 mm beads were introduced to 18 test specimens with 653 beads 

(72.6%) being retained for the first two hours.  After this time, the animals were placed 

back in a common ten gallon aquarium.  Continual expulsion of beads occurred for the 

next several days when the animals were allowed to lie on their sides.  Many ejections 

included numerous beads clustered in mucus.  This may indicate that the weight of the 

beads became too much to reject once they built up inside the animals, but were ejected 

after placing the animals on their sides. Due to the small size of the 0.5 mm beads, a final 
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count of expelled beads could not be taken.  Some were clearly visible on the glass 

bottom but those entangled in mucus and fecal pellets or caught along the folds of a test 

animal could not be accurately accounted for.  It is estimated that a minimum of half of 

the 0.5 mm beads originally believed to be retained were later rejected.  As some fecal 

pellets produced within the next days had the presence of a few 0.5 mm glass beads, 

digestion was indicated but appeared to be minimal.   

Table 5.2  Size of test specimens and results of 0.5 mm bead 
 expulsion within the first two hours after bead introduction. 

Specimen

Oral 
Siphon 
in mm 

Height, 
rounded 

to 
closest  
5 mm 

Percent 
 0.5 mm 
beads 

initially 
expelled 

1 8 80 62 
2 10 90 2 
3 4 90 6 
4 10 60 6 
5 4 60 0 
6 7 65 58 
7 5 65 96 
8 6 70 0 
9 4 60 60 

10 4 30 30 
11 8 80 0 
12 4 45 20 
13 6 90 4 
14 6 90 6 
15 4 70 6 
16 5 80 54 
17 4 35 82 
18 3 45 2 

     1.0 mm bead retention. 

 Acceptance of 1.0 mm beads was equally erratic as the 0.5 mm beads, ranging 

from 0 – 100% in the first two hours.  As was the case with the 0.5mm beads, organism 

size was not a factor.  The smallest specimen (#10) only expelled 10 out of 50 of the total 
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beads introduced, yet specimen #17 of similar size initially expelled 40 out of 50 (Table 

5.3).  Specimen #7 had been extremely sensitive to the 0.5 mm beads and continued this 

sensitivity with the 1.0 mm.  After receiving only eight beads, it erupted in a violent 

expulsion of three beads along with a small portion of the branchial basket lining.  The 

incurrent siphon remained tightly shut, trapping this section of the branchial basket for 

the remainder of the experiment.  The atrial siphon continued to open and close normally 

during this time.  As a result, this specimen did not receive its balance of 1.0 mm beads. 

 A total of 858 1.0 mm beads were delivered and resulted in 424 (49.4%) being 

retained beyond two hours.  As was the case with the 0.5 mm beads, many continued to 

be rejected over the next few days when the animals were laying on their sides.  In 

addition to those beads that were orally rejected, several were found as part of fecal 

pellets.  It is not possible to determine how many were “digested” versus rejected with 

the experimental setup. 
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Table 5.3  Size of test specimens and results of 1.0 mm bead 
expulsion within the first two hours after bead introduction. 

Specimen

Oral 
Siphon 
in mm

Height, 
rounded 

to 
closest  
5 mm 

Percent 
 1.0 mm 
beads 

initially 
expelled 

1 8 80 16 
2 10 90 58 
3 4 90 6 
4 10 60 0 
5 4 60 78 
6 7 65 76 
7 5 65 62.5* 
8 6 70 74 
9 4 60 100 

10 4 30 20 
11 8 80 98 
12 4 45 6 
13 6 90 18 
14 6 90 76 
15 4 70 0 
16 5 80 86 
17 4 35 80 
18 3 45 68 

*  Specimen #7only received eight beads before closing the incurrent siphon for the rest of the day making 
additional bead introductions impossible. 

     2.0 mm bead retention. 

 Specimens only received 20 beads of 2.0 mm size, due to the weight of the larger 

beads.  With four specimens, beads were rejected and expelled out the top of the 

incurrent siphons but did not clear the animal and instead, landed along the rim and were 

later ingested again.  In such a case, the second introduction of the bead was added to the 

total count of beads introduced to the individual, (i.e. animal received 21 or more beads 

instead of 20).  As was the case with the 0.5 mm and 1.0 mm beads, specimen size was 

not a factor in the retention of the beads.  Specimens 3, 10, 11, and 17 expelled all 2.0 

mm beads.  Specimens 8 and 15 accepted only one bead, while specimens 4, 13, 14, and 
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16 accepted all 2.0 mm beads introduced to them.  Specimens 5 and 18 were not tested 

due to the unhealthy appearance of the animals (Table 5.4). 

In total, 336 2.0 mm beads were introduced with 146 (43.5%) being retained for 

the first two hours.  Within 24 hours after the experiment, an additional 122 beads were 

orally rejected resulting in only 24 out of 336 beads being retained.  Within two weeks, 

all 24 missing beads were orally expelled by the tunicates.   

Table 5.4  Size of test specimen and results of 2.0 mm bead 
 expulsion within the first two hours after bead introduction. 

Specimen

Oral 
Siphon 
in mm 

Height, 
rounded 

to 
closest  
5 mm 

Percent 
 2.0 mm 
beads 

initially 
expelled 

1 8 8 75 
2 10 9 20 
3 4 9 100 
4 10 6 0 
5 4 6 * 
6 7 6.5 60 
7 5 6.5 80 
8 6 7 96 
9 4 6 70 

10 4 3 100 
11 8 8 100 
12 4 4.5 20 
13 6 9 0 
14 6 9 0 
15 4 7 95 
16 5 8 0 
17 4 3.5 100 
18 3 4.5 * 

* denotes specimens not tested. 
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CONCLUSION  

 Based on the results of this study, many of the pelagic Sciaenidae eggs and larvae 

could be vulnerable to filtration by the tunicate S. plicata.  However, results of this 

experiment merely determined the rejection of inorganic glass beads as experimentation 

with actual fish eggs was not possible.  If these beads had been organic, they may not 

have been rejected.  As a result, no definitive conclusion can be drawn on the true 

outcome of fish eggs and larvae by the filtration by S. plicata.  Until such 

experimentation can be conducted in vivo, it is suggested that bioremedial efforts with 

high numbers of S. plicata be approached with caution, especially during spawning times 

of fishes and invertebrates and in those areas used as spawning grounds.



  

CHAPTER SIX:  ARTIFICIAL SUBSTRATE SELECTION BY PHALLUSIA 

NIGRA  

Abstract 

This study investigated larval settlement preferences of the tunicate Phallusia nigra.  

Adult specimens were gathered from the Vista del Marina, Bocas del Toro, Panama, for 

in vitro fertilization.  Fertilized eggs were allowed to incubate 10 hours before being 

added to five 10 gallon aquaria containing four artificial substrates: white polyvinyl 

chloride (PVC), black polyethylene (PE), light gray high-density polyethylene with a 

structurally foamed surface (HDPE), and dark brown/black marine plywood.  Substrates 

naturally floated at the surface except PVC, which was suspended by wire from the top to 

simulate surface flotation.  Each substrate was placed in the aquaria for five days prior to 

experimentation to allow formation of a biofilm.  Aquaria were supplied with flow-

through filtered marine seawater, were aerated by airstone, and were under constant 

lighting conditions.   Seawater flow was turned off upon addition of fertilized eggs and 

remained off for 48 hours, until after larval hatching, settlement, and metamorphosis 

began.  Substrates were demarcated, each containing a randomly chosen 3,025 mm2 

region in which larvae were to be counted under dissection microscopy.  Four days after 

the addition of embryos to the aquaria, a total of 3,097 larvae had settled within 

demarcated regions of the test substrates.  Marine plywood was the preferred substrate 

with an overall average settlement of 53.7%, followed by 30.9% on PE, 13.0% on HDPE, 
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and 2.4% on PVC, indicating a strong preference to the two darker substrates.  

INTRODUCTION 

 All previous investigations during the course of this dissertation study have 

utilized the solitary tunicate Styela plicata.  During the summer of 2008, a large tropical 

storm (TS Fay) moved slowly across Florida depositing large amounts of rain into Lake 

Okeechobee.  The lake is surrounded by the 70 year old Herbert Hoover Dike, a 140 mile 

long, 30 foot tall mound that protects surrounding communities from flooding.  During 

the week of the storm, areas in the northern watershed sent storm water into the lake at a 

rate of 13 million gallons per minute. Water levels rose two feet according to the South 

Florida Water Management District (SFWMD, 2009) causing necessary discharges of 

freshwater into the Caloosahatchee River Estuary, to the west, and the St. Lucie River 

Estuary, to the east (SFWMD, 2008a).  Data recorded by the South Florida Water 

Management District  (2008b) revealed plummeting salinities.  The westernmost salinity 

monitoring station is Shell Point, where the Caloosahatchee River meets the Gulf of 

Mexico.  Prior to TS Fay, (August 19, 2008), the surface salinity at this station averaged 

22.2 ppt.  The average salinity in this area the following week was 5.3 ppt.  On the 

Atlantic side, the easternmost monitoring station of the St. Lucie River is the A1A Bridge 

where it meets the Indian River Lagoon (IRL).  Testing at this site during the same two 

weeks revealed the average salinity dropped from 19.7 ppt to 3.8 ppt.  Open water in the 

IRL was recorded at 31.9 ppt decreasing to 15.3 ppt (SFWMD, 2008b).  Salinity 

conditions on both coasts remained poor for several weeks consequently destroying local 

populations of S. plicata.  For this reason, the final study in this series of investigations 

was completed with Phallusia nigra Savigny (Ascidiacea, Ascidiidae), another solitary 

 
76 

 
 



  

ascidian found in South Florida waters.  Its local Florida population was also affected but 

specimens were available in Bocas del Toro, Panama at the Smithsonian Tropical 

Research Institute, where S. plicata is not found.   

 Phallusia nigra has a wide, warm water distribution including the Atlantic Ocean, 

Indian Ocean, Red Sea, Mediterranean Sea, and the Indo-West Pacific (da Rocha et al., 

1999; Millar, 1958; Van Name, 1945).  It is characterized by a distinctive smooth black 

test, void of epibionts, growing upwards to 10 - 12 cm (Goodbody, 1962).  The absence 

of overgrowth enables easy identification.  A member of the family Ascidiidae, P. nigra 

was originally classified in the genus Ascidia by Van Name (1945).  It was later placed in 

the genus Phallusia due to the discovery of accessory openings in the neural gland duct 

(Monniot, 1972), which are only visible upon dissection of very large specimens.  P. 

nigra was chosen as a substitute organism despite a few morphological differences 

between it and S. plicata.  The major differences are found in the branchial sac and 

gonads.  S. plicata is a member of the family Styelidae characterized by numerous folds 

in the branchial sac.  Members of Ascidiidae do not have these folds. The gonads of 

Styelidae are located beside the branchial sac whereas in Ascidiidae, they are located 

inside the gut loop.  Both are of the same approximate size in the estuarine waters of the 

IRL under normal salinity circumstances and are attached to similar substrates (personal 

observation).  

 Ascidians begin the first few hours to days of their lives as free swimming larvae, 

seeking suitable substrate before metamorphosing into sessile adults.  Selection of this 

substrate is crucial to post-settlement survival (Hunt & Scheibling, 1997; Young & Chia, 

1984) and is usually driven by light and gravity cues (Vazquez & Young, 1998).  Once 
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hatched, ascidian larva are usually photopositive and geonegative, sometimes switching 

phototaxis just before settlement (Thorson, 1964) on darker surfaces (Goodbody, 1963).  

However, this behavior is variable (Svane & Young, 1989; Thorson, 1964).      

 Larval recruitment and settlement studies have told us much about larval 

behavior.  Young and Braithwaite (1980a) found that Chelyosoma productum settled 

either very closely to established juveniles or directly on the tunic of conspecific adults, 

apparently void of the photonegative settlement tendency found in some other tunicates.  

Manríquez and Castilla (2007) found that the solitary tunicate Pyura cliensis aggregated 

according to the presence of conspecifics.  Flores and Faulkes (2008) established a 

preference of texture by Ascidia interrupta showing the existence of mechanoreceptive 

sensory neurons.  Regardless of a species’ settlement cues, larvae availability is usually 

not the limiting factor of new recruits to benthic communities (Olafsson et al., 1994) but 

rather food and substrate availability (Fréchette & Lefaivre, 1990).  For bioremediation 

purposes, enhancement of substrate would be necessary to support an increase in ascidian 

numbers for a positive effect on water clarity. 

 The current study examines substrate selection by P. nigra on four artificial 

substrates; white polyvinyl chloride (PVC), black polyethylene (PE), light gray high-

density polyethylene with a structurally foamed surface (HDPE), and dark brown to black 

marine plywood.  Construction of artificial substrate habitats for use in bioremediation 

could theoretically consist of any of these substances, with wood being the least desirable 

due to its tendency to decompose.     
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MATERIALS AND METHODS 

Biofilm Preparation of Artificial Substrates 

 Biofilm preparation and subsequent experimentation was completed at the wet lab 

of the Smithsonian Tropical Research Institution (STRI) in Bocas del Toro, Panama.  

Five small pieces each of PVC pipe, PE sheets, HDPE sheets, and marine plywood were 

placed in ten gallons of bubble bead filtered (International Filter Solutions model BBF 

XF20000) flow-through sea water taken from a depth of 20 feet, to allow biofilm 

formation for five days.  Flow-through water was set to a slow trickle.  All materials 

except PVC floated, necessitating daily rotation to allow even formation of the film.   

Collection and Acclimation of Adult Specimens 

 Twenty-four adult Phallusia nigra were collected from the Vista del Marina, 

Bocas del Toro, Panama (9° 20’ 09.57” N, 82° 14’ 48.84” W) along dock pilings and the 

concrete dock slab.  Animals were transported in plastic collection bags to the wet lab at 

STRI, placed in a prepared tide pool tank containing filtered flow-through sea water, and 

allowed to acclimate for 48 hours.  Specimens were kept under a constant light condition 

to prevent gamete release (Lambert & Brandt, 1967; West & Lambert, 1976). 

Experimental Design 

   Statistical design. 

 The response variable “percent settlement on each substrate type” was analyzed 

by one-way ANOVA (critical alpha=0.05) for comparison of the larval settlement 

preferences on the four differing substrates.  Triplicate counts of larval settlement within 
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previously established regions of demarcation were averaged for comparison.  

Differences were considered significant for probabilities (p< 0.05).  The a priori H0 was 

that “no significant difference exists between the preferences of substrates by the settling 

larva of Phallusia nigra”.   

   Substrate setup. 

 Five replicate 38 L tanks containing ten liters of filtered seawater each contained 

all four substrate types on which biofilms had formed.  A 3025 mm2 surface area was 

marked on each substrate.  PVC was marked with graphite pencil.  The other three 

substrates were scored with a sharp knife.  PE, HDPE, and marine plywood all floated at 

the surface interface.  PVC pipe was taped at both ends to make a closed tube and was 

suspended by wire from the side of the tank to assure the demarcated area would rest in 

the proper position at the surface.   

In Vitro Fertilization   

Nine of the largest and healthiest adult specimens collected were taken to the 

STRI dry lab for in vitro fertilization.  

Tunics were removed from each living 

specimen exposing the oviduct and sperm 

duct along the outside surface of the body 

wall, opening just posterior to the anus.  The 

oviduct lies more toward the surface of the 

animal and is slightly creamier in color than 

the sperm duct, which is a brighter white 

Fig. 6.1  Fertilized eggs of P. nigra after in 
vitro fertilization.  Eggs were allowed to 
develop for ten hours prior to distribution to 
experimental aquaria.  
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color.  Animal bodies were dried on paper towels.  Eggs were removed from five of the 

animals by nicking the oviduct with a sharp dissection needle, carefully avoiding the 

sperm duct.  A dry glass pipette tip was slid 

along the oviduct and eggs were extracted into a   

250 mL beaker of bead-filtered sea water.  The 

same procedure was performed for removal of 

sperm from four different animals.  Sperm were 

placed into a separate 50 mL beaker of bead-

filtered seawater.  Several drops of the 

homogenous sperm solution were added to the 

beaker of eggs.  The sperm/egg mixture was 

stirred and allowed to sit undisturbed for one hour.  After this time, excess sperm were 

removed from the eggs by washing four times with seawater through a 100 µm opening 

nylon mesh.  After ten hours (Fig. 6.1), just prior to hatching (Fig 6.2), fertilized eggs 

were distributed to the five aquaria containing experimental substrates.  Seawater to the 

aquaria was turned off at this time, as newly hatched larvae of P. nigra do not feed until 

approximately 45 hours after settlement which takes three to six hours under normal 

laboratory conditions (Goodbody, 1963).  After 48 hours in the aquaria, seawater was 

turned on to a minimal trickle.  The water temperature was 29° C before and after water 

flow began.  For the next 48 hours the aquaria were undisturbed, allowing growth time 

for the newly attached larvae.     

100 µm 

Fig. 6.2  Ten hour old Phallusia nigra 
embryo, just prior to hatching. 
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Counting Larval Recruits 

 Attached larvae on each substrate 

type were manually counted in triplicate 

under dissection microscopy (Fig. 6.3).  

Larvae appeared as gelatinous globules 

with the otoliths and ocelli observable.  On 

light backgrounds, larvae were stained 

with drops of hematoxylin (undiluted) to 

enable easier viewing.   In each tank, the 

total counts of larvae that settled within 

the combined demarcated surfaces were considered 100% of total settlement per 

replicate.   

Fig. 6.3  Four day old larval recruits on marine 
plywood  under microscopy. 

250 µm 

RESULTS AND DISCUSSION 

 Overall, 3,097 larvae settled within the demarcated regions of the substrates in all 

of the replicates with an average of 53.7% ± 21.3% settling on wood.  PE had the second 

highest average settlement percentage at 30.9% ± 11.7%, followed by 13.0% ± 18.6% on 

HDPE, and 2.4% ± 1.4% on PVC (Fig. 6.4).  This pattern was unmistakable in replicate 

numbers 1, 2, 4, and 5, which resulted in an average of 61.9% preferring marine 

plywood, 31.3% with PE, 4.5% with HDPE, and 2.3% preferring PVC.  The third 

replicate had surprising results.  Only 21.1% preferred marine plywood and 29.6% 

preferred PE.  The highest preference was shown to HDPE in this tank at 46.7%.  PVC 

received 2.6% preference (Fig. 6.4 C).  Upon careful reexamination of substrates taken 

from this replicate, an abnormality was noted in the surface of the HDPE plate.  The edge 
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of the demarcated region was along a cut edge of the plate, which was not completely 

smooth.  It had a slight lip curling under, clearly visible under the dissection microscope.  

Most of the larval recruits on this plate were tucked up under this lip and were missed 

upon first counting.  Subsequent counts revealed the densely packed conglomerate.  As 

explained previously, newly hatched larvae are photopositive, allowing the surface of the 

water to be easily found.  This is not for food availability, as might be expected, as 

tunicate larvae are lecithotrophic and do not feed until after completing metamorphosis 

(Glaser & Anslow, 1949) but may be a dispersal tactic (Thorson, 1964).  Conversely, P. 

nigra has been shown to reverse phototaxis from photopositive to photonegative just 

before settlement (Goodbody, 1963; Thorson, 1964).  This may be a possible explanation 

for the apparent hiding of the recruits under the lip of the HDPE plate in the well-lit 

laboratory.   However, this does not explain the absence of normal numbers of recruits on 

marine plywood, which one might expect to be second highest in settlement.  It is 

possible that plywood inconsistencies resulting from the process of gluing and lamination 

could offer an explanation.  This deviation caused the data to be abnormal and non-

homogenous even after transformations and ranking, making statistical analysis 

impossible.  When the replicate was omitted, and data transformed by taking the log of 

the proportion of settlement on each substrate type within a tank, residuals were normal 

(p< 0.4158) and variances were homogenous (p<=0.3509).  ANOVA indicated that 

substrates were significantly different (F 3,16 = 33.64, p<0.0001).      

 Marine plywood had the largest sample variance of 454.5, with a range of 

larval recruitment percentage of 21.1 to 75.2%, and a mean of 53.7%.  Sample size power 
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Fig 6.4 A – E  Percentages of larval settlement on different substrate types in individual replicate tanks.  
The overall highest settlement was found on marine plywood followed by polyethylene (PE) in all but 
tank 3.  The lowest settlement was on polyvinyl chloride (PVC) in all five replicates.  A)  Tank 1 
results.  B)  Tank 2 results.  C)  Tank 3 results - High Density Polyethylene (HDPE) plates had the 
highest settlement, unlike all other treatments, followed by PE.  Marine plywood had the third highest 
settlement.  D)  Tank 4 results.  E)  Tank 5 results.  

analysis revealed this experiment would require 72 replicates to get within 10% of the 

population mean: 

n=72 

454.5(1.994)2/(5)2  =  72.3 
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 This number of replicates was not possible in the current study but it is 

recommended that a follow-up study be performed with as many replicates as possible 

and with careful attention given to the substrates.  Each surface should be identical in size 

and it is suggested that the edges be smoothed on each.  The type of wood selected should 

be uniform in color and texture, as much as can be controlled.  Lighting should be from 

several angles to prevent shadows.  Also, more time for larval growth before counting 

would be desirable.   

CONCLUSION 

Of the four types of artificial substrate examined, P. nigra preferred marine 

plywood, followed by PE, HDPE, and PVC.  This is not an unexpected result as tunicates 

in their natural habitat can be seen inhabiting mangrove proproots, wooden dock pilings, 

boat hulls, and other wooden substrates.   Marine plywood and PE were also, the darkest 

substrates offered.  PVC was the least settled upon in all replicates, although P. nigra and 

other species of tunicates can be found attached to PVC pipes in marinas (personal 

observation).  PVC may not be a favored substrate, but the pressure to settle within a 

short time is evidently stronger than the cues for substrate selection itself.   

Construction of artificial substrate habitats for use in bioremediation should 

consist of lightweight sturdy materials.  Although marine plywood was the preferred 

substrate by the tunicates, it is highly degradable and would be the least reliable as a 

bioremediation platform.  Polyethylene, a more steadfast substrate, is lightweight, dark in 

color, and was acceptable to the tunicate larvae.  Results of this study indicate that it may 

be the best material of those tested, for construction of tunicate habitats for use in 

bioremediation.



  

CHAPTER SEVEN:  PROJECT CONCLUSIONS AND FUTURE DIRECTIVES 

 
 
 Environmental conditions of the Indian River Lagoon complex have dramatically 

changed over the past century due to a variety of anthropogenic disturbances.  Seawalls, 

bridges, marinas, and other man-made structures have partially replaced the natural 

environment of mangroves and salt marshes.  Suspended particulate matter has increased 

as the substrates for filter feeding organisms decreased (Dame et al., 2002).  Pockets of 

poorly circulated water with elevated water temperatures frequently experience harmful 

algal blooms, which lead to fish kills, beach closures, oxygen depletion (Peterson et al., 

2006; Worm et al., 2006) and elevated bacterial counts often consisting of fecal coliforms 

(Florida Department of Health, 2000).   

Successful methods of restoring the health of the estuarine environment are 

necessary as coastal communities become more populated.  Studying the methods that 

have historically worked to maintain the environment reveals the vitally important role of 

filter-feeding organisms.  An accidental observation of the filtering effects of turbidity by 

the tunicate Styela plicata led to a hypothesis that they may be a good target species for 

the bioremediation of bacterial and algal cells from the estuarine environment.  

Utilization of tunicates for bioremediation is virtually an unexplored area and should be 

thoroughly investigated.   

As this species is considered highly fouling, all studies were performed in a 
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laboratory setting.  Filtration rates were established first, to determine whether further 

study was warranted.   Previous studies on the filtration rate of S. plicata were not 

intentionally focused on their use in bioremediation, but instead, were for the purpose of 

broadening our understanding of the species’ physiology and morphology.  A filtration 

rate of S. plicata was first reported by Fiala-Médioni (1978b) as 8.76 mL hr-1 per gram of 

dry organ weight or 4.1 L hr-1 per animal.  Her results were based on three replicates 

using tunicates of the same approximate size with a constant food concentration over a 

12-hour period.  Filtration rates for this species found in the present study (3.2 L hr-1 per 

animal) were 33% lower, but were still substantial enough to warrant a closer look at the 

tunicate for potential bioremedial use.  As filtration rates were found to vary extensively 

from specimen to specimen, it is suggested that extrapolation for a population of S. 

plicata over time is a more appropriate method of reporting, especially for the purpose of 

bioremedial modeling.  Based on the findings of this study, 200 average-size S. plicata 

could filter as much as 660 L hr-1 or 15,840 L day-1 of microalgae at a density of106 cells 

mL-1 with 100% efficiency.    

 The tunicates examined in the current study responded to the two concentrations 

of microalgae (105 and 106 cells mL-1) in a similar manner, yet they responded very 

differently to the same two concentrations of bacteria.  Filtration rates based on E. coli 

removal were 4.7 L hr-1 in the 105 cells mL-1 treatment, but decreased by 50% to 2.3 L  

hr-1 in the 106 cells mL-1 treatment.  This difference in response has a few possible 

explanations.  It could mean that the tunicates were able to differentiate between the 

particles and are not non-discriminate filter-feeders as originally suggested by Jørgensen 

(1966b).  There could potentially be receptors within the branchial basket that remain 
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undiscovered, which cause the tunicate to cease or slow filtration to something that is 

potentially hazardous to the animal.  Although possible, this is not likely the reason.  It 

may mean that the nutritional needs of the animal were met more quickly with bacteria 

than with microalgae.  Additionally, it also may mean that the lipopolysaccharides 

(endotoxins) (Alexander & Rietschel, 2007) in the outer membrane of the gram negative 

E. coli at the higher concentration interfered with the tunicate’s filtration efforts.  

Repeating the current study with a non-toxic gram positive bacterium could test this 

possibility.   

 After the establishment of filtration rates for bacteria, the question was posed as to 

whether the bacteria had been assimilated by the tunicate and permanently removed from 

the water column or whether it was merely repackaged in a mucous-bound fecal pellet 

available for resuspension.  If the animal was to be used for bioremedial purposes, the 

bacteria had to be permanently removed.  Difficulties in culturing marine bacteria was 

first documented by (Butkevich & Butkevich, 1936; Butkevich, 1932, 1938; 

Radsimovsky, 1930) and continues to be the topic of many studies (Amann et al., 1995; 

Brock, 1987; Bull & Hardman, 1991; Hugenholtz et al., 1998; Jannasch & Jones, 1959; 

Roszak & Colwell, 1987; Staley & Konopka, 1985; Yasumoto-Hirose et al., 2006).   This 

difficulty necessitated the analysis of post-digested bacteria by ATP assay.  ATP 

production was measured before and after the resuspension of fecal pellets.  As only 

living organisms produce ATP (Holm-Hansen & Booth, 1966), this method of analysis 

has been shown to be an effective way to measure indirectly, viable bacteria (Bautista et 

al., 1997; Deininger & Lee, 2001; 2005; Holm-Hansen & Booth, 1966; Kimmich et al., 

1975; Trudil et al., 2000).  No increases in ATP levels after fecal pellet production were 
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found in any treatment (n=9) over the course of a five-hour experiment.  This indicated 

that bacteria were assimilated during digestion and were effectively removed from the 

water column, further supporting its potential use as a bioremediator. 

Additional studies on the filtration rates of S. plicata should be conducted using a 

benign marine dinoflagellate compared to the red tide dinoflagellate Karenia brevis to 

determine the effects of the brevetoxin on the tunicate.  If effects were minimal, studies 

using S. plicata for treatment of red tide outbreaks are warranted. 

 With high filtration rates that have been suggested as non-discriminate 

(Jørgensen, 1966b), comes the potential accidental filtration of particles essential to the 

estuary.  The commercially and recreationally important members of the ichthyofaunal 

family Sciaenidae (the drums) lay pelagic eggs in the IRL, making them vulnerable to 

filtration by S. plicata.  The smallest of these eggs have diameters of 0.6 mm and are 

produced by Cynoscion nebulosus (spotted seatrout).  To simulate the potential negative 

effects on fish eggs by the filtration of S. plicata, particle ingestion and retention were 

examined using glass beads of three sizes, 0.5 mm, 1.0 mm, and 2.0 mm.  Of the 0.5 mm 

beads, 72.5% were retained for at least two hours.  Of the 1.0 mm beads which more 

closely resemble the size of some larvae found in the estuary, 49.4% were retained for the 

first two hours.  Many beads were orally expelled in subsequent hours; however, if these 

had been fish eggs or larvae instead of glass beads, their survival during this time is 

questionable.  Conversely, areas needing bioremediation may already be contaminated 

with either bacteria, algae, or both and existing fish eggs may be non-viable or absent due 

to the pollution (Austin, 1999).  The benefits of water quality improvements by the 

placement of tunicates in these areas may out-weigh the risk of fish egg removal. 
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Incurrent siphon diameter and animal height exhibited no significant correlation 

with particle ingestion which appeared erratic as some specimens were more sensitive 

than others, indicating other stochastic factors are involved in particle size selection.  As 

glass beads are inorganic and are heavier than fish eggs, it is suggested that this 

experiment be repeated with actual fish eggs.  If results are similar to those in this study, 

placement of populations of S. plicata should be carefully analyzed prior to introduction 

in areas of estuarine fish spawning. 

 Although the potential filtration benefits of the tunicate indicate a substantial 

positive impact on the environment, the area where S. plicata can be utilized for 

bioremedial purposes is limited.  Long-term placement is not recommended in areas 

where salinity frequently falls below 24 ppt for extended periods of time.  However, if 

average salinities are higher, areas prone to frequent bacterial or algal blooms, such as 

Dubois Park near the Jupiter Inlet, may benefit from the permanent placement of S. 

plicata populations to decrease the frequency of the outbreaks.         

 Sudden shock exposure to 20 ppt from 32 ppt resulted in 60% survival of 

tunicates up to four days.  Although this is not an acceptable salinity for long-term 

exposure, short-term placement of tunicates in extreme algal or bacterial blooms may still 

have enough positive impact on water quality to improve conditions.  Additionally, 

tunicates in the current study were acclimated at 32 ppt, prior to experimentation.  For 

future aquaculture purposes, the maintenance salinity may be kept lower to prevent such 

extreme shocks from higher to lower salinities.  Suggested maintenance salinities would 

be at or near 28 ppt as thriving populations are found in situ at this salinity (personal 

observation).   
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 Aquaculture of S. plicata would require additional substrate on which newly 

hatched larva could settle.  This substrate would need to be light-weight for easy 

movement throughout the estuary, especially in response to algal or bacterial blooms.  

Four experimental substrates were investigated for future aquaculture purposes:  marine 

plywood, polyethylene, high-density polyethylene, and polyvinyl chloride.  Larvae 

settled on marine plywood in preference to other substrates, although all substrates had 

some settlement.      

 The low overall selection preference of PVC was not expected.  Specimens for 

this study were collected from the Vistas del Marino, Bocas del Toros, Panama.  In this 

area, adult specimens of P. nigra were observed attached to PVC on a frequent basis.  

Pressure to find a suitable substrate within a very limited amount of time, is likely more 

important than the animal’s substrate preference cues.  This may indicate that the type of 

substrate offered to new larva is less important than originally thought.  As polyethylene 

is not prone to decay as in the case of wood, it may be a suitable substrate to offer for 

aquaculture purposes and for use in bioremediation.   

As the results of the current studies indicate potential positive impacts on the 

environment by the bioremediation of S. plicata, field studies are now recommended.  

These studies should be conducted within contained areas, utilizing Secchi disc and water 

quality measurements taken before and after bioremediation.  Within these controlled 

areas, the combined effects of food type availability, water turbidity, water current speeds 

(hydrology), and proximity to other organisms is recommended for further research.  Any 

in situ studies outside of containment should be conducted using sterile tunicates (i.e. 

triploid animals).  S. plicata is considered a highly fouling organism; although, as with 

 
91 

 
 



  

 
92 

 
 

other benthic invertebrates, it is substrate limited (Dayton, 1971; Mook, 1983; 

Stachowicz et al., 2002; Svane & Petersen, 2001).  Lack of substrate controls the 

populations in the natural environment.  Introduction of increased populations, even on a 

temporary basis, could cause an imbalance in the other benthic invertebrates present in 

the estuary.  Caution should be taken to prevent increases in S. plicata abundance, 

especially during in situ investigations.  Until the environmental effects of increasing 

populations are known, the use of triploid (sterile animals) for experimentation should be 

explored.   

  For future investigations, a field study should involve the use of two similar 

marinas of approximately equal sizes, water circulation patterns, water depths, and levels 

of contaminants. One would be equipped with bioremedial platforms containing 

approximately 200 tunicates each, while the other would have no tunicates other than 

those naturally present.  The number of introduced platforms would be calculated from 

the size of the water body and results of the hydrology and mixed particle concentrations 

experiments. 

If using S. plicata for the purpose of bioremediation continues to appear 

promising, its use may help solve the problems of bacterial and microalgal blooms in 

estuarine waters.  Historically, nature has always made the best technology.  Investigating 

the bioremedial use of S. plicata and other marine invertebrates should be extensively 

considered.   
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